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Supplementary Note 1 | Cryo-EM data collection and processing and structural model 

building 

Cryo-EM data collection and processing 

Automated data acquisition was performed using SerialEM76. Grids were screened using a Talos 

Arctica TEM operated at 200 keV (Thermo Fisher Scientific) and equipped with a Falcon III direct 

electron detector (Thermo Fisher Scientific). A small dataset of Apo Pol III applied to a 300-mesh 

Au R1.2/1.3 grid (Quantifoil) was recorded at a magnification of 92,000x corresponding to a pixel 

size of 1.566 Å/pixel. A total of 753 image stacks (12 frames, exposure time 2.1 s) were collected 

using a dose rate of 3.91 e/Å2/frame (46.92 e/Å2 total dose) at a defocus range of 1-3.5 μm on an 

FEI Talos Arctica microscope equipped with a Falcon III detector operated in linear mode. High-

resolution cryo-EM data on apo Pol III, plunge frozen on a 200-mesh Cu R2/1 grid (Quantifoil), 

was collected on a Titan Krios TEM operated at 300 keV (Thermo Fisher Scientific) and equipped 

with a Quantum energy filter (Gatan) and a K3 direct detector (Gatan). A magnification of 

105,000x was used, corresponding to a pixel size of 0.822 Å/pixel. We recorded 9,544 image 

stacks (40 frames, exposure time 1.2 s) in counting mode using a dose of 0.95 e/Å2/frame (38.11 

e/Å2 total dose) and a defocus range of 0.75-2.25. High-resolution cryo-EM data on elongating Pol 

III was collected on a 300 keV Titan Krios TEM equipped with a K2 direct detector (Gatan). We 

used a magnification of 130,000x, corresponding to a pixel size of 1.05 Å/pixel, and collected 

9,488 micrographs (40 frames, exposure time 11.2 s) in counting mode at a dose of 1.01 e/Å2/frame 

(40.35 e/Å2 total dose). The defocus range was 0.75-2.00 μm.  

For all datasets, initial frame alignment, contrast transfer function (CTF)-estimation, dose-

weighting and automated particle picking was performed using Warp77. The images were further 

processed with RELION 3.168. In order to run particle polishing at later stages during processing, 

the micrographs, acquired with a Titan Krios, were also frame-aligned and dose-weighted using 

RELION’s own implementation of the MotionCor2-algorithm78 and CTF-corrected using Gctf79.  

For the Talos Arctica dataset, a total of 65,009 particles were picked and extracted with a box size 

of 230 pixels. The images were processed with cryoSPARC69.  After 2D classification, 48,473 

particles were chosen to generate an initial model using 2 classes. One of the initial models 

resembled the shape of yeast RNA Pol III and was chosen for homogenous refinement using 

37,932 particles. The resulting map of apo human Pol III reached a resolution of 8.0 Å.  
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In case of the high-resolution apo Pol III dataset, 304,683 particles were picked and extracted with 

a box size of 328 pixels using Warp. Subsequently, global 3D classification in RELION was 

performed using 4 classes. As a reference model, we used the 8.0 Å apo human Pol III map 

obtained from the Talos Arctica dataset, and low-pass filtered it to 60 Å. A single class was 

selected, and the 111,289 particles were subjected to 3D refinement yielding a 3D reconstruction 

at 3.8 Å resolution. The same set of particles was re-extracted with a 440 pixels box size from the 

micrographs that were pre-processed in RELION and subjected to 3D refinement. This was 

followed by two iterative rounds of particle polishing and CTF refinement, which included the 

estimation of anisotropic magnification and high-order aberrations80. Subsequent 3D refinement 

and map sharpening yielded a 3D reconstruction at 3.3 Å resolution (Map A), which was further 

subjected to multi-body refinement67 using two masks. Mask 1 covered the core of the polymerase 

and subunits RPC4/5/10, and mask 2 included the stalk, the clamp and the RPC3/6/7 heterotrimer. 

The two resulting maps, A1 and A2, were refined to 3.2 and 3.4 Å resolution, respectively, and 

used for model building of the apo Pol III structure.  

For the elongating Pol III complex, 367,717 particles, extracted with a box size of 220 pixels, were 

subjected to 3D classification using a 60 Å low-pass filtered reconstruction of apo human Pol III 

as a reference map. One of the 4 classes, containing 166,071 particles, showed clear density for 

the bound downstream DNA and was refined to a resolution of 3.2 Å. After particle polishing and 

CTF refinement, the resolution was further improved to 2.8 Å (Map B). To improve map quality 

of less well-resolved regions, we performed masked classification in RELION without image 

alignment and asked for 2 classes per classification procedure. Soft masks were created using the 

molmap command in UCSF Chimera81 on the regions of interest followed by mask creation in 

RELION.  

First, we applied a mask covering the downstream DNA and the DNA/RNA hybrid. Using a 

regularization parameter T of 10 during 3D classification, we obtained a class containing 70,492 

particles, which showed improved signal corresponding to the DNA/RNA hybrid in the active site 

(map C, 3.1 Å). During model building (see below), we observed additional density starting from 

the linker domain of RPC10 and extending into the polymerase funnel.  Therefore, we placed the 

C-ribbon domain of RPC10 into the funnel using Chimera, created a soft mask and performed 

masked classification on this area using a regularization parameter of 20. Class 1 contained 30,525 

particles and showed clear density inside the funnel (map D, 3.1 Å) and, compared to map B, only 
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little residual density corresponding to the RPC10 C-ribbon domain outside the funnel. Class 2, 

containing 100,152 particles, showed no density inside the funnel but stronger signal belonging to 

the RPC10 ribbon outside the funnel (map E, 2.9 Å). At lower threshold levels, we observed 

additional density close the cryo-EM density that corresponds to the RPC4/5 heterodimer 

orthologue C53/C37 in S. cerevisiae, leading us to assume that this density belongs to the 

additional RPC5 WH domains. Thus, we first performed masked classification using a mask that 

covers the RPC4/5 dimerization module, followed by masked classification on the additional 

density. We manually place a homology model obtained for the WH1 domain of RPC5 (278-352), 

created using the Phyre82 web server, into this density. The fit of the placement was also inspected 

using COOT83,84, and the C-terminal helix (339-352) of the homology model was re-arranged so 

that it fitted a close-by density that resembled the shape of a longer helix. The fitted homology 

model was used for mask creation, and masked 3D classification was performed using a 

regularization parameter T of 40. One class contained 21,861 particles and showed improved 

density corresponding to the RPC5 WH 1-2 domains binding the polymerase core (map F, 3.3 Å).  

We noticed that mostly the polymerase clamp, stalk and heterotrimer change conformation during 

the transition from apo to elongating Pol III whereas the remaining parts stay rigid. Therefore, we 

merged the two datasets using RELION in order to improve densities for less well-resolved 

regions. Pol III apo particles (map A) were re-extracted, binned to a pixel size of 1.05 Å/pixel, 

merged with the Pol III EC particles (map B) using RELION, and imported into cryoSPARC for 

further processing steps. In cryoSPARC, the particles were subjected to homogenous refinement, 

followed by CTF refinement and non-uniform refinement85. The resulting 3D reconstruction (map 

G, 2.9 Å) showed improved density for an area near the RPC4/5 heterodimer that extended towards 

the polymerase jaw domain. The merged dataset was also used to repeat masked classification on 

the RPC5 C-terminal extension to resolve a second conformation of the WH domains. We followed 

the same strategy as described for map F but, this time, focused on the counterpart map, in which 

additional density was visible at lower threshold levels. A second round of masked classification 

on the RPC5 WH domains yielded a map containing 31,737 particles that showed density for the 

WH domains in the alternative conformation. The corresponding density could be slightly 

improved by non-uniform refinement in cryoSPARC (map H, 3.4 Å). Resolution values reported 

above are based on the gold-standard Fourier shell correlation (FSC) using the 0.143 cut-off 

criterion86 and were obtained using RELION post-processing. Local resolutions of map A to map 
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F were estimated using the local resolution estimation tool implemented in RELION. For map G 

and H, MonoRes87 was used to estimate the local resolution range.  

To get insights into conformational dynamics, we used the 3D variability analysis (3DVA)41 tool 

implemented into cryoSPARC. Particles belonging to map B, obtained via processing in RELION, 

were imported into cryoSPARC, subjected to homogenous refinement followed by 3DVA using a 

soft mask covering the complete map.  

Structural model building and refinement 

An initial model of apo human RNA Pol III was constructed using homology models and available 

structures. Homology models of RPC1, RPC2, RPC4 and RPAC2 were obtained from the SWISS-

MODEL Repository88. Homology models of RPC5, RPC6, RPC7, RPC8, RPC9, RPC10 and 

RPAC1 were generated using Phyre2. The homology models and the structures of RPC3-RPC7 

(PDB: 5AFQ) and of RPABC1, RPABC2, RPABC3, RPABC4, RPABC5 (PDB: 5IY6) were first 

aligned to their homologues counterparts in the Pol III apo structure from S. cerevisiae (PDB: 

5FJ9). The constructed 17-subunit model was fitted as a rigid body into the cryo-EM density map 

of apo human Pol III using Chimera, and the individual polypeptide chains were fitted individually 

as rigid bodies followed by manual model building and real-space refinement using COOT.  

For the elongating RNA Pol III structure, the model of the apo human Pol III was first fitted into 

the cryo-EM density of the elongating Pol III map B in Chimera, and the chains were adjusted 

manually in COOT. Cryo-EM density, corresponding to the upstream DNA, was observed in the 

DNA-binding cleft, and the DNA/RNA-duplex molecule from the elongating S. cerevisiae RNA 

Pol III structure (PDB: 5FJ8) was placed into the corresponding density. Interatomic distance 

restraints of the DNA/RNA molecule were generated using ProSMART89, implemented in the 

most recent version of COOT84, and the nucleic acids were first fitted automatically into the density 

and refined using the all-molecule-refine option in COOT. The nucleotide bases were then mutated 

to match the sequences of the used nucleotides, followed by manual fitting and refinement against 

map C to obtain a more accurate fit.  

When building the model of RPC10, we observed that the density corresponding to the linker and 

the C-ribbon domain needs to be traced differently compared to the cryo-EM apo structure of S. 

cerevisiae RNA Pol III (PDB: 5fja). From residue E48 ongoing, we observed continuous density 

that split-up and either extended into the Pol III funnel or towards the polymerase periphery, which 

could be resolved by masked classification (see above). For the building of the RPC10-C-ribbon 
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domain, we used map D (inside funnel) and map E (outside funnel). In both cases, a homology 

model (67-107) was placed into the corresponding densities using Chimera, followed by manual 

fitting and refinement using COOT. In addition, ISOLDE90 (implemented into the ChimeraX 

software91) was used to reduce the clash score and to optimise fitting with applied secondary-

structure restraints on predicted beta-sheets based predictions obtained via the PSIPRED 

webserver92. Placement of the zinc atom in the C-ribbon domain was partially guided by the crystal 

structure of the C-ribbon of S. cerevisiae TFIIS bound to S. cerevisiae RNA Pol II (PDB: 3PO3).  

For building the FeS domain of RPC6, we placed the coordinates of a cubane 4Fe-4S cluster 

(obtained from PDB: 2B3Y) manually into a strong density signal within the heterotrimer region 

that was even visible at very high threshold levels. The FeS binding domain could be built de novo 

by extending the RPC6 homology model into visible density extending towards the 4Fe-4S signal.  

For the C-terminal extension of RPC5, homology models of WH1 (278-332) and WH2 (349-433), 

generated via Phyre2, were first placed manually into the density (map F) using Chimera and 

manually adjusted and extended in COOT. The model of the WH domains was further placed in 

map H, in which the C-terminal extension adopts an alternative conformation 2. The WH1-WH2 

domain was placed as a rigid body into the ‘conformation 2’ density in Chimera and flexibly fitted 

using the chain-refine command in COOT in two iterations, first with and second without distance 

restraints. Manual fitting of individual side-chains was not performed for the RPC5 conformation 

2, and the model was trimmed by 25 peripheral residues. The DM extension and the jaw-binding 

domains of RPC4 were built using map G.  

For model building, all cryo-EM density maps were, if not otherwise stated, locally sharpened 

using LocalDeblur93, integrated into the software framework Scipion94. At a later stage during 

model building, we also used the density modification tool95 implemented into PHENIX96 to 

further improve the map qualities.  

PHENIX real-space refinement was used to refine the built models against the sharpened cryo-EM 

maps. All refinement steps were performed using Ramachandran- and rotamer restraints. For fine-

tuning of model building, combining partial models and refinement, the following strategy was 

used: partial maps of elongating Pol III derived from RELION multi-body refinement (map B1, 

B2) were sharpened via density modification and used to fine-tune the model of elongating Pol III. 

These partial models were refined against map B1 and B2, combined and refined with secondary-

structure and reference-model restraints, derived from the partial models, against map B. The 
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model was subjected to ISOLDE and Ramachandran, and rotamer outliers were adjusted, 

following refinement against map B using reference-model restraints. For refinement of more 

flexible regions, the following partial-model and map pairs were used for refinement: DNA/RNA 

– map C; RPC10-C-ribbon inside funnel – map D; RPC-10-C-ribbon outside funnel – map E; 

RPC5 C-terminal extension (conformation 1) – map F; RPC4 DM extension and jaw-binding 

domain – map G: RPC5 C-terminal extension (conformation 2) – map H. Model-based restraints 

for partial models were applied when refining against other maps. For the complete elongating Pol 

III model, partial models were combined and refined against map B using reference-model 

restraints. Two disease-associated residues (RPC1 W310, RPC2 W27) were manually adjusted to 

better fit the cryo-EM density without an additional real-space refinement step in PHENIX, and 

the resulting final elongating Pol III model (EC-1 Pol III) was subjected to the PHENIX 

comprehensive validation tool to obtain final refinement statistics. For the apo Pol III model, 

nucleic acids and the RPC5 C-terminal extension of elongating Pol III model were removed, and 

chains were manually readjusted to fit the density of apo Pol III (map A), and the model was 

refined against map A using reference-model restraints.  

 
 
 
 
 
 
 
  



8 
 

Supplementary Table 1 | Phylogenomic analysis of Pol III RPC5 subunits and Pol III basal 
transcription factors. Listed are the analysed species, proteome identifiers and UniProt identifiers 
for homologs of RPC5 (Pol III), BRF1 and BRF2 (basal transcription factor TFIIIB) and SNAPc1, 
SNAPc2, SNAPc3, SNAPc4, SNAPc5 (basal transcription factor SNAPc). Homologs were 
retrieved using the HMMER60 tool. See Extended Data Fig. 7e for the corresponding 
phylogenomic tree. 

Species Proteome 
ID RPC5 BRF1 BRF2 SNAPc1 SNAPc2 SNAPc3 SNAPc4 SNAPc5 

Dictyostelium 
discoideum 

UP00000
2195 Q86JI9 Q54U85  Q54B89  Q555K3 Q54NA6  

Thalassiosira 
pseudonana 

UP00000
1449 B8BWK0 B8BTG5     B8CFV0  

Giardia 
intestinalis 

UP00000
1548 A8BX96 E2RTV0     E2RTS5  

Leishmania 
major 

UP00000
0542 Q4QG17 Q4QA51    E9AFU3   

Plasmodium 
falciparum 

UP00000
1450 Q8IKP3 A0A144

A465  Q8I600  Q8IKM4 Q7KQL1  

Cryptosporidiu
m parvum 

UP00000
6726 Q5CW66 Q5CRA9    A3FPM6 Q5CUX4  

Physcomitrella 
patens 

UP00000
6727 A9RV70 A0A2K1

K844 
A0A2K1
JX89 

A0A2K1
J6Z8  A0A0D6

CBM7 
A0A2K1
JLB9 

A0A2K1I
MI5 

Vitis  
vinifera 

UP00000
9183 D7SPH0 D7TL42 D7TJK6 D7TC57  D7T5Z1 D7U7H5  

Arabidopsis 
thaliana 

UP00000
6548 Q9FGZ3 F4IW19 O81787 Q8RXK3  Q8L627 Q9LV31  

Zea  
mays 

UP00000
7305 

UPI0002
207C81 

A0A1D6
MBH4 

A0A1D6
PYC9 B4FT72  A0A1D6

G6D0 
A0A1D6
HS21  

Oryza sativa UP00000
7015 A2YT86 B8AWC3 A2YXG0   A2WY80 A2YI13  

Neurospora 
crassa 

UP00000
1805 Q7S9I7 Q7RY40     Q1K6E3  

Schizosaccharo
myces pombe 

UP00000
2485 O74883 Q9P6R0     P39964  

Microsporum 
gypseum 

UP00000
2669 E4UVQ2 E5R1V4     E4V5A4  

Aspergillus 
flavus 

UP00000
1875 B8N1U9 B8N559     B8MY80  

Candida 
albicans 

UP00000
0559 

A0A1D8
PQS2 P43072     Q5A683  

Eremothecium 
gossypii 

UP00000
0591 Q750I4 Q758H5     Q753L5  

Saccharomyces 
cerevisiae 

UP00000
2311 P36121 P29056     P22035  

Drosophila 
melanogaster 

UP00000
0803 Q9VP85 Q9VEL2  Q9VF25  Q7JUY8 Q9VHX0 Q8INC7 

Anopheles 
gambiae 

UP00000
7062 Q7Q6C6 Q7QB20  A7UUY9  Q7QFT6 A7UVR7 F5HKF9 

Caenorhabditis 
elegans 

UP00000
1940 Q23206 A0A131

MCT5  Q7JNN6  O44168 P91868  

Caenorhabditis 
briggsae 

UP00000
8549 A8XLK1 A8XH51  A8XT63 A8WWB

8 A8XX82 A8XFC6  

Gallus 
gallus 

UP00000
0539 E1C9J0 F1NQ85 E1C4I7 F1NJK3  F1NW98 A0A1L1

S0G0 Q5ZI06 
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Supplementary Table 1 (continued) 
Species Proteome 

ID RPC5 BRF1 BRF2 SNAPc1 SNAPc2 SNAPc3 SNAPc4 SNAPc5 
Takifugu 
rubripes 

UP00000
5226 

A0A3B5
KDH1 

H2UWY
0 

A0A3B5
JWS9 H2S607 H2SIN9 H2TJN2 A0A3B5

KEC1 
A0A3B5
KKF9 

Danio 
rerio 

UP00000
0437 F1R866 Q5TZ89 A8KBY2 Q7ZUP7 E7F685 F1QWM

0 F1QVS5 Q1LXI0 

Rattus 
norvegicus 

UP00000
2494 D3ZP45 D4A8W8 Q4V8D6 F7ES94 Q68FX5 Q5BK68 D4A3C9 D3ZTK9 

Mus  
musculus 

UP00000
0589 Q9CZT4 Q8CFK2 Q3UAW

9 Q8K0S9 Q91XA5 Q9D2C9 Q8BP86 Q8R2K7 

Felis  
catus 

UP00001
1712 

A0A2I2V
2B4 

A0A337
S677 M3X9N0 M3W8U

2 
M3WLN
3 M3VZV1 A0A5F5

XJV4 
M3WGN
7 

Canis  
lupus 

UP00000
2254 E2RHN7 F1PRK4 E2R245 E2QXT2 J9NTT0 E2REJ9 J9NSI5 E2RR56 

Homo  
sapiens 

UP00000
5640 Q9NVU0 Q92994 Q9HAW

0 Q16533 Q13487 Q92966 Q5SXM2 O75971 

Pan  
troglodytes 

UP00000
2277 K7BW50 H2Q908 H2QW11 H2Q8F4 H2RHY8 H2R1P5 H2QY63 H2Q9N3 

 
 
 
 
 
Supplementary Table 2 | Comparison between sequence identities of H. sapiens (Hs) 
RPC7α/β and S. cerevisiae (Sc) C31. Listed are sequence identities comparisons of: HsRPC7α 
vs. ScC31 and of Hs RPC7β vs. Sc C31. Full length RPC7a: 1-223; Full length RPC7β: 1-218.  

Range Sequence identity (%) 

 HsRPC7α vs. ScC31 HsRPC7β vs. ScC31 

Full-length 29 29 

N-terminus (1-25) 20 43 
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Supplementary Table 3 | Disease-associated point mutations in Pol III. In bold mutations have 
been reported as homozygous. SASA – Solvent Accessible Surface Area. Average for whole 
complex: SASA - 42.4 Å2; degree - 15.  
Related disease Subunit Mutation Side chain contacts SASA 

(Å2) 
Residue 
degree Type 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Hypomyelinating 
Leukodystrophy 

(HLD) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

RPC1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

57 D>N97 RPC1: I34, M60, L52, G54, H58 
R59 7.3 19 I 

91 P>L98 RPC1: P220, L221, L224, I251 9.5 14 I  

122 K deletion13 RPC1: I115, L117, S118, L237 40.4 20 I 

166 V>I98 RPC1: L105, Q106, K110, I174, 
H176 7.7 16 II 

310 W>C99 RPC1: L90, P91, P220, L221, 
I306, M307 12.1 24 I 

372 D>N8 RPC1: N374, L375, R487 
RPAC2: H74 0.9 20 III 

387 A>G98 RPC1: P383, H415, L454, V480 0.0 21 I 

396 V>L13 RPC1: I401, L404, K445, D448, 
V450 0.6 18 I 

478 A>G100 RPC1: V382, L454 0.1 15 I 

553 T>I13 RPC1: A549, F601, S649  0.0 20 I 

558 F>L8 RPC1: D556, T557, I588, L594, 
T596, RPABC3: R24, N44, L121 27.1 16 III 

599 Q>K/H13 RPC1: T587, W595, T596 26.5 19 I 

602 S>R1,98 RPC1: Q599, S643, E644 13.8 18 I 

636 S>Y8 RPC1:  G621, Q623, Y624, N634 0.4 17 I 

644 E>K13 RPC1: Q641, S643 
RPABC3: R140 34.1 18 II 

645 L>F13 RPC1: T553, K598, F601, T639, 
I640L, S647, G648, M650 6.1 17 I 

669 R>G101 RPC1: V530, Y665, A910, A911, 
E913 55.0 17 I and IV 

671 W>R98 RPC1: R614, L667, D670, E675 79.0 15 I and IV 

672 G>E8,13 - 28.4 11 I 

680 M>T13 RPC1: I377, L529, I539, A540, 
F664, A676 1.9 22 I 

682 R>Q100 RPC1: D576, I604, P607, D678 16.6 21 I  

700 I>F97 RPC1: 703, RPC2: V940, I944, 
L947, L984, Y1003 1.1 18 II 

724 C>Y8 RPC1: Y721, E755 0.3 17 II 

775 N>I8 RPC1: D702, L771, D772, P777, 
L778 11.5 20 I 

784 G>S1 - 15.1 10 I 

804 I>T99 RPC1: A803,V809, M852, A853 19.7 12 II 

848 F>L13 RPC1: T845, 
RPC2: P473, W476, P481, L664 0.0 21 II 

849 F>L13 RPC1: V809, S817, L818, G832, 
T845, M852 1.2 20 II 

852 M>V8,98,102 RPC1: V809, F848, F849  
RPC2: L471, P473 9.9 22 II 

873 R>Q101 RPC1: R353, G869, Y870, F1321  18.2 19 II 

887 D>V13 RPC1: Q885, T889, R891, 
RPABC2: P111 33.2 14 III 

897 I>N11 RPC1: I898, Q899, F900 RPABC1: 
L165 0.4 17 III 
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Hypomyelinating 
Leukodystrophy 

(HLD) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

RPC1 
 
 
 

 

937 E>V13 RPC1: C934, T1007, T1009 49.6 16 IV 

941 S>R13 RPC1: D991, E944 9.1 18 I 

1005 R>C/H8,11,98,103 RPC1: C934, P935, A939, Y1001, 
T1007  38.8 16 I  

1136 R>Q13 RPC1: S1133, RPC10: L46, K47  1.9 20 III 

1240 G>S13 - 6.4 9 I 

1247 T>TT8 RPC1: T1246 44.3 12 I and IV 

1249 N>H102 RPC1: R1069, I1084, E1270 31.3 14 I 

1261 E>K98 RPABC1: P146, I193, R195, R207 6.2 17 III 

1331 A>T103 RPC1: F20, V1315, H1327 0.0 17 I 

RPC2 

27 W>R13 RPC2: R28, P31, E660 51.4 16 I and IV 

103 R>H13 RPC2: H100, L140, E160, Y168, 
I170, E175, R704  12.6 23 I 

104 L>F98 RPC2: H100, I705, RPABC4: I43, 
Y45 2.6 20 II 

268 S>G98 RPC2: V237, F265 1.5 15 I 

329 R>Q13 RPC2: N327, N524, L526, C527, 
RPC5: R136 26.5 20 III 

418 A>V13 RPC2: L372, G414 7.0 17 I 

442 R>C98 RPC2: D164, S441, I697, R704 29.8 15 II 

449 L>P13 RPC2: V40, V667, I728 10.4 17 I 

493 V>F13 RPC2: R454, P485 25.0 15 I 

503 T>K9 RPC2: F571, G589, R591, C593 1.5 17 II 

523 V>E/D9,13,98 RPC2: I333, L526 10.9 12 I 

527 C>R98 RPC2: E250, Q253, E529, RPC4: 
F356, RPC5: P31 0.7 17 III 

634 D>N100 RPC2: S573, R591, L592, V635 2.7 16 I 

667 V>M13 RPC2: L39, L498 3.8 11 I 

727 L>S13 RPC2: L30, L34, L498, K723  38.6 17 I  

768 R>H11 RPC2: A713, G765, C769, T888, 
R889, R890 RPAC1: H108 5.9 20 III 

895 D>N13 RPC2: P891, E892, M1015 4.4 19 I 

926 D>E11 RPC2: T740, S761, RPABC5: T9 0.3 21 III 

967 S>R13 RPC2: Y674, H959 23.2 10 I  

973 C>F13 RPC2: V969, Y983 8.1 20 I 

982 N>D13 RPC2: Y983, K986,  
RPAC1: S284, R285 14.7 15 III 

1002 I>T13 RPC2: A742, M744, V989, Y1001 
RPC1: S697 0.0 21 I and III 

1003 Y>C13 RPC2: L943, L946, L947, L984, 
RPC1: S697, I698, G699, I700 0.0 20 I and III 

1012 L>P13 RPC2: M689, K896, S898  0.2 17 II 

1024 A>V13 RPC1: F363, I389 22.1 13 III 

1117 L>V13 RPC2: L1113, M1120, L1122, 
RPC1: L345, L1328  0.4 21 I and III 

 
RPAC1 

 
 

26 T>I10,12 RPAC1: D28, D69, RPC2: E996 9.1 14 I and III 

27 T>A12 RPAC1: Y33, RPC1: D560,  15.8 16 I 

30 P >S12 RPAC2: M60, K61 6.4 13 III 
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Hypomyelinating 
Leukodystrophy 

(HLD) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

RPAC1 

32 N>I10,12 RPAC1: T27, F29, Y33 
RPC1: D560 3.1 18 III 

65 M>V10,12 RPAC1: F49, F63, I68, F76, 
RPAC2: V110 3.9 18 III 

74 N>S10,12 RPAC1: A70, R77, R78,  
RPC2: G995 3.6 22 III 

94 V>A10,12 RPAC1: V92, N97, L210, 
RPABC4: R48, F55 2.3 16 III 

105 I>F12 RPAC1: Q102, RPC2: A713 3.2 17 III 

108 H>Y12 RPAC1: E104, I105, L112,  
RPC2: E763, R764, G765  3.6 21 III 

109 R>H10,12 
RPAC1: I105, L198, I199 

RPC2: Y714, 
RPABC5: I2, I3, P4, V5 

1.3 23 III 

117 A>P12 RPAC1: M87, I115, L138, I190 0.3 17 I 

132 G>D10,12 - 2.6 8 I  

146 C>R10,12 RPAC1: H166, L202, R203, P204 0.4 17 I 

191 R>Q10,12 RPAC1: H116, G188, P192 101.9 14 IV 

245 V>M10,12 RPAC1: E243, A249, A250, L253, 
V296 10.0 17 I  

262 I>T10,12 RPAC1: L253, S254, F257, A273, 
V275 17.8 16 I 

279 R>Q12 RPAC1: V54, D64, N277 65.3 14 I and IV 

288 F>S104 RPAC1: E18, K294 37.2 14 I 

295 K deletion10,12 - 144.4 8 IV 
313 T>M12 RPAC1: P227, V228, A229 7.5 13 I 

324 E>K10,12 RPAC1: R120, V320 36.5 18 I 

RPC10 41 R>W14 RPC10: Y43, RPC1: Y1116, 
E1118 91.4 12 III and IV 

Wiedemann-
Rautenstrauch 

syndrome 
(WDRTS) 

RPC1 

903 G>R15 - 1.1 8 I 

1069 R>Q15 
RPC1: T1064, L1065, G1066, 
E1072, I1080, N1249, E1270, 

T1274 
12.6 24 II 

1131 K>R15 RPC1: E1115, Y1116, V1172, 
RPC4: K119 17.7 17 III 

1292 D>N15 RPC1: I898, Q899, R1264, M1288 4.7 22 I 

1335 G>R15 - 2.1 11 I 

Treacher Collins 
Syndrome (TCS) 

RPAC1 279 R>Q/W10,12,17 RPAC1: V54, D64, N277 65.3 14 I and IV 

 
 
 
 
 

RPAC2 
 
 
 
 
 

47 E>K17 RPAC2: H45, E46, L51 3.4 15 III 

50 T>I17 RPAC2: D48,  
RPAC1: R78, I79, K332 2.0 16 III 

51 L>R17 RPAC2: E47, RPAC1: K329, F336 0.0 16 III 

52 G>E17 - 0.1 13 I 

56 R>C17 RPAC2: G52, C68, G69,  
RPC1: A562, Q566 19.9 22 I and III 

82 L>S17 RPAC2: K55, I59, C68, Y70, F96,  0.1 20 I 

99 G>S17 - 1.2 14 I 
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Varicella Zoster 
Virus 

Susceptibility 
(VZV) 

 
 
 

 
 
 

RPC1 
 

 

307 M>V18 RPC1: T303, W310,  
RPC3: L406, Y422 18.5 18 III 

437 R>Q18 V408, Q409, G411, L432 68.2 19 IV 

582 R>C19 RPC1: D609 89.2 12 IV 

707 Q>R18 - 126.8 9 IV 

RPC3 

11 L>F18 RPC3: K7, I447 10.5 20 I 

84 R>Q18 RPC3: S80, R87, H243 20.7 18 I 

438 R>G18 RPC3: R357, L435, RPC6: F293 19.6 18 I and III 

RPC5 275 T>M19 RPC5: K260, L276 73.1 11 IV 

 
 
Supplementary Table 4 | Fit of disease-associated Pol III mutations into the cryo-EM density. 
Model: Human Pol III EC-1, Cryo-EM density: map B. Threshold level: 0.04. Residues are 
displayed with flanking residues (-1,1). Only 1 residue (RPC5 275) shows weak side-chain density. 

Related disease Subunit Mutation Cryo-EM density fit Mutation Cryo-EM density fit 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Hypomyelinating 
Leukodystrophy 

(HLD) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

RPC1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

57 D>N 

 

91 P>L 

 

122 K deletion 

 

166 V>I 

 

310 W>C 

 

372 D>N 

 

387 A>G 

 

396 V>L 

 

478 A>G 

 

553 T>I 

 

558 F>L 

 

599 Q>K/H 
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Hypomyelinating 
Leukodystrophy 

(HLD) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

RPC1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

602 S>R 

 

636 S>Y 

 

644 E>K 

 

645 L>F 

 

669 R>G 

 

671 W>R 

 

672 G>E 

 

680 M>T 

 

682 R>Q 

 

700 I>F 

 

724 C>Y 

 

775 N>I 

 

784 G>S 

 

804 I>T 

 

848 F>L 

 

849 F>L 

 

852 M>V 

 

873 R>Q 
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Hypomyelinating 
Leukodystrophy 

(HLD) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

RPC1 
 
 
 
 
 

887 D>V 

 

897 I>N 

 

937 E>V 

 

941 S>R 

 

1005 R>C/H 

 

1136 R>Q 

 

1240 G>S 

 

1247 T>TT 

 

1249 N>H 

 

1261 E>K 

 

1331 A>T 

 

  

 
 
 
 
 
 
 

 
 
 

RPC2 
 
 
 
 
 
 
 
 
 
 

27 W>R 

 

103 R>H 

 

104 L>F 

 

268 S>G 

 

329 R>Q 

 

418 A>V 
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Hypomyelinating 
Leukodystrophy 

(HLD) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
RPC2 

 

442 R>C 

 

449 L>P 

 

493 V>F 

 

503 T>K 

 

523 V>E/D 

 

527 C>R 

 

634 D>N 

 

667 V>M 

 

727 L>S 

 

768 R>H 

 

895 D>N 

 

926 D>E 

 

967 S>R 

 

973 C>F 

 

982 N>D 

 

1002 I>T 

 

1003 Y>C 

 

1012 L>P 
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Hypomyelinating 
Leukodystrophy 

(HLD) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1024 A>V 

 

1117 L>V 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

RPAC1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

26 T>I 

 

27 T>A 

 

30 P >S 

 

32 N>I 

 

65 M>V 

 

74 N>S 

 

94 V>A 

 

105 I>F  

 

108 H>Y 

 

109 R>H 

 

117 A>P 

 

132 G>D 

 

146 C>R 

 

191 R>Q 
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Hypomyelinating 
Leukodystrophy 

(HLD) 
 
 
 
 

 
 
 

 
 

 
 
 

 
 
 

RPAC1 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

245 V>M 

 

262 I>T 

 

279 R>Q 

 

288 F>S 

 

295 K deletion 

 

313 T>M 

 

324 E>K 

 

  

RPC10 41 R>W 

 

  

Wiedemann-
Rautenstrauch 

syndrome 
(WDRTS) 

RPC1 

903 G>R 

 

1069 R>Q 

 

1131 K>R 

 

1292 D>N 

 

1335 G>R 

 

  

 
 

 
Treacher Collins 
Syndrome (TCS) 

 
 

RPAC1 279 R>Q/W 
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Treacher Collins 
Syndrome (TCS) 

 
 
 
 
 
 
 

 
 

 
 

 
 
 

 
 

 
RPAC2 

 
 
 
 
 
 

47 E>K 

 

50 T>I 

 

51 L>R 

 

52 G>E 

 

56 R>C 

 

82 L>S 

 

99 G>S 

 

  

 
 
 

Varicella Zoster 
Virus 

Susceptibility 
(VZV) 

 
 
 

 
 
 

RPC1 
 

 

307 M>V 

 

437 R>Q 

 

582 R>C 

 

707 Q>R 

 

RPC3 

11 L>F 

 

84 R>Q 

 

438 R>G 

 

  

RPC5 275 T>M 
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