
Figure S1: Biochemical characterization of BceAB-S
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Figure S1: Biochemical characterization of BceAB-S
A) Schematic showing the lipid II cycle of peptidoglycan synthesis. Lipid intermediates are indicated in blue
letters. (UPP: undecaprenyl pyrophosphate, UP: undecaprenyl phosphate). Antimicrobial peptides are
indicated in red boxes, with brackets indicating the motifs they recognize on individual lipid intermediates.
B) Gel-filtration profiles of detergent solubilized BceAB (blue trace) and BceAB-S (red trace) complexes.
Numbers indicate peaks from each gel-filtration run that were analyzed via SDS-PAGE. C) SDS-PAGE
analysis of the gel-filtration peaks indicated in B, demonstrating that the shift to higher molecular weight
observed with BceAB-S is due to the presence of BceS. This experiment has been repeated twice with
similar results. D) Electron micrograph of detergent solubilized BceAB-S complexes showing a uniform
particle distribution in thin ice. The white scale bar demonstrates a size of 475Å. Approximately ~9000
similar micrographs were obtained.
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Figure S2: Cryo-EM Data Processing for nucleotide-free BceAB-S
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Figure S2: Cryo-EM Data Processing for nucleotide-free BceAB-S
A) Data processing to resolve high resolution features in the TM region of nucleotide-free BceAB-S. Steps
indicated in red were performed in CryoSPARC, and steps in blue were performed in Relion.



Figure S3: Cryo-EM Data Analysis of nucleotide-free BceAB-S TM State 1
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Figure S3: Cryo-EM Data Analysis of nucleotide-free BceAB-S TM State 1
A) 2D class-averages of nucleotide-free BceAB-S particles. Flexibility of the BceS soluble domains is
evident in most 2D averages. B) Fourier shell correlation (FSC) curve for the final nucleotide-free BceAB-S
TM state 1 reconstruction. Blue curve was generated without masking, and the red curve was generated with
a tight auto-mask in CryoSPARC. Gold-standard FSC cutoff of 0.143 is indicated with a dashed black line.
C) Angle distribution of particles in the final reconstruction. D-F) Experimental cryo-EM map (transparent
blue mesh) and fitted atomic model for TM helices throughout the BceAB-S complex. G) Local resolution
map indicating varying resolution throughout the cryo-EM map.



Figure S4: Cryo-EM Data Analysis of nucleotide-free BceAB-S TM State 2
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Figure S4: Cryo-EM Data Analysis of nucleotide-free BceAB-S TM State 2
A) 2D class-averages of nucleotide-free BceAB-S particles. Flexibility of the BceS soluble domains is
evident in most 2D averages. B) FSC curve for the final nucleotide-free BceAB-S TM state 2 reconstruction.
Blue curve was generated without masking, and the red curve was generated with a tight auto-mask in
CryoSPARC. Gold-standard FSC cutoff of 0.143 is indicated with a dashed black line. C) Angle distribution
of particles in the final reconstruction. D-F) Experimental cryo-EM map (transparent blue mesh) and fitted
atomic model for TM helices throughout the BceAB-S complex. G) Local resolution map indicating varying
resolution throughout the cryo-EM map.
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Figure S5: Comparison of BceS to Other Histidine Kinases
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Figure S5: Comparison of BceS to Other Histidine Kinases
A) Comparison of the TM helix arrangement in BceS versus other histidine kinases of known structure. TM1
is colored blue and TM2 is colored red in all structures. B) 90° rotated view of A showing TM helix
configuration in all structures. C) Domain architecture of BceS. Individual BceS monomers are shown in red
or yellow cartoon, with domains highlighted with black letters. The inset outlined in dashed black lines
shows the cryo-EM map of the TM1-TM2 linker in BceS. D) View from the membrane of the DHp and CA
domains in BceS. The autophosphorylated H124 residue in the DHp domain and the ATP binding sites in the
CA domains are indicated. The configuration of domains in BceS indicate that autophosphorylation occurs
in trans (indicated by arrows between ATP binding site and phosphorylated H124).
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Figure S6: Cryo-EM Data Processing of Nucleotide-Free BceAB-S to Reveal BceS
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Figure S6: Cryo-EM Data Processing of Nucleotide-Free BceAB-S to Reveal BceS
A) Cryo-EM data processing workflow to resolve the entirety of BceS in the nucleotide-free BceAB-S
complex. Steps indicated in red were performed in CryoSPARC, and steps indicated in blue were performed
in Relion. B&C) Local resolution map indicating varying resolution throughout the cryo-EM model for
BceS state 1 (B) and BceS state 2 (C). D&E) FSC curve for BceS state 1 (D) and BceS state 2 (E). Blue
curves were generated without masking, and the red curve was generated with a tight auto-mask in
CryoSPARC. Gold-standard FSC cutoff of 0.143 is indicated with a dashed black line F) Comparison of
BceS state 1 and state 2 indicating alternate conformations of the DHp/CA domain in BceS. Red arrow
indicates difference in movement of BceS between the two reconstructions.



Figure S7: Cryo-EM Data Processing for ATP𝛾S bound BceAB-S

A)

13,967 movies 13,673 movies 

Patch motion correction and 
patch CTF estimation

Manual inspection

Particle picking

Several rounds of 2D 
classification

10,194,659 particles

455,762 particles

Ab initio
reconstruction

Heterogeneous 
refinement

Import to relion and refine
12% 17% 45% 26%

358,299 particles

20% 25% 28% 28%

NAL 
classification

T=40

Non-uniform 
refinement

17% 4% 33% 19% 27%

Import to relion and classify

25% 8% 20% 30% 17%

Non-uniform 
refinement

254,211 particles

BceAB-S (ATP𝛾S)
High-resolution TM
98,858 particles
3.1 Å (overall) 
Unsharpened map

BceAB-S (ATP𝛾S)
Tilted BceS
50,073 particles
3.6 Å (overall) 
Unsharpened map

Figure S7: Cryo-EM Data Processing for ATP𝛾S bound BceAB-S
A) Cryo-EM data processing workflow to resolve two different states of the BceAB-S complex bound to the
nucleotide analog ATP𝛾S. One reconstruction produced high-resolution features throughout the TM region,
and the second reconstruction at slightly lower overall resolution revealed the entirety of BceS. Steps
indicated in red were performed in CryoSPARC, and steps indicated in blue were performed in Relion.



Figure S8: Cryo-EM Results for ATP𝛾S bound BceAB-S
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Figure S8: Cryo-EM Results for ATP𝛾S bound BceAB-S
A) 2D class-averages of BceAB-S particles in the presence of ATP𝛾S. B&C) Local resolution map
indicating varying resolution throughout the cryo-EM map for the reconstruction with high-resolution TM
features (B) or with tilted BceS (C). D&E) FSC curve for the reconstruction with high-resolution TM
features (D) or with tilted BceS (E). Blue curves were generated without masking, and the red curve was
generated with a tight auto-mask in CryoSPARC. Gold-standard FSC cutoff of 0.143 is indicated with a
dashed black line F) Representative cryo-EM maps for the TM helices throughout the ATP𝛾S bound BceAB-
S complex. G) Cryo-EM map showing the presence of ATP𝛾S (blue mesh) bound in the two potential ATP
binding sites between monomers of BceA (transparent grey surface with grey sticks).



Figure S9: Proposed Model of BceAB-S Function

Figure S9: Proposed Model of BceAB-S Function
Cartoon diagram depicting a proposed model of steps involved in BceAB-S activation and signaling. In the
resting nucleotide-free state (state 1) the BceA nucleotide binding domains adopt an asymmetric
configuration. Subsequent binding of ATP (purple star) induces the BceA subunits to adopt a more
symmetrical configuration (state 2), with each BceA subunit engaging ATP but not fully dimerized to
support ATP hydrolysis. In state 2 the stalk helix connecting the HAMP and CA domains of BceS develops a
kink. Subsequent binding of bacitracin (state 3) induces the BceA subunits to fully dimerize and initiate ATP
hydrolysis, which induces a conformational change of the BceB TM helices that is in-turn sensed by BceS in
the form of downward piston-like movement of BceS TM-2. The conformational change of BceS is
propagated downward through the HAMP and DHp domains, resulting in rotation of the CA domain to
support autophosphorylation. During this process bacitracin is removed from the lipid target undecaprenyl-
pyrophosphate. ATP hydrolysis by BceA resets the complex to the resting nucleotide-free state.



Table S1: Cryo-EM data collection and processing statistics


