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Fig. S1. 

Schematic representation of cryoEM data processing. A total of three datasets were 
collected, one of the recombinantly expressed isolated KS3 (A), one of individual bimodule 
core dimers (B) and one of bimodule core filaments (C). (A) Data set for individual KS3 



 

domains. 2D class averages reveal dimerization via the LINKS interface of the LD instead of 
the canonical KS dimer interface, as shown by comparison of a 2D class to a projection 
based on a model of LINKS-bridged KS3 monomers. Particle number, size and variability 
precluded high-resolution 3D reconstruction. (B) Data set for individual K3DAK4 bimodule 
cores. The overall bimodule core is highly flexible, but 3D variability analysis-based sorting 
into particle sets representing either KS3 (EMDB-14795) or KS4 (EMDB-14793) provided 
individual reconstructions for each KS to 2.9 Å resolution. Validation of sorting based on 
map analysis is provided in Figure S3. (C) Analysis of the K3DAK4 filament data set. To 
prevent misalignment due to pseudosymmetry a box-size large enough to fit four adjacent 
bimodule cores was chosen in the initial particle picking and reconstruction steps. The 
intermediate resolution overall bimodule core filament map (EMDB-14945) (1) was used for 
the rigid body refinement of the overall model. Focused refinements on pairs of KS dimers 
connected via LINKS interaction lead to improved local maps for pairs of KS3 (2) and KS4 
(3) dimers at resolutions of 4.0 Å and 3.9 Å, respectively. Masks used in local refinement of
pairs of KS3 or KS4 dimers are shown and the region excised from the overall map (1) for
representing DH3 domains in the hybrid model in Fig. 2 is schematically indicated by a blue
dashed line. (D-G) Local resolution maps, FSC plots and viewing direction distribution plots
for individual reconstructions as indicated.



 



 

Fig. S2. 

Analysis of KS3 and KS4 domain structures. (A-F) Comparison of models of KSs derived 
from X-ray crystallographic analysis of the isolated domains and cryoEM analysis of KS 
domains in the context of individual bimodule cores for KS3 (A,C; yellow: cryoEM, green: 
crystallographic) and KS4 (B,D; red: cryoEM, grey: crystallographic) (E,F,G), A central 
region around the active site (indicated by rectangles in (E,F) and red or blue color in (G)) is 
disordered in crystallographic analysis and not visualized in the crystallographic map at a 
contour level of 1.7 sigma (E), but is visualized in the cryoEM-derived map at contour level 
0.26 in arbitrary units (F). (G) Cartoon style overview representation of KS4 based on 
cryoEM analysis. Regions shown in blue and red are only visualized in the cryoEM map (F), 
but not in the crystallographic map (E). The helix colored in red is a 20 AA extension of KS4 
relative to KS3.  
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Fig. S4. 

Structural analysis of KS3 and KS4 LINKS interfaces. (A) Sequence alignment of the 
three-alpha helical LINKS motifs in KS3 and KS4. (B,C) LINKS interfaces of KS3 (B) and 
KS4 (C) as observed in crystal structures. For visualization, the interfaces are opened up by 
rotation and translation. The overall three-alpha helical fold is similar for KS3 and KS4, but 
variations of individual residues such as LEU1068 in KS3 matching PHE2139 in KS4 
(indicated also in (A)) ensure that steric clashes prevent mispairing between the KS domains 
of module 3 and 4. (D,E) Structural superimposition of the KS domains KS3 (light orange) 
and KS4 (dark orange) (reported here), isolated KS2 from the same BGC11 (green, PDB 
4Z37), KS9 of the bacillaene cluster in Bacillus amyloliquifaciens (cyan, PDB 6MHK) and 
KS6 of the bacillaene cluster from Bacillus subtilis (purple, PDB 5ERF), the overall RMSDs 
(Cα) are below 1.1 Å. (D) Side view and (E) view onto the LINKS interface of superimposed 
KS domains.  



 

Fig. S5. 

Analysis of clamp loops in KS domains. (A) Zoom-in view onto the clamp loop region of 
structurally characterized KSs (listed in Data S1) superimposed on KS3. The clamp loop is 
positioned between residues 920 and 936 in KS3, locating it just before the core β-strand 13. 
(B) Localization of the KS clamp loops in the assembled K3DAK4 filament (two clamp loops
for KS3 are obscured from vision by other parts of the molecule). (C) Visualization of clamp
loop lengths for different classes of KS domains derived from the structural comparison
shown in (A); only KS domains of trans-AT PKSs exhibit long clamp loops (13/16 residues),
but short clamp loops also occur in trans-AT PKS. In type II PKS, mammalian and fungal
fatty acid synthases, the clamp loop is completely absent. Most cis-AT PKS KSs feature a
shorter clamp loop, similar to that of short clamp loops in trans-AT PKS KSs. (D) Analysis of
clamp loops across a set of ~36’500 type I PKS KS sequences aligned using ClustalOmega
(49). There is a distinct preference towards loops of 7 AAs length in both cis-and trans-AT
KSs. Longer loops are less common in both systems; however, they are much more
common in trans-AT PKSs than in cis-AT PKSs. Sequences and their classification as cis- or
trans-AT are derived from “Antismash” (48) and have not been checked individually for
misclassifications. The insert shows a zoom of the 10-20 AA loop-length region.
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Fig. S6. 

Sequence comparison of the clamp loop region across a subset of KS domains. KS 
domains with long clamp loops (13-16AA) from trans-AT PKSs show a recurring 
PxxxxxGxxxxP motif, presumably linked to ß-hairpin formation.  
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Fig. S8. 

DH dimerization interfaces in different types of PKS. The trans-AT PKS DH3 from 
BGC11 (reported here) is shown in green, the DH from the cis-AT PKS CurF (PDB 3KG6) in 
cyan and the DH of the iterative PKS LovB (PDB 7CPX) in dark green. (A) Comparison of all 
three DH dimers based on superposition of the right protomer. The two cis-and trans-AT 
PKS DH dimers exhibit similar interdomain angles, clearly distinct from that of the iterative 
PKS LovB. (B-D) Depiction of the individual dimerization interfaces. While cis-and trans-AT 
PKS rely on the N-terminal loop to dimerize, the iterative LovB PKS dimerizes via 
interactions of the beta-strands of the double-hotdog fold. Asterisks in (C) and (D) depict the 
N-terminal loop of the aligned protomer in DH3 and CurF DH. cis-AT DHs dimerize via their
N-terminal loops docking to reach β1-2 and β5-6 from one side, whereas the loops of trans-
AT PKS DHs approach from the other side. (E) Shape comparison of DH dimer from cis- 
and trans-AT PKS. DH dimers are superimposed based on the left protomer.
Superpositioning, visualization and calculation of interdomain angles is based only on
ordered secondary structure elements.  Two conserved helices in each protomer are shown
in color to highlight differences in protomer orientation, these helices are colored in shades
of blue for cis-AT PKS and in shades of green for trans-AT PKS DH domains as indicated.
(F) Comparison of the dimerization mode of three trans-AT PKS DH domains, DH3 (green),



 

DH4 (yellow, PDB 5HQW) of BGC11 studied here, and MlnD (purple, PDB 5IL5). DH dimers 
are superimposed based on the left protomer only. The mode dimerization is highly similar 
for all three DH domains. 
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Table S1. 

X-ray crystallographic data collection and refinement statistics

KS3 
PDB 7ZM9 

DH3 
PDB 7ZMF 

KS4 
PDB 7ZMC 

Data collection 
Space group C 1 2 1 P 21 21 2 C 2 2 21 
Cell dimensions 
    a, b, c (Å) 126.78 92.69 99.27 72.38 197.36 39.17 73.56 191.79 293.81 

  a, b, g  (°)  90 92.54 90 90 90 90 90 90 90 
Resolution (Å) 60.48 - 1.62  

(1.66  - 1.62)1 
48.68 - 2.21  
(2.26  - 2.21)1 

48.97 - 3.10 
(3.20  - 3.10)1 

Rsym or Rmerge 4.8 (171.2) 14.68 (205.2) 28.3 (460.4) 
I / sI 16.65 (1.01) 14.37 (1.33) 8.44 (0.53) 
Completeness (%) 99.70 (99.40) 99.0 (98.30) 99.55 (98.11) 
Redundancy 
CC1/2 

6.80 (7.00) 
100.0 (62.5) 

13.39 (13.69) 
99.9 (66.7) 

13.61 (13.66) 
99.9 (41.9) 

Refinement 
Resolution (Å) 60.48 - 1.62  

(1.66  - 1.62) 
48.68 - 2.21  
(2.29 - 2.21) 

48.97 - 3.10  
(3.21 - 3.10) 

No. reflections 145,063 28,951 38,108 
Rwork / Rfree 0.15/ 0.17 0.22/ 0.25 0.26/ 0.29 
No. atoms 
    Protein 9,260 8,510 16,679
    Ligand/ion 110 16 0 
    Water 518 78 0 
B-factors (Å2)

Protein 53.8 58.88 125.72 
Ligand/ion 76.28 68.17 - 
Water 54.87 55.85 - 

R.m.s. deviations 
Bond lengths (Å) 0.012 0.005 0.004 
Bond angles (°) 1.54 0.60 0.67 

Clashscore 2.62 2.10 5.6 
1 Dataset is derived from a single crystal. 

*Values in parentheses are for highest-resolution shell.



 

 Table S2. 

Cryo-EM data collection, refinement and validation statistics 

KS3 
EMDB-14795 
PDB 7ZMD 

KS4 
EMDB-14793 
PDB 7ZMA 

K3DAK4 
EMDB-14945 
PDB 7ZSK 

Data collection and processing 

Magnification    130,000 130,000 130,000 

Voltage (kV) 300 300 300 

Electron exposure (e–/Å2) 67 67 67 

Defocus range (μm) 1.5-2.5 1.5-2.5 0.8-1.8 

Pixel size (Å) 1.058 1.058 2.116 

Symmetry imposed C2 C2 C1 

Initial particle images (no.) 3,332,737 3,332,737 1,288,160 

Final particle images (no.) 182,315 171,149 293,391 

Map resolution (Å) 
    FSC threshold 

2.93 
0.143 

2.90 
0.143 

6.80 
0.143 

Map resolution range (Å) 4.5-2.5 4.5-2.5 6.0-14.5 

Refinement type Coordinate Coordinate Rigid-body 

Initial model used (PDB code) Xray KS3
(7ZM9) 

Xray KS4
(7ZMC) 

Combined 

Model resolution (Å) 
    FSC threshold 

3.10 
0.5 

3.20 
0.5 

10.4 
0.5 

Map sharpening B factor (Å2) 90.8 94.7 387.4 

Model composition 
    Non-hydrogen atoms 
    Protein residues 
    Ligands 

9,294 
1,191 
0 

9,484 
1,214 
0 

46,128 
5,916 
0 

B factors (Å2) 
    Protein 
    Ligand 

32.28 
- 

40.90 
- 

735.96 
- 

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

0.002 
0.522 

0.003 
0.894 

 Validation 
    MolProbity score 
    Clashscore 
    Poor rotamers (%)  

1.27 
3.75 
0.00 

1.61 
4.52 
0.00 

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

97.47 
2.53 
0.00 

94.46 
5.54 
0.00 



 

Movie S1. 

Overview of the bimodule core filament maps and model. Blend-over between 
experimental map and model-based cartoon and surface representations in different views 
with transition to hypothesized 2D-mesh formation, as described in the main text. 

Data S1. 

Analysis of clamp loop length based on experimental KS structures. Includes pdb id, 
type of the BGC, organism, clamp loop length and boundary residues. Structures are shown 
in Fig S5 A and clamp loop length distribution is visualized in Fig S5 C. For selection of 
clamp loop boundaries KS3 residues 920 and 936 were used as reference. 
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