
Extended Data Table 1. Cryo-EM data collection, refinement and validation statistics. 

 
 ACX- 801 

(EMDB-53270) 
(PDB 9QPC) 

Apo 
(EMDB-53320) 
(PDB 9QRN) 

IBZ 
(EMDB-53319) 
(PDB 9QRL) 

Data collection and processing    
Magnification    105k 105k 105k 
Voltage (kV) 300 300 300 
Electron exposure (e–/Å2) 50 50 50 
Defocus range (μm) 1.0 to 1.8  1.0 to 1.8 1.0 to 1.8 
Pixel size (Å) 0.836 0.836 0.836 
Symmetry imposed C1 C1 C1 
Initial particle images (no.) 1,293,974 1,293,974 2,271,326 
Final  particle images (no.) 422,679 495,987 330,001 
Map resolution (Å) 2.8 3.1 3.2 
    FSC threshold 1.43 1.43 1.43 
Map resolution range (Å) 2.8 to 4.5 2.9 to 4.5 3.1 to 4.9 
    
Refinement    
Initial model used (PDB code) Alphafold  

A0A133CXW7 
9QPC 9QPC  

Model resolution (Å) 
    FSC threshold 

2.8 
0.5 

3.2 
0.5 

3.2 
0.5 

Map sharpening B factor (Å2) 82 126 115 
Model composition 
    Non-hydrogen atoms 
    Protein residues 
    Nucleotide 
    Ligands 

 
10177 
1213 
27 
1 

 
8842 
1113 
3 
0 

 
9160 
1094 
23 
0 

B factors (Å2) 
    Protein 
     Nucleotide 
    Ligand 

 
49.3 
45.9 
24.3 

 
43.9 
36.0 
n.a. 

 
42.9 
39.5 
25.6 

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

 
0.007 
0.900 

 
0.011 
1.381 

 
0.008 
0.967 

 Validation 
    MolProbity score 
    Clashscore 
    Poor rotamers (%)    

 
2.89 
25.2 
8.4 

 
3.08 
23.1 
17.9 

 
2.82 
21.38 
8.72 

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

 
95.7 
4.3 
0.0 

 
96.1 
3.9 
0.0 

 
95.9 
4.1 
0.0 

 

 

 

  



Extended Data Table 2. Frequency of resistance to selected ACX compounds. 

Concentration 
(mg/L) 

Fold MIC ACX compound Number of reduced susceptible 
colonies 

Frequency of resistance 

1.3E+07 cells 
plated 

1.3E+08 cells 
plated 

1.3E+07 cells 
plated 

1.3E+08 cells 
plated 

4 2 ACX-728  TMTC TMTC NA NA 

8 4 6 TMTC 0,000000231 NA 

16 8 0 2 <7.69E-08 7,69E-09 

32 16 0 0 <7.69E-08 <7.69E-09 

1 2 ACX-641  3 98 1,1545E-07 0,000000377 

2 4 0 4 <7.69E-08 1,5395E-08 

4 8 0 4 <7.69E-08 1,54E-08 

8 16 0 0 <7.69E-08 <7.69E-09 

2 2 ACX-671  4 TMTC 1,1545E-07 0,000000377 

4 4 0 98 <7.69E-08 1,5395E-08 

8 8 0 4 <7.69E-08 1,54E-08 

16 16 0 4 <7.69E-08 <7.69E-09 

8 2 ACX-763  1 TMTC 7,69E-08 NA 

16 4 0 0 <7.69E-08 <7.69E-09 

32 8 0 0 <7.69E-08 <7.69E-09 

64 16 0 0 <7.69E-08 <7.69E-09 

4 2 Linezolid  TMTC TMTC NA NA 

8 4 TMTC TMTC NA NA 

16 8 TMTC TMTC NA NA 

32 16 TMTC TMTC NA NA 

* TMTC = too many to count.  

Frequency of resistance indicates an averaged value of two replicates. Linezolid was included as a comparator in these experiments. 

  



Extended Data Table 3. Oligonucleotides used in this study. 

Name Sequence (5’ to 3’) Description 
DNASP8_42 FAM-

cccccccccatgCGCACCTAAAGTTGGGAGTCCTTCGTCC
TA 

Real-time polymerase assay template 

oAF-93 GACATAGTTTATGATACATATCAAAG polC gene of C. difficile 
oAF-94 CACAAATCATATAACCTTGATAGC polC gene of C. difficile 
oAF-95 CCAGACAAGGATTGTCCAAAG polC gene of C. difficile 
oAF-130 CAACGTACGTTGTTTTCGCTGTTGCGACCACCGGCC

TTTCAG 
Codon optimized polC gene of E. faecium D431A and E433A 
QuikChange 

oAF-131 CTGAAAGGCCGGTGGTCGCAACAGCGAAAACAAC
GTACGTTC 

Codon optimized polC gene of E. faecium D431A and E433A 
QuikChange 

oAF-132 CACGGTGATAAGGTACCGGCCATCGCCCTGAATTTT
AGTGGC 

Codon optimized polC gene of E. faecium D972A and D974A 
QuikChange 

oAF-133 GCCACTAAAATTCAGGGCGATGGCCGGTACCTTATC
ACCGTG 

Codon optimized polC gene of E. faecium D972A and D974A 
QuikChange 

oAF-138 CGCGTGGAACTGCACGTGC Codon optimized polC gene of E. faecium. Sequence 
confirmation 

oAF-139 GTAACGCGCATAACTGGTGTTC Codon optimized polC gene of E. faecium. Sequence 
confirmation  

oAF-140 CAACGAGGACGGTTACCTGG Codon optimized polC gene of E. faecium. Sequence 
confirmation 

oAF-141 CGTCCATGTAGTCAGGGATG Codon optimized polC gene of E. faecium. Sequence 
confirmation 

oAF-171 GTAATAATTTTATTCCTCTAGCATAC polC gene of C. difficile 
oAF-162 GTAAAAAGATTAAGTACATGTCCCCAAAAGCACATG

CTGTTGC 
polC gene of C. difficile F1258S QuikChange 

oAF-163 GCAACAGCATGTGCTTTTGGGGACATGTACTTAATC
TTTTTAC 

polC gene of C. difficile F1258S QuikChange 

oAF-164 GTAAAAAGATTAAGTACATGATCCCAAAAGCACATG
CTGTTGC 

polC gene of C. difficile F1258I QuikChange 

oAF-165 GCAACAGCATGTGCTTTTGGGATCATGTACTTAATCT
TTTTAC 

polC gene of C. difficile F1258I QuikChange 

oAF-166 GATATACTTGGACACGACTATCCTACCATTATAAGGA
TGCTTG 

polC gene of C. difficile G1091Y QuikChange 

oAF-167 CAAGCATCCTTATAATGGTAGGATAGTCGTGTCCAA
GTATATC 

polC gene of C. difficile G1091Y QuikChange 

oAF-174 GTACATGTTCCCAAAAGCACATACTGTTGCTTATGTA
ATGACATC 

polC gene of C. difficile A1263T QuikChange 

oAF-175 GATGTCATTACATAAGCAACAGTATGTGCTTTTGGG
AACATGTAC 

polC gene of C. difficile A1263T QuikChange 

oAF-176 CATGTTCCCAAAGGCTCACACCGCCGCCTATGTTCT
G 

Codon optimized polC gene of E. faecium A1281T QuikChange 

oAF-177 CAGAACATAGGCGGCGGTGTGAGCCTTTGGGAACA
TG 

Codon optimized polC gene of E. faecium A1281T QuikChange 

oAF-182 AGGCGTGTCTCAAGAGCAG Codon optimized polC gene of E. faecium. Sequence 
confirmation 

oAF-196 CTAAGATTAAGTACATGTTACCAAAGGCTCACGCCG Codon optimized polC gene of E. faecium F1276L QuikChange 
oAF-197 CGGCGTGAGCCTTTGGTAACATGTACTTAATCTTAG Codon optimized polC gene of E. faecium F1276L QuikChange 
oJdE015 GCTCTAAGATTAAGTACATGTCCCCAAAGGCTCACG

CCGCCGC 
Codon optimized polC gene of E. faecium F1276S QuikChange 

oJdE016 GCGGCGGCGTGAGCCTTTGGGGACATGTACTTAATC
TTAGAGC 

Codon optimized polC gene of E. faecium F1276S QuikChange 

oMU014 TAGGACGAAGGACTCCCAACTTTAGGTGCG Real-time polymerase assay primer 
oMU017 TAGGACGAAGGACTCCCAACTTTAGGTGCGCAT CryoEM DNA substrate primer 
oMU029 FAM-

GGAGTAGTACTAGGACGAAGGACTC*Ttgtaagctag 
Gel-based exonuclease assay primer with phosphorothioate (*) 
to block exonuclease activity; 1 shorter than full-length template 

oMU039 cccccccccATGCGCACCTAAAGTTGGGAGTCCTTCGTC
CTA 

CryoEM DNA substrate template 

oNM-001 GATCTGGTACCGCAGCGTATTCCAATGGCTGG polC promoter of C. difficile; KpnI restriction site 
oNM-003 GATCTGGATCCGCTGTCTCACTCTTAGTTTCTGC polC gene of C. difficile; BamHI restriction site 
oWKS-135 GCGAAATTAATACGACTCACTATAGG pET28b backbone. Sequence confirmation 
oWKS-136 CAGCCAACTCAGCTTCCTTTC pET28b backbone. Sequence confirmation 
oWKS-1070 GTCTTGGATGGTTGATGAGTAC Chromosomal gluD 
oWKS-1071 TTCCTAATTTAGCAGCAGCTTC Chromosomal gluD 
oWKS-1240 CACCTCCTTTTTGACTTTAAGCCTACGAATACC pAP24 backbone 
oWKS-1241 CACCGACGAGCAAGGCAAGACCG pAP24 backbone 
oWKS-1242 CTGGACTTCATGAAAAACTAAAAAAAATATTG pAP24 backbone 
oWKS-1387 CAGATGAGGGCAAGCGGATG traJ in pAP24 
oWKS-1388 CGTCGGTGAGCCAGAGTTTC traJ in pAP24 
oWKS-1389 GCCACATAAGCACTCAAAGG repA in pAP24 



oWKS-1390 CCCCAAATTACTGCCATGGT repA in pAP24 
Temp-
Phospho-
NoMis 

GCTAGCTTACAagagtccttcgtcctagtactactcc Gel-based polymerase and exonuclease assay template 

61:  37/26 C 
T Phospho 

FAM-GGAGTAGTACTAGGACGAAGGACTC*T Gel-based polymerase assay primer with phosphorothioate (*) to 
block exonuclease activity 

 

  



Extended Data Table 4. Plasmids used in this study. 

Plasmid Relevant features 
pAF365  Expression plasmid, codon optimized E. faecium polC; derived from pET28b 
pAF386 Expression plasmid, codon optimized E. faecium polCpD431A/E433A; derived from pAF365 
pAF387 Expression plasmid, codon optimized E. faecium polCpD972A/D974A; derived from pAF365 
pAF477 Expression plasmid, codon optimized E. faecium polCpD431A/E433A/F1276L; derived from pAF386 
pAF478 Expression plasmid, codon optimized E. faecium polCpD431A/E433A/F1276S; derived from pAF386 
pAF430 Expression plasmid, codon optimized E. faecium polCA1281T; derived from pAF365 
pAF433 Expression plasmid, codon optimized E. faecium polCD431A/E433A/A1281T; derived from pAF430 
pAF479 Expression plasmid, codon optimized E. faecium polCD431A/E433A/D1103Y; derived from pAF386 
pAF480 Expression plasmid, codon optimized E. faecium polCD431A/E433A/D972A/D974A; derived from pAF386 
pAP241 Cloning vector; tetR; Ptet-slucopt; catP; traJ; repA 
pNM2001 PpolC-polC; derived from pAP24 
pNM2006 PpolC-polCp.F1258L; derived from pAP24 
pNM2023 PpolC-polCp.F1258I; derived from pAP24 
pNM2030 PpolC-polCp.A1263T; derived from pAP24 
pNM2044 PpolC-polCp.F1258S; derived from pAP24 

 

 

  



Extended Data Table 5. Bacterial strains used in this study. 

Strain Relevant features 
E. coli  
AF365  DH5α/pET28-VRE-PolC (Twist); kanR 
AF386 DH5α/pAF386; kanR 
AF387 DH5α/pAF387; kanR 
AF477 DH5α/pAF477; kanR 
AF478 DH5α/pAF478; kanR 
AF430 DH5α/pAF430; kanR 
AF433 DH5α/pAF433; kanR 
AF479 DH5α/pAF479; kanR 
AF480 DH5α/pAF480; kanR 
BL21(DE3) pLysS Protein expression strain 
CA434 Conjugation donor strain; HB101 carrying R702 plasmid; kan 
DH5α Cloning strain 
NM2001 DH5α/pNM2001; camR 
NM2006 DH5α/pNM2006; camR 
NM2023 DH5α/pNM2023; camR 
NM2030 DH5α/pNM2030; camR 
NM2044 DH5α/pNM2044; camR 
C. difficile  
NM1000/ WKS1833 Laboratory stocks of strain 630Δerm2 
NM1001/WKS2174 Obtained by growth of WKS1833 on 8 μg/mL of IBZ; contains polCpF1276L mutation 
NM1048 630Δerm/pNM2001; thiamR 
NM1053 630Δerm/pNM2006; thiamR 
NM1068 630Δerm/pNM2023; thiamR 
NM1074 630Δerm/pNM2030; thiamR 
NM1077 630Δerm/pNM2044; thiamR 
NM1080 630Δerm/pAP24; thiamR 
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Extended Data Movie 1. Displacement of E. faecium PolC residues to form the induced pocket that can accommodate ACX-801 

(or IBZ). 

  



 

Extended Data Figure 1. Gel-based exonuclease activity assay 

Gel-based exonuclease assay showing exonuclease activity of wild-type  E. faecium PolC (WT), as well as exonuclease-inactivated 

PolC (Exonull; D431A+E433A) and polymerase-inactivated PolC (Polnull; D972A+D974A). At the top of the scheme on the right is the 

primer:template, where the primer is 1 base-pair shorter than full-length template, and below shows the situation in which the primer  is 

degraded to the non-hydrolysable phosphorothioate bond (indicated by the yellow asterisk).   



 

Extended Data Figure 2. Cryo-EM data analysis of E. faecium PolC in the apo state (PDB 9QRN) and in complex with a DNA 

substrate and ACX-801 (PDB 9QPC). 

a. Representative micrograph.  

b. Representative 2D class averages. 

c. Schematic representation of cryo-EM data processing pipeline in Relion leading to polymerase- and apo-state structures.  

d. Detail of model fits to maps.  

e. Fit of ACX-801 to map; ACX-801 stacks onto the DNA primer and base-pairs with the template strand in a position that is 

comparable to dGTP in the G. kaustophilus PolC structure (PDB 3F2B). 

f. Fourier Schell Correlations plots.  

g. Maps coloured by local resolution.  



 

 

Extended Data Figure 3. Cryo-EM data analysis of E. faecium PolC in complex with a DNA substrate and IBZ (PDB 9QRL). 

a. Representative micrograph.  

b. Representative 2D class averages. 

c. Schematic representation of cryo-EM data processing pipeline in Relion leading to polymerase-state structure with IBZ.  

d. Detail of model fit to map.  

e. Fit of IBZ to map; like ACX-801, IBZ stacks onto the DNA primer and base-pairs with the template strand in a position that is 

comparable to dGTP in the G. kaustophilus PolC structure (PDB 3F2B). 

f. Fourier Schell Correlations plot.  

g. Map coloured by local resolution. 

  



 

Extended Data Figure 4. Comparison of E. faecium PolC to other C-family polymerases. 

a. Superposition of PolC structures from E. faecium (in yellow with blue ACX-801, PDB 9QPC) and G. kaustophilus (in grey 

with red dGTP; PDB 3F2C). 

b. Comparison of C-family polymerase structures: G. kaustophilus PolC, E. coli PolIIIα (DnaE-type,  PDB 5FKW), M. 

tuberculosis DnaE1 (PDB 7PU7) and T. aquaticus Pol IIIα (DnaE-type, PDB 3E0D). Note that the exonuclease domain is 

absent from G. kaustophilus PolC. For DnaE-type polymerases structures, additional subunits if present are not shown, with 

the exception of the exonuclease (subunit ε in green).  

c. View of the G. kaustophilus PolC polymerase active site (teal) with the ACX-801 electron density (blue mesh; inferred from 

an alignment of the active sites) partially occupying the same position as the incoming dGTP (black and orange). Residues 

labelled in black letters are from G. kaustophilus and the equivalent residue in E. faecium is given below in grey. Note that, 

without the displacement of residues, ACX-801 clashes.  

d. Superposed view of the DNA-bound polymerase active sites of E. faecium (yellow PolC and DNA, PDB 9QPC) and G. 

kaustophilus (teal PolC and DNA with incoming dGTP in black and orange). As observed for E. faecium apo PolC, the pocket 

is closed off by F1271 (F1276) and Y1269 (Y1274) contributes to tightening of the pocket toward the nucleobase of the 

incoming nucleotide. Note that in the E. faecium PolC, residue H1185 (H1275 equivalent in G. kaustophilus PolC) is oriented 

toward the induced binding pocket (for interactions with ACX-801) while in G. kaustophilus PolC it is interacting with the 

sugar of dGTP.   



 

Extended Data Figure 5. Comparison of exonuclease domains of E. faecium PolC and DnaE-type polymerases. 

a. Apo structure of exonuclease-inactivated E. faecium PolC (PDB 9QRN) with a close-up view of the exonuclease domain bound 

to a 3-nucleotide ssDNA (inset).  

b. Structure of E. coli PolIIIα (DnaE-type, PDB 5M1S) with a close-up view of exonuclease subunit ε (green) bound to DNA 

(inset).  

c. Bottom-view of superimposed E. faecium PolC (coloured as in Extended Data Fig. 5a. and Figure 1a, PDB 9QPC) and DnaE-

type E. coli Pol IIIα polymerase (grey, PDB 5M1S). The exonuclease domain of PolC (dark green) is located below the thumb 

domain, whereas the exonuclease of E. coli Pol IIIα (separate subunit ε, in light green) is above this domain. 

 



 

 

Extended Data Figure 6. Detailed ligand interaction plot for IBZ and ACX-801.   

Ligand interaction plots were generated by moe2024.0601 from the Chemical Computing Group on the basis of 9QRL (IBZ) and PDB 
9QRN (ACX-801).  
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