
 

	
	
Supplementary Fig. 1: E. coli cellulose secretion: Bcs subunits and functional role of key subunits. 
(a) Domain organization and key structure-function motifs of individual subunits based on bioinformatics 
(CDD, NCBI) and structural analyses. (b) Cellulose secretion phenotypes of point-mutant and deletion 
strains as visualized by colony calcofluor binding and fluorescence. (c) Functional complementation of the 
deletion strains showing pronounced phenotypes in b by plasmid-driven expression of the corresponding 
subunits. IM subcomplex: inner membrane subcomplex (see below). 
  



 

Supplementary Fig. 2: Bcs macrocomplex detection. (a) Membrane association of requisite for secretion 
BcsQ. Cellular fractionation and membrane washing experiments on the E. coli 1094 FLAG-HAbcsQ strain 
coupled with anti-HA immunoblotting. (b) BcsQ- and BcsA-interacting partners detected upon anti-FLAG 
affinity purification and mass spectrometry analyses. Detected Bcs interactions upon total elution fraction 
analyses on the E. coli 1094 FLAG-HAbcsQ and E. coli 1094 bcsAHA-FLAG strains are shown. (c) Bcs protein 
detection in excised SDS-PAGE gel bands following bcs operon overexpression and affinity purification 
using BcsAHA-FLAG as bait (kDa: predicted molecular weight in kilodaltons, p: unique peptides, %: percent 
sequence coverage, n: number of biological replicates). Asterisks denote consistently identified 
contaminants as follows: *, mechanosensitive channel MscK (127 kDa) and **, ATP-synthase α-subunit 
AtpA and dihydrolipoyl dehydrogenase LpdA (55 and 52 kDa, respectively). All three proteins are internal 
membrane proteins (MscK, AtpA, and LpdA) and/or known to co-purify in FLAG tag-based membrane 
protein purification (LpdD, AceE and AtpA)1,2.  
	
	
	 	



 

  
 

 



 
 

Supplementary Fig. 3: Chromosome- and vector-driven overexpression for structural studies. (a) 
Overexpression strategy for chromosome-driven (top) and vector-driven (bottom) overexpression in the E. 
coli 1094 bcsAHA-FLAG 2K7 and E. coli BL21 (DE3) strains, respectively. (b) Calcofluor-binding phenotypes 
of the overexpression strains. Top: wild-type refers to E. coli 1094 bcsAHA-FLAG cells with wild-type 
interoperon region; ∆bcs refers to negative control E. coli 1094 ∆bcs cells with deleted bcs gene cluster; 
2K7 refers to the E. coli 1094 bcsAHA-FLAG 2K7 cells designed for constitutive expression as in a. Bottom: 
E. coli BL21 (DE3) cells transformed with the corresponding expression vectors as in a. (c) Dot-blot assay 
of BcsAHA-FLAG expression in the three different genetic backgrounds – E. coli 1094 bcsAHA-FLAG, E. coli 
1094 bcsAHA-FLAG 2K7 and vector-transformed E. coli BL21 (DE3) cells – normalized per gram of wet cells. 
The relative yields of pelleted cell weight are represented in x. Results are representative of two biological 
replicates (d) SDS-PAGE of the elution fraction of affinity purified samples after overexpression in E. coli 
BL21 (DE3) cells. (e) Subunit epitope tagging for orthogonal protein identification and BcsBCT truncation 
design. (f) Protein identification by mass-spectrometry and immunoblotting following SDS-PAGE on 
affinity- and density gradient-purified Bcs complexes. Results are representative of at least two biological 
replicates. Hashtags denote likely BcsA proteolytic fragments, asterisks denote additional consistently 
detected contaminants as follows: *, mechanosensitive channel MscK (127 kDa); **, ATP-synthase α-
subunit AtpA and dihydrolipoyl dehydrogenase LpdA (55 and 52 kDa, respectively); and ***, pyruvate 
dehydrogenase E1 component AceE (100 kDa). All four proteins are internal membrane proteins (MscK, 
AtpA, and LpdA) and/or known to co-purify in FLAG tag-based membrane protein purification (LpdD, 
AceE and AtpA)1,2. 
	
	
	 	



 

	
	

Supplementary Fig. 4: Electron microscopy data characterization. (a) Comparison between 2D class 
averages (squares) and 2D reprojections (circles) of the refined 3D structure reconstruction for the Bcs 
macrocomplex purified from E. coli 1094 bcsAHA-FLAG 2K7 cells. (b) Representative negative-stain 
micrographs of the Bcs macrocomplex (left) and IM subcomplex (right) expressed in BL21 (DE3) cells on 
the grids used for structural analyses. Scale bar, 100 nm (c) Fourier Shell Correlation (FSC) curves of the 
three Bcs complexes as calculated in Relion 1.4. (d) Absolute handedness ambiguity: left, untilted 2D class 
averages; middle, corresponding random conical tilt reconstructions obtained using 50º stage tilt and used 
as initial models; right, 3D models after refinement against the curated dataset used for Bcs macrocomplex 
structure reconstruction in Fig. 2.   
	
	 	



 

	



 
	

	
Supplementary Fig. 5: Comparative electron microscopy analyses of the Bcs macrocomplex and IM 
subcomplex.  (a-b) Crystallographic packing of the BcsABR.sphaeroides duo in deposited crystal structures 
with antiparallel or side-by-side packing of the protomers. (c) Conformational heterogenity in the IM 
subcomplex showing prevalent representative views with 6 (top) and 5 (bottom) crown repeats. (d) Crown 
volume extraction and overlay. (e) BcsB and BcsG structural models generated by Robetta and shown in 
two different views. (f) Fitting of the IM subcomplex into the Bcs macrocomplex map. Colors are as in c. 
Four different cut-away views are shown on the right. (g-i) IM subcomplex and Bcs macrocomplex 
segmentation showing two different views of key structural features such as the stump (g), M-tier (h) and 
apex (i). (j) Fitting of structural homology models of BcsB and the transmembrane regions of BcsA into 
the crown and M-tier densities. 
  



 

 



 
	
Supplementary Fig. 6: Comparative electron microscopy analyses of Bcs deletion subcomplexes. (a) 
A representative coomassie-stained SDS-PAGE gel of the purified BcsRQBcsAHA-FLAGBcsBCT + BcsEFG 
complex (bcsBΔNTD). (b) Co-expression strategy. (c) Representative views (2D class averages) of the 
purified complex. (d) A representative coomassie-stained SDS-PAGE gel of the purified BcsRQBcsAHA-

FLAGBcsB + BcsE complex (ΔbcsFG). (e) Co-expression strategy. (f-h) Representative views (class 
averages) of the purified complex. Views unambiguously reminiscent of the IM subcomplex (e.g. f, left 
and middle) versus the Bcs macrocomplex (h) are observed in 8:1 ratio. (i) The most populated classes of 
the purified BcsRQBcsAHA-FLAGBcsBCT + BcsStrepEFG complex after a single round of 2D classification. 
(j) Summary of the structural studies, showing the volume contribution and orientation of the various 
complexes relative to the inner membrane. (k) Table summarizing the EM data collection and analyses. 
	
	
	
	
	
	
	
	
	
	
	

	



 

	
	
Supplementary Fig. 7: Biochemical analyses of the ΔbcsQ and BcsQ-G14S – containing complexes. (a) 
Representative dot-blot assay of BcsAHA-FLAG expression in the two overexpression backgrounds using an 
anti-FLAG antibody. (b) Overexpression strategy used in a; expression cells: BL21 (DE3). (c) 
Representative SDS-PAGE gels of the three purified complexes using anti-FLAG affinity resin. Asterisks 
denote contaminants prevalent in the ΔbcsQ background: *, MscK (127 kDa); **, AtpA and LpdA (55 and 
52 kDa, respectively); and ***, AceE (100kDa), as determined by mass spectrometry from two biological 
replicates. (d) De novo cellulose synthesis using purified complexes normalized for total protein content 
(two replicates). 
	



 
	



 
	
Supplementary Fig. 8: Bacterial two-hybrid analyses of Bcs interactions. (a-b) Bacterial growth and 
Bcs interaction-mediated adenylate cyclase functional reconstitution (blue color) are examined on two 
different media with standard (LB medium, a) and increased (maltose-supplemented minimal medium, b) 
stringency. T18 and T25 denote the standard bacterial two-hybrid expression vectors encoding adenylate 
cyclase fragments fused to the respective Bcs subunits and subunit fragments. The positive Zip-Zip controls 
indicate colonies transformed with the pT25-Zip and pT18-Zip plasmids, which encode adenylate cyclase 
fragments fused to the homodimerizing leucine zipper regions of yeast protein GCN4. (c) BcsA domain 
organization is shown on the top; a Robetta-generated homology model based on R. sphaeroides BcsA is 
shown on the bottom. The conserved domains and structural motifs are color coded as in the domain 
diagram. d. Interactions between BcsA domains and other Bcs components as examined by bacterial growth 
and adenylate cyclase functional reconstitution as above. (e-f) Effects of c-di-GMP-binding site mutations 
on key binary interactions.  
  



 

 
Supplementary Fig. 9: Examples of bacterial secretion systems and respective structural studies. a. 
Examples of synthase-dependent exopolysaccharide secretion systems in Gram-negative bacteria3. 
Functionally homologous proteins are color-coded according to the legend on the right. b. Structural 
comparison of the Bcs macrocomplex with other bacterial secretion systems, such as protein and DNA 
secretion systems. From left to right: the E. coli AcrAB-TolC multi-drug efflux pump at 15 Å resolution4, 
the Vibrio cholerae type II secretion system secretin GspD at 3.3 Å resolution5, the Salmonella enterica 
serovar Typhimurium type III secretion system at 11.7 Å resolution6, the type IV secretion system of the 
E. coli R388 conjugative plasmid at 20 Å resolution7, the membrane core complex of a type VI secretion 
system from enteroaggegative E. coli at 11.5 Å resolution8, the Mycobacterium xenopi type VII secretion 
system membrane complex at 13 Å resolution9, the outer membrane CsgG-CsgE nonameric complex of E. 
coli type VIII/curli secretion system at 24 Å resolution10, the Wza outer membrane translocon for flippase-
dependent type I capsular polysaccharide (CPS) synthesis in E. coli at 2.25 Å resolution11,12 and the inner 
membrane embedded Bcs macrocomplex of E. coli cellulose secretion system at 16.7 Å resolution (this 
study). High-resolution structures of subcomplexes and individual subunits are available for most 
presented secretion systems but are omitted for clarity. Electron Microscopy Data Bank accession numbers 
are shown on the bottom. An asterisk distinguishes mycobacterial from Gram-negative systems. 
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