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Primer use Sequence (5‘ – 3‘) 

POLR1C 

crRNA sense oligo  caccgACTGAGCTTGGATGCTTCTG 

crRNA antisense oligo  aaacCAGAAGCATCCAAGCTCAGTc 

T7 endonuclease I assay 
forward  

GGGTTTCCTATAGGCACGTTCCCTCTTCCTCTCCAGGC 

T7 endonuclease I assay 
reverse  

GCACTCCAGCCTGGGCAACACAGTGAGACTGTCTC 

Zygosity PCR forward GGGTTTCCTATAGGCACGTTCCCTCTTCCTCTCCAGGC 

Zygosity PCR reverse CCCGGGACTAAAACAGGAAGAAATGTGACTGATGATTCTGGTCTTTCAAGC 

Junction PCR forward CGCTCAGCTGCGGCCTGGCCAAGAAATTG 

Junction PCR reverse CCTCCGCCAGACCCTCCCCCTTTCTCGAACTGG 

POLR1B 

crRNA sense oligo  caccgTGTTGACCTTTTGGATTAAG 

crRNA antisense oligo  aaacCTTAATCCAAAAGGTCAACAc 

T7 endonuclease I assay 
forward  

GCCTTTTACTGAGAGTGGGATGGTCCCAGACATTCTGTTCAATCCCC 

T7 endonuclease I assay 
reverse  

GCAGGGTGTAGGGAACCTGGGGTTGGAAAGG 

Zygosity PCR forward GTGTTGTGGATAACATCAAAGTGTGCAGTAATGACACTGGGAGTGG 

Zygosity PCR reverse CCAGAGAGATTCAGAAACCTTGCATACTTGGTTTTCAGGTCTTGGTTGAG 

Junction PCR forward 
(mCherry-TwinStrep-His) 

GGCGGAGGAAGTGGAGGCTCTGCTTGGTCTCATCCC 

Junction PCR reverse 
(mCherry-TwinStrep-His) 

GCACAGCACCATGCCTGGCTTCCAAAATGGATGAATC 

Junction PCR forward 
(FLAG-Halo tagged line) 

GTGTTGTGGATAACATCAAAGTGTGCAGTAATGACACTGGGAGTGG 

Junction PCR reverse  
(FLAG-Halo tagged line) 

CCTCGATAAAAACGTTCTGATCGATGATCAGCTTGCGGCCG 

POLR1D 

crRNA sense oligo  caccgTCTCCTTGTATACTGCATAA 

crRNA antisense oligo  aaacTTATGCAGTATACAAGGAGAc 

T7 endonuclease I assay 
forward  

CGGGATTTCTATGCCTTTCAACCCTCTCTTCATCCTCTAGCAGG 

T7 endonuclease I assay 
reverse  

CTTGTCTAGGCCTCTGATATTCTCAGTTTCCTCATTTTCAATGCTGGC 

Zygosity PCR forward  CTTGTCTAGGCCTCTGATATTCTCAGTTTCCTCATTTTCAATGCTGGC 

Zygosity PCR reverse GGTACCCTTCCAGCTGTTGAGCCATTTCAGAGAGGC 

Junction PCR forward  GGAAGCCGTAGTTGGGCCTGCACATTGATCATCTGTATCC 

Junction PCR reverse CCTCCGCCAGACCCTCCCCCTTTCTCGAACTGG 

Gene Protein UniProt code Provider Reference 

POLR1B RPA2 Q9H9Y6 BioCat BC110833 

TWISTNB RPA43 Q3B726 DNASU HsCD00398686 

CD3EAP RPA34 O15446 DNASU HsCD00079619 

ZNRD1 RPA12 Q9P1U0 DNASU HsCD00079532 

POLR1E RPA49 Q9GZS1 DNASU HsCD00861617 



 

 Map A  

apo Pol I with enriched 

clamp 

Map B  

Apo Pol I with enriched 

stalk 

 

Data collection and processing 

 

  

Magnification    105,000 105,000 

Voltage (kV) 300 300 

Electron exposure (e–/Å2) 50.9 50.9 

Defocus range (μm) 0.6-1.4 0.6-1.4 

Pixel size (Å) 0.822 0.822 

Symmetry imposed C1 C1 

Total no. movies recorded 22,001 22,001 

No. of frames 38 38 

Initial particle images (no.) 949,538 949,538 

Final particle images (no.) 146,558 90,609 

Map resolution (Å) 

    FSC threshold 

4.72 

0.143 

3.67 

0.143 

Map resolution range (Å) 

 

3.38-15.36 3.43-9.27 

 

  



 

 
 

 Map C  

(EMDB-

12795) 

EC Pol I 

(PDB 7OB9) 

Map D  

(EMDB-

12795) 

Stalk tWH 

Focused 

Classification 

Map D1 

(EMDB-

12795) 

Multibody 

Refinement 

Upper 

Clamp 

Map D2 

(EMDB-

12795) 

Multibody 

Refinement 

Core 

Map E 

(EMDB-

12795) 

Composite 

Data collection and 

processing 

 

     

Magnification    105,000 105,000 105,000 105,000 105,000 

Voltage (kV) 300 300 300 300 300 

Electron exposure (e–/Å2) 50.9 50.9 50.9 50.9 50.9 

Defocus range (μm) 1.0-2.5 1.0-2.5 1.0-2.5 1.0-2.5 1.0-2.5 

Pixel size (Å) 0.822 0.822 0.822 0.822 0.822 

Symmetry imposed C1 C1 C1 C1 C1 

Total no. movies recorded 10,053 10,053 10,053 10,053 10,053 

No. of frames 38 38 38 38 38 

Initial particle images (no.) 2,171,736 2,171,736 2,171,736 2,171,736 2,171,736 

Final particle images (no.) 198,822 37,180 37,180 37,180 - 

Map resolution (Å) 

    FSC threshold 

2.7 

0.143 

3.0 

0.143 

3.1 

0.143 

3.0 

0.143 

- 

 

Map resolution range (Å) 

 

2.55-4.50 3.03-5.62 3.13-5.81 3.04-5.10 - 

      

Refinement      

Initial model used  

(PDB code) 

4C3I, 7AE1, 

6LHR, 

5M5X, 

6RQT 

 
 

 
 

Model resolution (Å) 3.30 
 

 
 

 

Map sharpening B factor 

(Å2) 

-67 
 

 
 

 

Model composition 

    Non-hydrogen atoms 

    Protein residues  

    Nucleotide residues 

    Ligands  

 

36471 

4412 

69 

6x Zn, 1x 

Mg 

 

 

 

 

  

 

 

 

B factors (Å2) 

    Protein 

    Ligand 

 

109.26 

115.09 

 

 

  

 

 

R.m.s. deviations 

    Bond lengths (Å) 

    Bond angles (°) 

 

0.008 

1.26 

 

 

  

 

 

 Validation 

    MolProbity score 

    Clashscore 

    Poor rotamers (%)   

 

1.60 

4.64 

0.31 

 

 

  

 

 

 Ramachandran plot 

    Favored (%) 

    Allowed (%) 

    Disallowed (%) 

 

94.70 

5.25 

0.05 

 

 

  

 

 



 

 

 Map F 

(EMDB-12796) 

Pol I – RRN3 

 

Map G 

(EMDB-12796) 

Pol I – RRN3 

Focused 

Refinement 

(PDB 7OBA) 

Map H 

(EMDB-12797) 

Pol I OC 

(PDB 7OBB) 

 

 

Map I 

(EMDB-12797) 

Pol I OC  

Nucleic acid 

Focused 

Classification  

Data collection and 

processing 

 

    

Magnification    105,000 105,000 105,000 105,000 

Voltage (kV) 300 300 300 300 

Electron exposure (e–/Å2) 41.26 41.26 41.26 41.26 

Defocus range (μm) 0.75-2.25 0.75-2.25 0.75-2.25 0.75-2.25 

Pixel size (Å) 0.822 0.822 0.822 0.822 

Symmetry imposed C1 C1 C1 C1 

Total no. movies recorded 14,224 14,224 14,224 14,224 

No. of frames 40 40 40 40 

Initial particle images (no.) 2,628,144 2,628,144 2,628,144 2,628,144 

Final particle images (no.) 169,513 260.363 175,912 164,436 

Map resolution (Å) 

    FSC threshold 

3.2 

0.143 

3.1 

0.143 

3.3 

0.143 

3.3 

0.143 

Map resolution range (Å) 

 

3.0-7.0 2.9-7.3 3.0-5.9 3.0-6.7 

     

Refinement     

Initial model used 

(PDB code) 

 4C3I, 7AE1 4C3I, 7AE1, 

5M5W, 6RUO 

 

Model resolution (Å)  3.1 3.6  

Map sharpening B factor 

(Å2) 

 -103 -91  

Model composition 

    Non-hydrogen atoms 

    Protein residues 

    Nucleotide residues 

    Ligands  

  

35684 

4399 

- 

7x Zn 

 

33051 

4113 

17 

7x Zn 

 

B factors (Å2) 

    Protein 

    Ligand 

  

65.99 

88.12 

 

75.19 

119.54 

 

R.m.s. deviations 

    Bond lengths (Å) 

    Bond angles (°) 

  

0.0111 

141 

 

0.0097 

1.37 

 

 Validation 

    MolProbity score 

    Clashscore 

    Poor rotamers (%)    

  

1.77 

5.33 

0.41 

 

1.76 

5.21 

0.50 

 

 Ramachandran plot 

    Favored (%) 

    Allowed (%) 

    Disallowed (%) 

  

91.96 

7.99 

0.05 

 

92.24 

7.74 

0.02 

 



 

 
 

Related disease Subunit Mutation SASA (Å2) Residue degree Type 

Acrofacial 
Dysostosis (AD) 

RPA1 
593 E>Q [196] 31.6 14 II 

1299 V>F [196] 6.1 17 II and III 

Treacher Collins 
Syndrome (TCS) 

RPA2 
682 S>R [192] 1.1 19 II and III 

1003 R>C/S [192] 80.2 14 II 

RPAC1 279 R>Q/W [191,233,236] 15.0 18 I and III 

RPAC2 

47 E>K [191] 9.5 18 III 

50 T>I [191] 2.3 20 III 

51 L>R [191] 0.0 19 III 

52 G>E [191] 0.0 14 I and III 

55 L>V [190] 0.0 21 I and III 

56 R>C [191] 25.5 21 I and III 

82 L>S [191] 0.0 17 I 

99 G>S [191] 1.4 15 I and III 

Hypomyelinating 
Leukodystrophy 

(HLD) 
 

RPAC1 

26 T>I [233,236] - - - 

27 T>A [233] - - - 

30 P >S [233] - - - 

32 N>I [233,236] - - - 

65 M>V [233,236] 0.2 17 III 

74 N>S [233,236] 2.8 25 III 

94 V>A [233,236] 0.3 20 III 

105 I>F [233] 20.9 16 III 

108 H>Y [233] 19.6 21 III 

109 R>H [233,236] 14.7 22 III 

117 A>P [233] 2.3 16 I 

132 G>D [233,236] 5.0 8 I  

146 C>R [233,236] 0.1 21 I 

191 R>Q [233,236] 96.3 17 IV 

245 V>M [233,236] 7.6 16 I  

262 I>T [233,236] 14.7 19 I 

279 R>Q [233] 15.0 18 I and III 

288 F>S [335] 67.4 13 I and IV 

295 K deletion [233,236] 143.7 10 IV 

313 T>M [233] 7.6 15 I 

324 E>K [233,236] 34.9 17 I 



 

Related disease Subunit Mutation SASA (Å2) Residue degree Type 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Hypomyelinating 
Leukodystrophy 

(HLD) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

RPC1 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

57 D>N [373] 7.3 19 I 

91 P>L [235] 9.5 14 I  

122 K deletion [230] 40.4 20 I 

166 V>I [235] 7.7 16 II 

310 W>C [374] 12.1 24 I 

372 D>N [237] 0.9 20 III 

387 A>G [235] 0.0 21 I 

396 V>L [230] 0.6 18 I 

478 A>G [375] 0.1 15 I 

553 T>I [230] 0.0 20 I 

558 F>L [237] 27.1 16 III 

599 Q>K/H [230] 26.5 19 I 

602 S>R [235,376] 13.8 18 I 

636 S>Y [237] 0.4 17 I 

644 E>K [230] 34.1 18 II 

645 L>F [230] 6.1 17 I 

669 R>G [377] 55.0 17 I and IV 

671 W>R [235] 79.0 15 I and IV 

672 G>E [230,237] 28.4 11 I 

680 M>T [230] 1.9 22 I 

682 R>Q [375] 16.6 21 I  

700 I>F [373] 1.1 18 II 

724 C>Y [237] 0.3 17 II 

775 N>I [237] 11.5 20 I 

784 G>S [378] 15.1 10 I 

804 I>T [374] 19.7 12 II 

848 F>L [230] 0.0 21 II 

849 F>L [230] 1.2 20 II 

852 M>V [235,237,379] 9.9 22 II 

873 R>Q [274] 18.2 19 II 

887 D>V [230] 33.2 14 III 

897 I>N [234] 0.4 17 III 

937 E>V [230] 49.6 16 IV 

941 S>R [230] 9.1 18 I 

1005 R>C/H [234,235,237,380] 38.8 16 I  

1136 R>Q [230] 1.9 20 III 

1240 G>S [230] 6.4 9 I 

1247 T>TT [237] 44.3 12 I and IV 

1249 N>H [379] 31.3 14 I 

1261 E>K [235] 6.2 17 III 



 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 
Hypomyelinating 
Leukodystrophy 

(HLD) 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

RPC1 1331 A>T [380] 0.0 17 I 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

RPC2 

27 W>R [230] 51.4 16 I and IV 

103 R>H [230] 12.6 23 I 

104 L>F [235] 2.6 20 II 

268 S>G [235] 1.5 15 I 

329 R>Q [230] 26.5 20 III 

363 E>K [381] 27.4 16 I 

365 A>V [381] 0.8 10 I 

375 D>V [381] 6.0 20 I 

418 A>V [230] 7.0 17 I 

426 L>S [381] 5.1 19 II 

442 R>C [235] 29.8 15 II 

449 L>P [230] 10.4 17 I 

493 V>F [230] 25.0 15 I 

503 T>K [382] 1.5 17 II 

523 V>E/D [230,235,382] 10.9 12 I 

527 C>R [235] 0.7 17 III 

634 D>N [375] 2.7 16 I 

667 V>M [230] 3.8 11 I 

727 L>S [230] 38.6 17 I  

768 R>H [234] 5.9 20 III 

895 D>N [230] 4.4 19 I 

926 D>E [234] 0.3 21 III 

967 S>R [230] 23.2 10 I  

973 C>F [230] 8.1 20 I 

982 N>D [230] 14.7 15 III 

1002 I>T [230] 0.0 21 I and III 

1003 Y>C [230] 0.0 20 I and III 

1012 L>P [230] 0.2 17 II 

1024 A>V [230] 22.1 13 III 

1117 L>V [230] 0.4 21 I and III 

 
 

 
 
 
 
 
 
 
 

RPAC1 
 
 
 
 
 

26 T>I [233,236] 9.1 14 I and III 

27 T>A [233] 15.8 16 I 

30 P >S [233] 6.4 13 III 

32 N>I [233,236] 3.1 18 III 

65 M>V [233,236] 3.9 18 III 

74 N>S [233,236] 3.6 22 III 

94 V>A [233,236] 2.3 16 III 

105 I>F [233] 3.2 17 III 

108 H>Y [233] 3.6 21 III 

109 R>H [233,236] 1.3 23 III 

117 A>P [233] 0.3 17 I 

132 G>D [233,236] 2.6 8 I  

146 C>R [233,236] 0.4 17 I 



 

 
 
 

 
 
Hypomyelinating 
Leukodystrophy 

(HLD) 
 

 
 

 
 
 
RPAC1 

191 R>Q [233,236] 101.9 14 IV 

245 V>M [233,236] 10.0 17 I  

262 I>T [233,236] 17.8 16 I 

279 R>Q [233] 65.3 14 I and IV 

288 F>S [335] 37.2 14 I 

295 K deletion [233,236] 144.4 8 IV 

313 T>M [233] 7.5 13 I 

324 E>K [233,236] 36.5 18 I 

RPC10 41 R>W [238] 91.4 12 III and IV 

 
Wiedemann-

Rautenstrauch 
syndrome 
(WDRTS) 

 
 

RPC1 

903 G>R [241] 1.1 8 I 

1069 R>Q [241] 12.6 24 II 

1131 K>R [241] 17.7 17 III 

1292 D>N [241] 4.7 22 I 

1335 G>R [241] 2.1 11 I 

 
 
 
 

Treacher Collins 
Syndrome (TCS) 

RPAC1 279 R>Q/W [191,233,236] 65.3 14 I and IV 

 
 

 
RPAC2 

 
 
 

47 E>K [191] 3.4 15 III 

50 T>I [191] 2.0 16 III 

51 L>R [191] 0.0 16 III 

52 G>E [191] 0.1 13 I 

55 L>V [190] 0.0 22 I and III 

56 R>C [191] 19.9 22 I and III 

82 L>S [191] 0.1 20 I 

99 G>S [191] 1.2 14 I 

 
 
 
 

Varicella Zoster 
Virus 

Susceptibility 
(VZV) 

 
 

 

 
 
 

RPC1 
 

 

307 M>V [227] 18.5 18 III 

437 R>Q [227] 68.2 19 IV 

582 R>C [226] 89.2 12 IV 

707 Q>R [227] 126.8 9 IV 

RPC3 

11 L>F [227] 10.5 20 I 

84 R>Q [227] 20.7 18 I 

438 R>G [227] 19.6 18 I and III 

RPC5 275 T>M [226] 73.1 11 IV 

 

  



 

 
 

Table A8. Primers used for insertion of point mutations into POLR1C gene.  

Primer use Sequence (5‘ – 3‘) 

POLR1C T26I mutation 

crRNA UACCGGGAAAGUCAGUAGUAGUUUUAGAGCUAUGCU 

Donor template CGTGGACAAATTCGTCCCTTTGCTCTAGGTCCATATTACTGACTTT
CCCGGTAACTATTCCGGTTATGATG 

Mismatch qPCR mutation primer forward CGGAATAGTTACCGGGAAAGTCAGTAA 

Mismatch qPCR mutation primer reverse GCGGAACAGGGATGGGTC 

Mismatch qPCR WT primer forward CGGAATAGTTACCGGGAAAGTCAGTAG 

Mismatch qPCR WT primer reverse GCGGAACAGGGATGGGTC 

Sanger sequencing forward GTTGCCATGTCCCTTGAGGG 

Sanger sequencing reverse TCACTGACTTGAAACAAACCCTTC 

POLR1C I105F mutation 

crRNA UGAGAUUCUUGCUCACCGUCGUUUUAGAGCUAUGCU 

Donor template TGGTGTACAATAATACATCCATTGTTCAGGATGAGTTTCTTGCTCA
CCGTCTGGGGCTCATTCCCATTCATGCTGATCCCCGT 

Mismatch qPCR mutation primer forward CCCAGACGGTGAGCAAGAAA 

Mismatch qPCR mutation primer reverse GGTCTGTTGGGTTTTTGCAGATAAGT 

Mismatch qPCR WT primer forward CCCAGACGGTGAGCAAGAAT 

Mismatch qPCR WT primer reverse GGTCTGTTGGGTTTTTGCAGATAAGT 

Sanger sequencing forward GAGGGAATTATCTAAGGGGGAG 

Sanger sequencing reverse CATATGCCTGGTATACACTGGAG 

POLR1C R279Q 

crRNA UGGCCAGAGUUGCCAACCCCGUUUUAGAGCUAUGCU 

Donor template ATTAGGTAAAAAGGTGGCCAGAGTTGCCAACCCCCAGCTGGATAC
CTTCAGCAGAGAAATCTTCCGGAATG 

Mismatch qPCR mutation primer forward CAGAGTTGCCAACCCCCA 

Mismatch qPCR mutation primer reverse CATACTCACAGATATAATGATCTCGAACCC 

Mismatch qPCR WT primer forward CAGAGTTGCCAACCCCCG 

Mismatch qPCR WT primer reverse CATACTCACAGATATAATGATCTCGAACCC 

Sanger sequencing forward GTCAAGGGCATTGGTGAGAAC 

Sanger sequencing reverse GTGCACCTTGAAGCGCATG 

POLR1C F288S mutation 

crRNA CCUUCAGCAGAGAAAUCUUCGUUUUAGAGCUAUGCU 

Donor template CCAACCCCCGGCTGGATACCTTCAGCAGAGAAATCTCCCGGAATG
AGAAGCTAAAGAAGGTTGTGAGGCTTG 

Mismatch qPCR mutation primer forward CCTTCTTTAGCTTCTCATTCCGGA 

Mismatch qPCR mutation primer reverse CATTAGGTAAAAAGGTGGCCAGAG 

Mismatch qPCR WT primer forward CTGGATACCTTCAGCAGAGAAATCTC 

Mismatch qPCR WT primer reverse ACTCATCTCACCACTTCATACTCAC 

Sanger sequencing forward GCTGACTAGGGAACTCAGCTG 

Sanger sequencing reverse CACCCTTGGTCACCTTCAG 
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