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Figure 4 – Figure supplement 2 Size exclusion chromatography of D40-ATAD1 and D40-
ATAD1Da11 
 
The SEC traces of D40-ATAD1 (WT) and D40-ATAD1Da11 (Da11) show that the former forms 
oligomeric species on the SEC column while the latter is predominantly a monomer. The SEC 
trace of D40-ATAD1 is shown in a red line, and the SEC trace of D40-ATAD1Da11 in a blue 
curve. 
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Figure 4 – Figure supplement 3 Testing the effect of the disease-relevant mutations of ATAD1 
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(A) Mean Pearson correlation coefficient (PCC) values and the SEM between EGFP-Gos28 and 
the mitochondria when expressing the ATAD1 bearing disease-relevant mutations. Individual 
cell PCC values are represented as a single dot. **** p< 0.0001, * p<0.05. (B) Representative 
average intensity projection images of live HeLa ATAD1-/- cells stably expressing EGFP-Gos28 
and transiently expressing ATAD1 mutants (as indicated on the far-left panel). The individual 
channels are shown in black and white and overlay of the EGFP and the MitoTracker channels 
are shown in the right-most column with Hoescht-stained nuclei in blue.  
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Figure 4 – Figure supplement 4 ATPase assay of D40-ATAD1 and D40-ATAD1Da11 
 
(A) Representative ATPase assay showing that the ATPase activity of D40-ATAD1 (WT) is 
stimulated by the substrate (P13) whereas D40-ATAD1Da11 (Da11) is not. (B) Quantification of 
panel (A). Each bar represents an average of three replicates and the error bar represents the 
SD. ** p< 0.01. 
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Figure 5- Figure supplement 1 Live-cell imaging showing the pore-loop dependent localization 
of EGFP-Gos28 in ATAD1-/- HeLa cells  
 
Representative average intensity projection images of live HeLa ATAD1-/- cells stably 
expressing EGFP-Gos28 and transiently expressing ATAD1-HaloTag pore-loop mutants (as 
indicated on the far-left panel). The individual channels are shown in black and white and 
overlay of the EGFP and the MitoTracker channels are shown in the right-most column with 
Hoescht-stained nuclei in blue. 
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Materials and methods 
 
 
Molecular cloning 

 

To generate the construct used for cryo-EM studies, the gene encoding the cytosolic domain of 

human D40-ATAD1 was PCR amplified and subcloned into a pET28 vector encoding an N-

terminal 6XHis tag followed by a thrombin cleavage site. The Walker B mutation (E214Q) was 

introduced by QuickChange site-directed mutagenesis. To generate the constructs used for 

imaging, the gene blocks for the human ATAD1 and Gos28 were synthesized by Twist 

Bioscience. Gos28 was C-terminally fused to EGFP and cloned downstream of a CMV promoter 

within a lentivirus production vector. ATAD1 was N-terminally fused to HaloTag and cloned 

downstream of a truncated CMV promoter (CMVd3) for transient transfections.  Mutations to 

ATAD1 were made by QuickChange site-directed mutagenesis. All the constructs are verified by 

Sanger sequencing.  

 

 

Protein purification 

 

His-D40-ATAD1E193Q was expressed and purified as previously described for His-D30-Msp1E214Q 

(Wang et al., 2020).  

 

Sample preparation of cryo electron microscopy  

 

His-D40-ATAD1E193Q was diluted to around 100 μM in buffer containing 25 mM HEPES pH 7.5, 

300 mM NaCl, 1 mM DTT, 2.5% glycerol, 2 mM ATP and 2 mM MgCl2. The sample was 

incubated on ice for 1 - 2 h before plunge freezing. A 3 µl aliquot of the sample were applied 
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onto the Quantifoil R 1.2/1/3 400 mesh Gold grid and incubated for 15 s. A 0.5 µl aliquot of 0.1-

0.2% Nonidet P-40 substitutes was added immediately before blotting. The entire blotting 

procedure was performed using Vitrobot Mark IV (FEI) at 10o C and 100% humidity. 

 

Electron microscopy data collection 

 

Cryo-EM data was collected on a Titan Krios transmission electron microscope operating at 300 

keV and micrographs were acquired using a Gatan K3 summit direct electron detector. The total 

dose was 60 e-/ Å2, fractioned over 100 frames during a 10 s exposure. Data was collected at 

105,000 x nominal magnification (0.832 Å/pixel at the specimen level) and nominal defocus 

range of -1.0 to -2.0 µm. 

 

Cryo-EM data analysis 

 

Micrograph frames were aligned using MotionCorr2. The contrast transfer function (CTF) 

parameters were estimated with GCTF (Zhang, 2015). Particles were automatically picked using 

Gautomatch and extracted in RELION (Scheres, 2012) using a 320-pixel box size. Images were 

down-sampled to a pixel size of 3.328 Å and classified in 2D in RELION. Classes that showed 

clear protein features were selected and extracted with re-centering and then subjected to 3D 

classification. Particles from the best class emerging from 3D classification were then subjected 

to 2D classification followed by another round of 3D classification to further purify the particles. 

Particles that showed clear hexameric features were then re-extracted (pixel size = 0.832 Å 

/pixel) and imported into cryoSPARC (Punjani et al., 2017). Within cryoSPARC, particles were 

subjected to another round of 2D classification followed by heterogenous refinement, from 

which two distinct conformations (the open versus the closed conformations) were discovered. 
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CTF refinement followed by nonuniform refinement was performed on both conformations to 

yield final reconstructions of at 3.2 Å and 3.5 Å, for the closed and the open conformations.  

 

Atomic model building and refinement 

 

Model building and refinement was done in a similar way as previously described (Wang et al., 

2020). Briefly, the big and the small AAA domain of the crystal structure of the monomeric S. 

cerevisiae Msp1 (Wohlever et al., 2017) was used to generate the predicted structures of the 

human ATAD1 in SWISS-MODEL (Waterhouse et al., 2018). The six big AAA domains and the 

six small AAA domains were individually docked into the map of His-D40-ATAD1E193Q in UCSF 

Chimera (Pettersen et al., 2004) using the Fit in Map function. The resulting model was 

subjected to rigid body refinement in Phenix (Adams et al., 2010), followed by real space 

refinement in Coot (Emsley et al., 2010). After the protein part has been modeled, a piece of 

continuous density was left in the central pore, into which we modeled a polyalanine sequence. 

Significant density was visible in the nucleotide-binding pockets within subunits M1 through M5, 

and an ATP molecule was modeled into that density. For the M6 subunit, in the open 

conformation the density there was not clear enough to distinguish between ATP and ADP, so 

although an ADP molecule was modeled, we indicated in figure 1 that it could be either. In the 

closed conformation, no significant density was observed in the nucleotide binding pocket. The 

figures displaying structures were prepared with UCSF Chimera. 

 

Fluorescence Polarization 

 

All fluorescence polarization experiments were done in the FP assay buffer containing 25 mM 

HEPES (pH 7.5), 150 mM KCl, 2 mM MgCl2, 1 mM DTT and 2 mM ATPgS and measured in 
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384-well non-stick black plates using ClarioStar PLUS (BMG LabTech) at room temperature. 

Prior to the reaction set up, ATAD1 was diluted in 2-fold dilution series and incubated with 100 

nM fluorescently-labeled peptide (P13: 5-FAM-FSRLYQLRIR, purchased from Genscript) for 20 

minutes at room temperature.  Then, the mixture was subjected to measurement of parallel and 

perpendicular intensities (excitation: 482 nm, emission: 530 nm). Data was plotted using 

GraphPad Prism 8.  

 

ATPase assay  
 
 
ATPase activity of ATAD1 was measured using the oxidation of NADH as a readout of ATP 

hydrolysis. An enzyme mixture containing 0.2 mM NADH, 1 mM phosphoenol-pyruvate (PEP),  

50 U/mL of pyruvate kinase and lactate dehydrogenase was added to the wells of a 384-well 

black plate (Corning). 10 µM ATAD1, assay buffer (25 mM HEPES pH 7.5, 100 mM KCl, 2 mM 

MgCl2, 10 µM BSA, 0.05% Tween-20) and either 50 µM of the unlabeled version of P13 peptide 

(FSRLYQLRIR) or a blank was added to the enzyme mixture. Samples were incubated for 20 

minutes at 37°C before 1 mM ATP was added to start the reactions. Absorbance at 340 nm was 

measured every 15 seconds for a total of 60 minutes using the CLARIOstar Plus (BMG 

LabTech) microplate reader. Data was plotted using GraphPad Prism 8. 

 
 
Cell culture and transduction  
 
 
HeLa cells were cultured in DMEM supplemented with 10% FBS, 100 U/ml 

penicillin/streptomycin, and 6 mM L-glutamine. A pooled ATAD1-/- cell population was generated 

by Synthego with a guide RNA targeting Exon 5 (CGGUCAGUGUCGAAGGCUGA). Monoclonal 

populations were obtained using limiting dilution in a 96-well plate and expanding single cell 

populations into a 6-well plates. Knockouts were confirmed by Sanger sequencing and Western 
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blotting using anti-ATAD1 antibody (N125/10, NeuroMab) and anti-Histone H3 (ab1791, Abcam) 

as a loading control. 

 
WT HeLa and ATAD1-/- HeLa cell lines expressing the reporter EGFP-Gos28 were generated by 

lentiviral infection. In brief, Vesicular Stomatitis Virus (VSV)-G pseudotyped lentiviral particles 

were produced in 293METR packaging cells (kind gift of Brian Ravinovich, formerly at MD 

Anderson Cancer Center, Camden, NJ) using standard protocols. WT and ATAD1-/- HeLa cells 

were infected with concentrated virus (supplemented with 8 μg/mL polybrene) by centrifugal 

inoculation at 2,000 rpm for 2 hrs. Viral supernatant was removed following overnight incubation 

and cells were expanded for FACS sorting. EGFP positive cells were sorted using SONY 

SH800 FACS into high and low EGFP-expressing populations. For all imaging experiments, the 

population that has high EGFP expression was used.  

 
EGFP-Gos28 imaging  
 
 
Expression of the ATAD1 variants in the cell-based assay was done through transient 

transfections. The day before transfections, cells were seeded on Ibidi 8-well glass bottom µ-

slides in FluoroBrite DMEM (Life Technologies) media supplemented with glutamine and 10% 

FBS. Plasmids with the ATAD1 variants under a truncated CMVd3 promoter were transfected 

into cells using the FuGENE HD transfection reagent (Promega), following the manufacturer’s 

protocol. Cells were incubated for 48 hours before imaging. For visualizing cell structures, nuclei 

were stained with Hoechst 33342 and mitochondria were stained with MitoTracker Deep Red 

FM (ThermoFisher). Transfected cells were stained with 25 nM Janelia Fluor 549 dye 

conjugated with the HaloTag ligand (JF549-HaloTag; kind gift of Dr. Luke Lavis). Cells were 

incubated with the dyes for 15 minutes at 37°C followed by 3 washes with FluoroBrite DMEM 

media.   
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Microscopy 

 

Confocal imaging was carried out on a Nikon Ti-E inverted microscope equipped with a 

Yokogawa CSU-X high-speed confocal scanner unit and an Andor iXon 512 × 512 EMCCD 

camera. All images were acquired through a 40× 1.3 NA oil immersion objective. Images were 

typically acquired with 60× EM gain and 100-ms exposure. The four lasers used were 405 nm 

(operated at 10 mW), 488 nm (operated at 25 mW), 561 nm (operated at 25 mW), and 640 nm 

(operated at 15 mW). All components of the microscope were controlled by the μManager open-

source platform (Edelstein et al., 2010). The microscope stage was enclosed in a custom-built 

incubator that maintained preset temperature and CO2 levels for prolonged live-imaging 

experiments. To avoid unintentional selection bias, fields-of-view were selected by only looking 

at stained cell nuclei in the 405-nm channel. No cells or fields of view were subsequently 

excluded from analysis, ensuring that the data faithfully capture the distribution of fluorescence 

across the entire cell population. 

 
 
Image quantification with CellProfiler  
 
 
For each experiment, 15 fields-of-view were imaged per condition with an average number 

around 50 cells total. Average intensity z-projections were made for each image in each of the 

four channels and used as the input for the CellProfiler pipeline (McQuin et al., 2018). For 

automated image analysis, we developed a pipeline in CellProfiler 4.0.5. First, the images were 

background-corrected in every channel. Then, nuclei were identified as starting points for the 

propagation of cell body masks. Cells in which integrated ATAD1 signal (labeled with the JF549-

HaloTag dye) passed a manually chosen threshold were identified as ATAD-positive cells. 

Within those cells, the MitoTracker signal was used to create a pseudo-cell boundary mask, 

closing all gaps. This serves as a reasonably good proxy for total cell area because the 
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mitochondrial network is broadly distributed throughout HeLa cells. Measurements for 

colocalization were made inside this mask and outside of the nucleus. Pearson correlation 

coefficients (PCCs) were calculated for each individual cell by performing a pixel-wise 

comparison of the EGFP and MitoTracker channels. The data analysis pipeline is described in 

the Figure 3 - source data 1. 
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