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Supplementary Fig. 1. Mutations impair polymerase activity across all tested dNTP 

concentrations, demonstrating mtSSB interchangeability. 

a. Protein gel (SDS-PAGE) assessing the accuracy of POLγ variant quantifications used in 

enzymatic assays. hPOLγWT (3–15 pmol) was included as a standard, with 9 pmol serving as a 

reference. Equal amounts (9 pmol) of human and mouse POLγ variants, based on prior 

quantification, were loaded for comparison. The asterisk (*) indicates hPOLγB, which was co-

expressed with the human hPOLγW748S. n = 2 independent experiments.  
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b-c. Polymerase activity assays were performed as described in Figure 1b-c, but using mouse 

mtSSB instead of human mtSSB. The results showed a similar pattern, confirming that the 

choice of mtSSB did not significantly affect polymerase activity. n = 2 independent 

experiments.  

Source data are provided as a Source Data file. 
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Supplementary Fig. 2. The recessive mutations affect the mitochondrial human replisome 

a. Time-course experiments performed as outlined in Figure 2a show that replication is 

compromised with all mutant forms of hPOLγ variants when run in homozygous state during 

TWINKLE helicase-dependent rolling-circle DNA replication. hPOLγWT or mutant hPOLγ 

variants, as indicated, were incubated with TWINKLE, mtSSB, and the rolling-circle template 

at 37°C for the indicated time points. The polymerase concentration was kept constant; mixed 

variants were each used at half the concentration to maintain the total enzyme level. DNA 

synthesis was monitored via radioactive nucleotides incorporation, and the products of 

increasing length were separated on a 0.8% alkaline agarose gel. Template (T); Products (P). n 

= 2 independent experiments.  

b. Time-course experiments, performed as outlined in Figure 2d but with hPOLγ, show that 

the hPOLγY955C variant is unable to synthesis DNA efficiently. When combined with hPOLγWT 

at a 1:1 ration, its dominant-negative effect becomes evident and intensifies as the proportion 

of hPOLγY955C increases. n = 2 independent experiments.  

c. To assess whether recessive mutations exhibit a dominant-negative effect, we performed an 

additional experiment following the same setup as in b but only at the highest ratio (1:5). 

hPOLγWT was kept constant, and an excess of either a recessive variant, hPOLγWT, or the 

dominant mutant hPOLγY955C was added. Adding hPOLγWT, hPOLγA467T, or hPOLγW748S did 

not reveal any negative effect. However, a weak dominant-negative effect was observed with 

hPOLγG848S, although not as severe as that of the dominant hPOLγY955C mutant. n = 2 

independent experiments.  

d. The same experiment as in c, showing similar results with mPolγ variants. n = 2 independent 

experiments.  

Source data are provided as a Source Data file. 
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Supplementary Fig. 3. Cryo-EM processing workflow for mPolg.  

Cryo-EM processing workflow for mPolγ. The data were imported into cryoSPARC, which 

was used for processing and generating the 3D volumes of the three conformers (R, I and E 

conformers). 
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Supplementary Fig. 4. Assessment of the cryo-EM maps for mPolg. 

FSC resolution (FSC threshold = 0.143) determined during the final non-uniform refinement 

in cryoSPARC, the orientation distribution plot and local resolution estimation (FSC threshold 

= 0.5) for; a, R conformer; b, I conformer; c, E conformer. 

d–g. The model of the mouse R conformer structure at the sites of residues of interest, with 

map densities displayed as mesh.  

d. A449 region. The map is contoured at a level of 6.2.  

e. W726 region. The map is contoured at a level of 3.0. 

f. G826 region. The map is contoured at a level of 10.0. 

g. Y933 and active site region. The map is contoured at a level of 7.0. 
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Supplementary Fig. 5. Structural comparison of the hPOLg and mPolg intermediate 

conformers.  

a. Overview of overlaid hPOLg (PDB ID: 8D3R) and mPolg intermediate conformers. The 

position of the hPOLgA (magenta) and mPolgA (green) subunits are near identical, which also 

applies for the position of the DNA (grey and beige for human and mouse structures, 

respectively). In the POLgB region, there is a small shift between in the distal mPolgB (blue) 

and distal hPOLgB (white), while the proximal mPolgB (yellow) is still aligned to the proximal 

hPOLgB (white).  

b. Closeup of the A467/A449 position and surrounding residues. 

c. Closeup of the W748/W726 position and surrounding residues.  

d. Closeup of the G848/G826 position and surrounding residues. In panels b–d, the surrounding 

residues are numbered according to the human sequence. 

e–g. The model of the mouse I conformer structure at the sites of residues of interest, with map 

densities displayed as mesh.  
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e. A449 region. The map is contoured at a level of 6.5.  

f. W726 region. The map is contoured at a level of 3.5. 

g. G826 region. The map is contoured at a level of 6.0. 
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Supplementary Fig. 6. Structural comparison of the hPOLg and mPolg error-editing 

conformers.  

a. Overview of overlaid hPOLg (PDB ID: 8D42) and mPolg error-editing conformers. The 

position of the hPOLgA (magenta) and mPolgA (green) subunits are near identical, which also 

applies for the position of the DNA (grey and beige for human and mouse structures, 

respectively). However, the L-helix and POLgB are in different positions, where hPOLgB 

(white) is shifted compared to both the distal mPolgB (blue) and proximal mPolgB (yellow). 

b. Closeup of the Y955/Y933 residues and the surrounding residues. The incoming nucleotide 

(dCTP) is highlighted in yellow.  

c. Closeup of the A467/A449 position and surrounding residues. The main difference is that 

another rotamer has been used for Y732 sidechain in the human model, however, while 
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reviewing of the published map (EMD-27172) of the human version, it is unclear which 

rotamer is the correct one. The discrepancy may therefore be a modeling error. 

d. Closeup of the W748/W726 position and surrounding residues.  

e. Closeup of the catalytic site (EXO) and G848/G826 position and surrounding residues. In 

panels b–e, the surrounding residues are numbered according to the human sequence.  

f–i. The model of the mouse E conformer structure at the sites of residues of interest, with map 

densities displayed as mesh.  

f. A449 region. The map is contoured at a level of 10.2.  

g. W726 region. The map is contoured at a level of 3.4. 

h. G826 region and exonuclease site. The map is contoured at a level of 2.8. 

i. Y933 and active site. The map is contoured at a level of 3.5. 
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Supplementary Fig. 7. Cryo-EM processing workflow for the chimeric mPolgA/hPOLgB 

complex. 

The data were imported into cryoSPARC, which was used for processing and generating the 

3D volumes. Both R and I conformers were observed as well as two E conformers; one mouse-

like and one human-like. The R conformer and the two E conformers were used for modelling.  
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Supplementary Fig. 8. Assessment of the cryo-EM maps for the chimeric 

mPolgA/hPOLgB complex. 

FSC resolution (FSC threshold = 0.143) determined during the final non-uniform refinement 

in cryoSPARC, the orientation distribution plot and local resolution estimation (FSC threshold 

= 0.5) for; a, R conformer; b, E conformer (human-like); c, E conformer (mouse-like). 
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Supplementary Fig. 9. Cryo-EM processing workflow for the chimeric hPOLgA/mPolgB 

complex.  

The data were imported into cryoSPARC, which was used for processing and generating the 

3D volumes. Both R and I conformers were observed as well as one E conformer (mouse-like). 

The R conformer and the E conformers were used for modelling.  
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Supplementary Fig. 10. Assessment of the cryo-EM maps for the chimeric 

hPOLgA/mPolgB complex. 

FSC resolution (FSC threshold = 0.143) determined during the final non-uniform refinement 

in cryoSPARC, the orientation distribution plot and local resolution estimation (FSC threshold 

= 0.5) for; a, R conformer; b, E conformer (mouse-like).  
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Supplementary Fig. 11. Comparison between mPolg or hPOLg and chimeric POLg 

complexes. 

The E conformers of chimeric POLg (mAhB or hAmB) were superimposed on mPolg or hPOLg 

for comparison. POLgA and DNA are outlined while POLgB and the AID are colored. There 

are only small differences in the catalytic subunit, however, the position of the POLgB subunits 

vary. In the mAhB chimera, both human-like (blue) and mouse-like (orange) conformations 

can be observed. In the hAmB chimera, only the mouse-like (red) conformation is observed. 

For hAmB chimera, the DNA in the exo-site were relatively poor compared to the mAhB 

variants, indicating more flexibility or less stability in this conformation. 
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Supplementary Fig. 12. Thermal stability of mPolgWT and mutants   

Representative plots of differential scanning fluorimetry. Values are presented as normalized 

fluorescence (Fnorm) in arbitrary units (A.U.). The melting temperature (Tm) is given as mean ± 

s.d., n = 3 independent experiments for PolgA in all panels except in j and n where Tm is given 

for PolgB.   

a–d. Melting curves for mPolgAA449T, mPolgAW726S, mPolgAG826S, mPolgAY933C and 

mPolgAWT. 
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e–h. Melting curves for mPolgAA449T, mPolgAW726S, mPolgAG826S, mPolgAY933C and mPolgAWT 

in complex with mPolgB. 

i–l. Melting curves for mPolgAWT, mPolgBWT, mPolgWT and the chimeric 

mPolgAWT/hPOLgBWT (mAhB) complex. The melting curve in i was also used in panels a–d. 

The melting curve in k was also used in panels e–h.   

m–p. Melting curves for hPOLgAWT, hPOLgBWT, hPOLgWT and the chimeric 

hPOLgAWT/mPolgBWT (hAmB) complex. 

q. Adapted version of Fig 4a of the mPolg E conformer (DNA omitted). Non-conserved 

residues between human and mouse are shown in orange in both POLgA and POLgB. Many 

non-conserved residues are clustered in POLgB and the L-helix. 

r. Closeup of the L-helix with residues displayed as sticks. 

s–t. The mPolgA L-helix can form electrostatic interactions with the proximal mPolgB subunit 

via the T525 and R529 residues. However, in the hPOLgA L-helix, these residues are 

substituted to M544 and C548, which lacks the ability to form strong interactions with the 

proximal hPOLgB subunit. 

u. The helices in s displayed as sticks with the map density displayed as mesh. The map is 

contoured at a level of 4.0.  
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Supplementary Fig. 13. Comparable exonuclease activity between human and mouse Polγ 

holoenzymes. 

a. Schematic representation of the exonuclease assay used to investigate the effects of various 

mutant POLγ proteins on proofreading activity using a 3'-mismatch template.  

b. Time-course experiments reveal that hPOLγWT and mPolγWT efficiently remove a mismatch 

at the 3¢-end. The reactions were incubated with the mismatch-template at 37 °C in the absence 

of dNTPs and for the indicated times. The products were separated on 10% urea-PAGE 
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sequencing gels. The positions of products (P) and the radioactively labeled mismatch template 

(T) are indicated. n = 3 independent experiments.  

c. The fraction non-degraded 20-mer was quantified and plotted versus time to visualize the 

DNA degradation. Data are presented as the mean ± s.d., n = 3 independent experiments. The 

data was fitted to an exponential decay equation to determine the rate constants (kexo) for human 

and mouse. Values are given with errors in s.e.m. 

d. The DNA binding activity of a stalled elongation complex of hPOLγWT and mPolγWT was 

analyzed by EMSA using a primed DNA template. Source data are provided with this paper. 

e. The binding ratio was plotted against polymerase complex concentration. Data are presented 

as the mean ± s.d., n = 2 independent experiments, and the binding curves were fitted to a non-

linear quadratic equation to determine the dissociation constants, Kd.  

f. Summary of the determined Kd values, with errors given as s.e.m.  

g-h Time-course experiments, performed as outlined in Fig. 1a but with a single-stranded DNA 

template of 3900 nt instead of 7249 nt, reveal that the replication rate is higher with the mPolγ 

variants than with the hPOLγ variants. POLγ and mtSSB were incubated with a primed, single-

stranded DNA template and 10 µM dNTP at 37 °C for the indicated times and analyzed on a 

0.8% native agarose gel. The positions of the full-length (FL) product and the radioactively 

labeled primer template (T) are indicated. n = 2 independent experiments.  

Source data are provided as a Source Data file. 
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Supplementary Fig. 14. Comparable processivity of human and mouse polγ holoenzymes. 

a. To measure processivity, the indicated POLγ variants were pre-incubated on ice with a 

primed, single-stranded DNA template. DNA synthesis was initiated by adding either dNTP 

alone or dNTP and heparin, and the reactions were allowed to proceed for 5 minutes at 37 °C. 

The products were separated on 8% urea-PAGE sequencing gels. The positions of the products 

(P) and the radioactively labeled template (T) are indicated. In the absence of heparin, the 

proteins can rebind to continue DNA synthesis. Heparin is used to trap free POLγ, preventing 

the enzyme from rebinding and continuing DNA synthesis after dissociation from the template. 

Arrows indicate the longest products identified for POLγA, both in isolation and with the 

holoenzymes. n = 2 independent experiments.  

b. The dissociation rate constants, koff (s-1) determined for hPOLγ and mPolγ are shown. Off-

rate was determined using a single-nucleotide incorporation assay at varying time points. The 

fraction of 26-mer product formed was plotted against time (s). Following linear regression 

fitting, koff was calculated by dividing the slope of the linear phase by the concentration of 

POLγ in the reaction. Data are presented as mean ± s.d., n = 2 independent experiments.  

c. Time-course experiments performed as outlined in Fig. 2a reveal that mPolγB stimulates 

replication better than hPOLγB for both hPOLγAWT and mPolγAWT, as well as for all mutant 

mouse and human variants during TWINKLE-dependent rolling-circle DNA replication. 

mPolγWT and hPOLγWT, mutant variants and mixing variants, as indicated, were incubated with 

TWINKLE, mtSSB, and the rolling-circle template at 37 °C for the indicated times. The 

polymerase concentration is always the same; when mixing two variants, half of each is used 

to match the final concentration in single-polymerase reactions. DNA synthesis was monitored 

as the incorporation of radioactive nucleotides, and the products of increasing length were 

separated on a 0.8% alkaline agarose gel. Template (T); Products (P). n = 2 independent 

experiments.  

Source data are provided as a Source Data file. 
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Supplementary Fig. 15. Breeding scheme and genotyping.  

a. Red crosses indicate matings that have not been done; skulls and crossbones indicate pre-

weaning lethality. Created in BioRender. Zuppardo, A. (2025) https://BioRender.com/difmonx.  

b. Genotyping PCR of wild-type and mutant mice. a: PolgA449T (+/+: 652bp and117 bp; +/-: 

652bp, 372bp, 280bp and 117bp; -/-: 372bp, 280bp and 117bp). b: PolgW726S (+/+: 460bp; +/-: 

460bp and 580bp; -/-: 580bp). c: PolgG826S (+/+: 667bp; +/-: 459bp and 208bp). d: PolgY933C 

(+/+: 561bp; +/-: 131bp and 430bp). e: PolgKO (+/+: 664bp; +/-: 664bp and 399bp). 
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Supplementary Fig. 16. Mendelian distribution of the mutants.  

Genotype frequencies of:   

a. Polg+/A449T intercross (c-square = 0.3235 with 2 df, ns p=0.8506),   

b. Polg+/W726S intercross (c-square = 0.2857 with 2 df, ns p=0.8669),   

c. Polg+/Y933C intercross (c-square = 22.52 with 2 df, **** p<0.0001),   

d. Polg+/G826S intercross (c-square = 20.71 with 2 df, **** p<0.0001),   

e. Polg+/A449T x Polg+/KO (c-square = 0.9273 with 3 df, ns p=0.8188),   

f. Polg+/A449T x Polg+/Y933C (c-square = 16.39 with 3 df, *** p=0.0009),   

g. Polg+/A449T x Polg+/W726S (c-square = 1.818 with 3 df, ns p=0.6110),   

h. Polg+/A449T x Polg+/G826S (c-square = 1.2 with 3 df, ns p=0.7530), and   

i. Polg+/W726S x Polg+/G826S (c-square = 15.82 with 3 df, ** p=0.0012) mice.  

The number of animals for every strain is reported above each graph. Source data are provided 

as a Source Data file 
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Supplementary Fig. 17. Long-range PCR performed in DNA isolated from brain, liver, 

and quadriceps (SKM) of 3-month-old mice. 

a. PolgA449T/A449T (n = 4/genotype) 

b. PolgA449T/KO (n = 4/genotype)  

c. Polg+/Y933C (n = 4/genotype)  

d. PolgW726S/W726S (n = 5/genotype)  

e. PolgA449T/G826S (n = 5/genotype) 

f. PolgA449T/W726S (n = 5/genotype)  

Primers amplified a fragment of 15781 bp of the mtDNA. An aspecific band at 1.8 Kb is present 

in both mutants and wild-type in some gels. The bands were visualized by SYBR™ safe 

staining. Each lane represents a biological replicate. Source data are provided as a Source Data 

file. 
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Supplementary Fig. 18. Analysis of OXPHOS activities.  

Spectrophotometric activity of complex I (CI) and complex IV (CIV), normalized to citrate 

synthase (CS), in: 

a. SKM of Polg+/+ and PolgA449T/A449T mice (n = 4/genotype),  

b. SKM of Polg+/+ and PolgA449T/KO mice (n = 6/genotype),  

c. Liver of Polg+/+ and PolgW726S/W726S animals (n = 5/genotype),  

d. Brain, liver, SKM of Polg+/+ and PolgA449T/G826S mice (n = 6/genotype).  
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Both males and females were used. Data are presented as mean ±SEM. P-values were 

calculated by two tailed unpaired Student’s t-test. Source data are provided as a Source Data 

file. 
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a

b
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Supplementary Fig. 19. In vivo phenotypization of 3-month-old Polg+/+ and Polg+/Y933C 

females and males. 

a. Schematic overview of the in vivo pipeline.  

b. Indirect calorimetry for males (n = 15 WT and 12 Polg+/Y933C (Het); upper panel) and females 

(n = 12 WT and 12 Polg+/Y933C (Het); lower panels). The shaded grey background represents 

the dark period, the white background the light period. Ambulatory activity, CO2 production, 

O2 consumption, Heat production, RER, and total movements measured with CLAMS are 

shown. See Methods for details. Source data are provided as a Source Data file. 

 

 

 

 



 37 

Supplementary Fig. 20. HCA analysis of 3-month-old Polg+/+ and Polg+/Y933C females and 

males. 

a. Climbing activity for females (n = 3 WT and 3 Polg+/Y933C (Het); left panel) and males (n = 

4 WT and 4 Polg+/Y933C (Het); right panel).  

b. Distance for females (n = 3 WT and 3 Polg+/Y933C (Het); left panel) and males (n = 4 WT and 

4 Polg+/Y933C (Het); right panel). Source data are provided as a Source Data file.     



 38 

 

 

Supplementary Fig. 21. Metabolic analysis of 3-month-old Polg+/+ and Polg+/Y933C females 

and males.  

a. Rotarod performance (females n = 12/genotype; males n = 15 WT and 12 Polg+/Y933C). 

b. Lactate levels (females n = 12 WT and 12 Polg+/Y933C; males n = 12 WT and 8 Polg+/Y933C). 

c. Glucose levels (females n = 12/genotype; males n = 15 WT and 9 Polg+/Y933C). 

d. Body weights (females n = 11 WT and 12 Polg+/Y933C; males n = 13 WT and 10 Polg+/Y933C). 

e-f. Lean and fat mass (females n = 11 WT and 12 Polg+/Y933C; males n = 13 WT and 10 

Polg+/Y933C). 

Source data are provided as a Source Data file. 
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Supplementary Fig. 22. Postmortem analysis of 3-month-old Polg+/+ and Polg+/Y933C mice. 

a. Western blot analysis of the mitochondrial replisome in brain, liver and skeletal muscle (n = 

4/genotype). Both males and females were used.  

b. H&E staining was performed in brainstem, cerebellum, liver and SKM samples of Polg+/+ 

(left) and Polg+/Y933C (right) animals. H&E staining did not reveal any obvious morphological 

alterations. Scale bars: brainstem and cerebellum 50 μm, liver 40 μm; SKM 20 μm. (n = 

3/genotype). Both males and females were used. 

Source data are provided as a Source Data file. 
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Supplementary Fig. 23. Indirect calorimetry of 16-month-old Polg+/+ and Polg+/Y933C 

females and males. 

Indirect calorimetry for females (n = 11 WT and 6 Polg+/Y933C (Het); upper panel) and males (n 

= 6 WT and 7 Polg+/Y933C (Het); lower panel). The shaded grey background represents the dark 

period, the white background the light period. Ambulatory activity, CO2 production, O2 

consumption, Heat production, RER, and total movements measured with CLAMS are shown. 

See Methods for details. Source data are provided as a Source Data file. 
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Supplementary Fig. 24. Analysis of old Polg+/+ and Polg+/Y933C females and males 

 a. HCA climbing activity at 16 months of age for females (n = 4 WT and 4 Polg+/Y933C (Het); 

left panel) and males (n = 3 WT and 3 Polg+/Y933C (Het); right panel).  

b. HCA distance at 16 months of age for females (n = 4 WT and 4 Polg+/Y933C (Het); left panel) 

and males (n = 3 WT and 3 Polg+/Y933C (Het); right panel).  
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c. Western blot analysis of the mitochondrial replisome in brain, liver and skeletal muscle from 

24-month-old mice (n = 4 WT and 5 Polg+/Y933C). Both males and females were used.  

Source data are provided as a Source Data file. 
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Supplementary table 1. Cryo-EM data collection, refinement and validation statistics. 
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Supplementary table 2. Analysis of the distribution of PolgY933C genotypes. 

 

 Genotype N. of 
animals 

% 

PolgY933C/Y933C 4 10,53 

PolgY933C/+ 28 73,68 

Polg+/+ 6 15,79 

Total 38 
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Supplementary Table 3. gRNAs, donor oligonucleotides, and primers used in this study. 

 

gRNA_Y933C ATGGCCGCATCTATGGGGCT  
ssDNA_HDR_Y933C GGGCAGGAAGAGCAGAGGCACTGATCTGCACAGCAAGACAGCTGCCACTGTGGGCATCAGCCGAG 

AGCATGCCAAAATCTTCAACTATGGCCGCATCTGTGGGGCTGGCCAGTCCTTTGCTGAGCGCCTACT 
GATGCAGTTCAACCACAGGCTCACAAGGCAGGAGGCA 

gRNA_G826S GGTGCCAGCAGTCACCACCT 
ssDNA_HDR_G826S TGAAAGAGGAAGAAGAGAATCCAGGAACAGAGAGGACATATACCCGAGCATTACTGGCAGTGAGCCACGT 

GGGCTCCACAGCTCGACGGGTGATGGTGCTAGCAGTCACCACCTGTGGTAGGATGGCCCCATAGTGGCC 
TTCCTCATCGAAGCTGGGGTGCCTGGAATAGGGAGAAGCAAAGAAGTGTCAGCAGGCTTGT 

LongR_mtDNA_Fw GAGGTGATGTTTTTGGTAAACAGGCGGGGT 
LongR_mtDNA_Rv GGTTCGTTTGTTCAACGATTAAAGTCCTACGTG 
A449T_Fw GTTGTCCCTGTCTTCCTCCA 
A449T_Rv AAGCTTCCCACCTTCCTGAT 
Y933C_Fw GCCTTTGGCTGGATGACTCT 
Y933C_Rv CAGCGCCTGTCTATCTGCTT 
G826S_Fw CAGATGGTGGTATGGCTCCC 
G826S_Rv AGGACCACCTAGAAGCCCAA 
KO_Fw1 CTTCGTCGATCGACCTCGAATAAC 
KO_Fw2 GGATGGGCAGGAACAGTTAG 
KO_Rv CTGCCATTCACCTTACCC 
W726S_Fw AGGGAACCTGTGACCATGCTCTCC 
W726S_Rv GGTAACCCCACCAGGATGCCTC 
qPCR_mCoI_Fw TGCTAGCCGCAGGCATTACT 
qPCR_mCoI_Rv CGGGATCAAAGAAAGTTGTGTTT 
qPCR_RnaseP_Fw GCCTACACTGGAGTCGTGCTACT 
qPCR_RnaseP_Rv CTGACCACACGAGCTGGTAGAA 


