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Fig. S1. Purification and biochemical characterization of substrate-bound Lon complexes. Size-exclusion 

chromatography (SEC) traces showing Y2853 substrate-bound Lon complexes used for structural and 

biochemical analyses eluting around 9 mL for (A) WT Lon bearing a E424Q (Walker B) mutation used for 

structural studies, (B) M284A mutation, (C) E458A mutation, and (D) E447A mutation, indicating a complex size 

of ~90 kDa. Overlaid onto traces are SDS-PAGE stained with Coomassie Brilliant Blue showing denatured 

contents of the elution fractions from the SEC experiment. (E) Effect of the slowly hydrolyzing E424Q (Walker 

B) mutation used for structural studies on basal ATPase rate without substrate and (F) degradation of a 

previously identified substrate, carboxymethylated I27-Y20. (G-H) Effect of mutating residues highlighted for the 

ATPase mechanism for the substrate-bound, “closed” Lon structure on substrate-stimulated ATPase rate (solid 

bars) and degradation rate of known Lon substrates, HspQ (G) and Y2853 (H) (hatched bars). Mutated residues 

include: M284 in NTD3H, I399 in the conserved pore-loop 1, the bridging acidic residue (E447) located at the N-



terminal base of PS1βH, a glutamate residue (E458) at the turn of the PS1βH, and a glycine residue (G580) 

located in the flexible linker connecting ATPase and protease domains.  

  



 

Fig S2. Validation of structural data for substrate-bound, “closed” Lon. (A) Representative micrograph 

from cryo-EM data collection. (B) Cryo-EM data processing scheme followed using RELION 2.1b software (77) 

to obtain the final 3D reconstruction of substrate-bound Lon. Final steps included a focused refinement of the 

final reconstruction using a soft mask around the step subunits and stitching together the focused region with 



the remainder of the final map using the “vop maximum” command in UCSF Chimera (79). The combined 

composite map was used for atomic model building and refinement. (C) 2-D viewing angle distribution plot of the 

118,143 particles used in the final reconstruction. (D) Final reconstruction filtered by local resolution calculated 

using BSOFT (86). The final EM density carries a range of resolutions, from 3.4 Å at the core of the complex to 

> 3.8 Å in more flexible regions such as the step subunits. (E) Fourier Shell Correlation (FSC) of the final 

reconstruction (blue solid line) used to compose four ATP-bound subunits in the combined composite map, the 

focused refinement map (solid brown line) used to compose two seam subunits in the combined composite map, 

and the top-refined atomic model vs. the composite combined map (dotted black). (F) A histogram showing the 

per-residue Cα RMSD values calculated from the top 10 refined atomic models using the multi-model pipeline 

(84). A vertical black bar represents the mean per-residue Cα RMSD value, and a worm representation of Lon 

colored according to the per-residue Cα RMSD values (in Å) is overlaid onto the histogram. 

  



 

Fig S3. Quality of cryo-EM map for NTD3H and PS1βH in substrate-bound Lon. (A) Cryo-EM density and 

atomic model of the NTD3H subdomains from substrate-bound Lon, colored by subunit as in Fig. 1. (B) Atomic 

model of NTD3H subdomain from each of the subunits of substrate-bound Lon is shown in stick representation 

within the cryo-EM density. (C) Atomic model of conserved PS1βH and pore-loop 1 from each of the subunits of 

substrate-bound Lon shown within the cryo-EM density. 

  



 

Fig. S4. Secondary structure-based alignment of a single subunit from M. taiwanensis and Y. pestis Lon. 

Alignment of the ATP2 subunit with the nucleotide-free protomer structure of a previously determined crystal 

structure of substrate-free M. taiwanensis Lon shows the similarity of the subunit architecture (41) (PDB:4YPL). 

The average Cα RMSD values showed minimal deviations in protease and NTD3H of the two structures (0.777 

and 1.011 Å, respectively) whereas the ATPase domains are slightly more variable (1.256 Å). These results 

show the similarity of the two protomers and consistency of the secondary and tertiary structures of an individual 

subunit. Higher Cα RMSD values for the ATPase domains are likely due to differences in conformations between 

a nucleotide and substrate-bound to a nucleotide and substrate-free structure. 



 

Fig S5. Validation of structural data for substrate-free, “open” Lon. (A) Representative micrograph from 

cryo-EM data collection. (B) Cryo-EM data processing scheme followed using cryoSPARC 2.6 software (76) to 

obtain the final 3D reconstruction of substrate-free Lon. (C) 2-D viewing angle distribution plot of the 87,738 

particles used in the final reconstruction. (D) Final reconstruction filtered by local resolution calculated using 

cryoSPARC. The final EM density carries a range of resolutions, from ~4 Å at the core of the complex to > 6 Å 

in more flexible regions such as the highest subunit of the open lockwasher configuration. (E) Fourier Shell 

Correlation (FSC) of the final reconstruction (blue solid line) and the top-refined atomic model vs. the final 



reconstruction map (dotted black). (F) A histogram showing the per-residue Cα RMSD values calculated from 

the top 10 refined atomic models using the multi-model pipeline (84). A vertical black bar represents the mean 

per-residue Cα RMSD value, and a worm representation of Lon colored according to the per-residue Cα RMSD 

values (in Å) is overlaid onto the histogram. 

  



 

 



Fig. S6. Subunit architecture of substrate-bound Lon protease and distinct nucleotide densities in the 

nucleotide-binding pocket. (A) A Lon protomer, colored by subdomain, with notable and conserved 

components of the Lon subunit are highlighted and/or labelled. Secondary structural elements of the AAA+ 

cassette are labelled using the canonical numbering for this domain (2). (B) Views of the nucleotide binding 

pockets of all six subunits showing the quality of the cryo-EM density in this region shown using an isosurface 

mesh representation contoured at a level of sigma = 3.3. The quality of the EM density enables unambiguous 

assignment of nucleotide state in each of the subunits. ATP1, ATP2, ATP3, and ATP´ subunits possess strong 

density for nucleotide corresponding to a gamma phosphate-containing nucleotide coordinated by a magnesium 

cofactor. While the relative positions of the small and large ATPase subdomains of the ATP1, ATP2, and ATP3 

subunits are nearly identical, there is a conspicuous 9° compression between the subdomains of the ATP´ 

subunit (see fig. S7B). We thus posit that the ATP´ subunit represents a post-hydrolysis, ADP-Pi intermediate 

nucleotide state. In contrast, the nucleotide density in the ADP1 and ADP2 subunits corresponded to ADP 

molecules, as there is no apparent density for gamma phosphates. Notably, the ADP1 subunit contains density 

corresponding to a magnesium cofactor while ADP2 does not. 

  



 

Fig. S7. ATP hydrolysis causes major conformational rearrangements of the ATPase domain in LonENZ. 

ATPase subunits of the substrate-bound, LonENZ conformer are aligned based on the small ATPase subdomain. 

(A) The three topmost subunits of the ATPase spiral staircase are in similar configurations. (B) The ATP´ subunit 

is in a compressed state, with the ATPase subdomains positioned closer to one another, presumably due to ATP 

hydrolysis. (C) The ADP1 ATPase adopts a similar organization to ATP´ ATPase. (D) The ADP2 and ATP1 

ATPases are in similar configurations, suggesting that the ADP2 subunit is likely primed for ADP release and 

ATP re-binding. (E) Alignment of the ADP2 subunit of the substrate-bound, LonENZ (colored salmon) with the six 

subunits of the fully ADP-bound B. subtilis Lon crystal structure (colored yellow) and the six subunits of the 

wildtype and substrate-free, LonOFF cryo-EM structure (colored blue). 

 

  



 

Fig. S8. Structure of substrate-free, LonOFF structure represents a fully ADP-bound configuration. (A) 

Views of the nucleotide binding pockets of six LonOFF subunits showing the quality of the cryo-EM density in the 

region. Cryo-EM density of each subunit is shown using an isosurface mesh representation contoured at a level 

of sigma = 9.5. The topmost subunit (colored green) has weaker density and thus the nucleotide state of this 

subunit is ambiguous. However, the quality of the cryo-EM density in the other five subunits enables 

unambiguous assignment of nucleotide as ADP in each of the subunits.  (B) The crystal structure of B. subtilis 



Lon (42) (PDB:3M6A) fully bound to ADP is shown docked into cryo-EM map of LonOFF. Each of the subunits is 

colored according to the same coloring scheme as in Fig. 1A. The fit of the B. subtilis Lon structure into our cryo-

EM structure supports our conclusion that the substrate-free Lon represents a fully ADP-bound configuration.  

  



 
Fig. S9. Protease domains in Lon undergo intra- and inter-subunit conformational changes mediated by 

a flexible inter-domain linker when transitioning between LonENZ and LonOFF states. (A) Side-by-side 

comparison of ATP´ and ADP2 subunits in the same orientation shows rigid body movements of the ATPase 

domain between the two subunits while the protease domains remain stable. A glycine residue (G580) in the 

flexible interdomain linker is highlighted in red. (B) Each subunit of the substrate-bound LonENZ structure (darker 



shaded tube representation) was aligned to the substrate-free LonOFF structure (lighter shaded tube 

representation) to emphasize the rotation of the protease domain. These rotations are accommodated in each 

subunit by a flexible interdomain linker containing G580. (C) Electrostatic surface representation of both closed 

and open Lon structures flanked by orthogonal views of ATPase (left) and protease (right) domains, showing 

how a large opening in the open lockwasher configuration of Lon breaks polar contacts present in the closed 

configuration. 

  



 

Fig. S10. Quality of cryo-EM map for proteolytic active site for LonENZ and LonOFF. (A) Cryo-EM density 

shown as a gray mesh and atomic model of the protease domain from substrate-bound Lon, colored in lavender 

with important residues highlighted in darker shades of purple. A close-up view of the cryo-EM density of the 

proteolytic active site is shown to the right, with the atomic model showing the catalytic dyad (magenta) and 

serine-containing loop (purple stick representation). A hydrogen bond is formed between the two catalytic 

residues, K722 and S679. (B) Cryo-EM density shown as a gray mesh and atomic model of the protease domain 

from substrate-free Lon, colored in lavender with important residues highlighted in darker shades of purple. A 

close-up view of the cryo-EM density of the proteolytic active site is shown to the right, with the atomic model 

showing the catalytic dyad (magenta) that is now obstructed by an aspartic acid residue (D676). Additionally, the 

serine-containing loop (purple ribbon representation) is now folded into a 310, sterically occluding the active site 

and auto-inhibiting the protease domain.  



 

Fig. S11. Quality of cryo-EM map for the trans-acting acidic bridge at the N-terminus of the PS1βH. Cryo-

EM density shown in an isosurface mesh representation and atomic model of the ATPase domains from 

substrate-bound Lon shown as ribbons, colored by subunit as in Fig. 1. The nucleotide binding pockets of the 

post-hydrolysis subunits (ATP´, ADP1, and ADP2) have weaker density for the key glutamate (E447) from the 

clockwise neighboring subunit and thus the rotamer assignment of this residue is ambiguous although the chain 

trace of the PS1βH was built de novo into the map with a high level of confidence. However, the quality of the 

cryo-EM density in the other three ATP-bound subunits enables unambiguous rotamer assignment of this 

residue.   



  



Fig. S12. Conservation of ATPase allostery and protease inactivation mechanisms across Lon proteases. 

Clustal W alignment of the Uniprot sequences of the NTD3H and ATPase domains of Lon homologs, including 

cytoplasmic E. coli and Y. pestis Lon and mitochondrial Lon from yeast (Pim1), C. elegans, Drosophila 

melanogaster, and humans. This alignment suggests strict mechanistic conservation amongst Lon proteins in 

diverse model organisms and environments, as we found all key residues identified in our structure to be strictly 

conserved in all sequences studied: the N-terminal 3-Helix Bundle (M294, S285, Y294, and W297 in light blue), 

P-loop (purple box), pore-loop 1 aromatic-hydrophobic residues (pink box), coordinating acidic residues in the 

Walker B motif (dark blue box), pre-sensor 1 beta hairpin insertion with conserved residues E447, Y456, and 

E458 in boxes, sensor-1, a trans-acting arginine finger (maroon box), as well as a cis-acting arginine finger 

present in sensor-2 (green). Additionally, the aspartic acid residue (D676) critical in the protease inactivation 

mechanism upon transitioning between LonON and LonOFF states is conserved across Lon proteases. 

  



 

 
Fig. S13. Conservation of allosteric mechanism across HCLR clade proteins. (A) Alignment of conserved 

regions in the AAA+ domains of HCLR clade proteins: HslU, ClpX, Lon, RuvB, Hsp104, and ClpB. This alignment 

suggests mechanistic conservation amongst HCLR clade proteins, as we found all key residues identified in our 

structure to be strictly conserved in all sequences studied: P-loop (purple in Walker A motif), pore-loop 1 

aromatic-hydrophobic residues in protein translocases (pink), coordinating acidic residues in the Walker B motif 

(blue) a pre-sensor 1 beta hairpin insertion with a trans-acting glutamate residue (teal) at its N-terminus, sensor-

1 (yellow), a trans-acting arginine finger (maroon), as well as a cis-acting arginine finger in sensor-2 (green). (B) 

Structural conservation of essential elements of the proposed allosteric mechanism amongst HCLR clade 

proteins, including HslU (PDB:5JI3), ClpX (PDB:3HWS), Lon (PDB:6ON2), RuvB (PDB:1IN8), Hsp104 

(PDB:5VJH), and ClpB (PDB:6OAX). (C) A top view of the substrate-bound Lon with each ATPase domain 

highlighted by an ellipse and rectangle on the large and small subdomains, respectively. Key structural elements 

are highlighted in hot pink: residues that comprise the pore-loop 1, PS1ßH, sensor-1, and a trans-acting 

glutamate residue. The mechanism of allostery in Lon involving these shared elements is likely conserved across 

all HCLR clade proteins. 



 

Fig. S14. Architectures of the substrate-bound, “closed” and substrate-free, “open” Hsp104 

configurations. (A) Cutaway view of the substrate-bound S. cerevisiae Hsp104 atomic model (9) (PDB:5VJH) 

(center) flanked by orthogonal views of the ATPase D1 (left) and D2 (right) domain rings.  Cryo-EM density for 



substrate is colored orange while each subunit of the homohexamer is assigned a color depending on its position 

in the spiral staircase. (B) Each of the protomers of the substrate-bound structure are shown in the same 

orientation based on the position of the D2 domain. The descending and ascending movements of the subunits 

are accentuated by dotted lines running through the inter-domain linker. (C) Cutaway view of the substrate-free 

S. cerevisiae Hsp104 (60) (PDB:5KNE) (center) flanked by orthogonal views of the ATPase D1 (left) and D2 

(right) domain rings. Each subunit of the “open” homohexamer is assigned a color that correlates with the 

subunit’s position in the closed spiral staircase architecture. (D) Individual protomers of the substrate-free 

structure oriented in the same direction, lined up side-by-side. The descending movement of the subunits is 

accentuated by a dotted line running through the inter-domain linker. These results show striking resemblance 

to the closed, substrate-bound and open, substrate-free cryo-EM structures of Y. pestis Lon protease shown in 

Fig. 1, suggesting conservation of conformational switching to access distinct functional modalities across AAA+ 

protein translocases.   

  



Movie S1. Mechanism of substrate translocation by the Lon protease. A low-resolution surface 

representation of the large and small ATPase subdomains is shown to emphasize the movements associated 

with ATP-dependent substrate translocation. Subunits colored yellow correspond to the uppermost ATP-bound 

protomers of the spiral staircase, the subunit colored red corresponds to the ATP´ subunit, and the subunits 

colored blue correspond to the ADP-bound seam subunits. Nucleotides are represented by large spheres (ATP, 

ATP´, and ADP colored orange, magenta, and blue, respectively). Substrate is colored with alternating residues 

colored light and dark green. 

 

Movie S2. Mechanism of Lon protease activation upon transition between LonOFF and LonENZ 

conformations. A linear interpolation between the aligned protease domains of LonOFF and LonENZ shows the 

mechanism by which Lon regulates proteolytic activity in both states. Atomic models are shown using a ribbon 

representation overlaid with a low-resolution surface representation of the protease domains in both LonOFF and 

LonENZ structures. In the LonOFF conformer, the S679-containing loop (residues 673-677) folds into a 310 helix that 

sterically occludes substrates from accessing the proteolytic active site. Additionally, an aspartic acid residue 

within this helix (D676) forms a hydrogen bond with K722, inhibiting catalytic dyad formation between S679 and 

K722. Upon substrate binding and nucleotide exchange, LonOFF undergoes a large conformational change to 

form LonENZ, symmetrizing the protease domains. Upon this conformational change, the S679-containing loop 

extends towards the neighboring subunit, where it is stabilized by inter-subunit interactions with conserved 

residues V633, P678, and E706. Additionally, D676 likely stabilizes the extended loop’s position through intra-

subunit hydrogen-bonding interactions with backbone atoms of residues E632 and V633. This extended loop 

establishes a substrate-binding groove that positions targeted peptides into the proteolytic active site for 

cleavage. E. coli Lon (green ribbon) bound to Bortezomib (orange stick representation) (PDB:47PN) (57) is 

shown aligned with LonENZ to indicate how an unfolded substrate (orange) might be positioned in this substrate-

binding groove for cleavage.  

 

Movie S3. Mechanism of substrate engagement, translocation, and release in Lon protease. The substrate 

processing mechanism is summarized using a low-resolution envelope of Lon to emphasize the motions involved 

in the switch between operational modes. In the absence of substrate, the Lon protease is organized into a left-



handed open lockwasher configuration (LonOFF). ADP is bound in all nucleotide binding pockets, with the 

exception of the uppermost subunit, whose nucleotide binding pocket is exposed and able to undergo nucleotide 

exchange. Simultaneous binding of substrate and ATP triggers a rearrangement to the LonENZ conformation, 

leading to sequential ADP to ATP exchange as pore-loop residues in three additional subunits progressively 

engage substrate and the closed ring conformer is adopted. An ATP hydrolysis event in the lowest ATP-bound 

subunit “locks” Lon into a substrate-bound, proteolytically active conformation (LonENZ). As a result of this 

conformational switch, the first subunit to engage substrate, which was positioned the uppermost position in 

LonOFF, is now positioned at the bottom of the ATPase ring in LonENZ. A single hydrolysis event can in this way 

translocate substrate a length of eight residues, securely positioning the substrate peptide in the center of the 

ATPase channel. The LonENZ conformer then translocates substrate a length of two amino acids per ATP 

hydrolysis event. When LonENZ reaches the end of the substrate or encounters a tightly folded region, the pore-

loop of the upper-most subunit can no longer engage a span of unfolded peptide, so that this subunit will remain 

in an ADP-bound state while ATP hydrolysis and translocation continues in the remaining ATP-bound subunits.  

However, after each hydrolysis and translocation event, ADP will no longer be exchanged for ATP, resulting in 

a return to the LonOFF conformer. Unprocessed substrate is able to leave through the lateral opening in LonOFF. 

 

 

 

  



Table S1. CryoEM data collection, refinement, and validation statistics 

 

Sample, EMDB / PDB ID LonWB, 20133 / 6ON2 LonWT, 21009 / 6V11 

Data collection    

Microscope Talos Arctica Talos Arctica 

Voltage (keV) 200 200 

Detector K2 Summit K2 Summit 

Magnification (nominal) 36,000X 36,000X 

Magnification (calibrated) 43,478X 43,478X 

Exposure navigation Image Shift Image Shift 

Data acquisition software Leginon (69) Leginon (69) 

Total electron exposure (e-/Å2) 52  50 

Exposure rate (e-/pixel/sec) 5.3 5.7 

Number of frames 44 58 

Pixel size (Å) 1.15 1.15 

Defocus range (µm) -0.8 to -1.2  -0.8 to -1.5 

Micrographs collected 4071 1864 

 
Reconstruction  

  

Micrographs used 4071 1864 

Total extracted particles (no.) 1,176,206 412,719 

Refined particles 1,176,206 412,719 

Final particles (no.) 118,143 140,506 

Symmetry imposed C1 C1 

Resolution (global)   

    FSC 0.5 4.2 Å (unmasked) 

ATP1-ATP´ (masked): 3.3 Å 

ADP1-ADP2 (masked): 3.8 Å  

8.6 Å (unmasked) 
4.8 Å (masked) 

    FSC 0.143 3.5 Å (unmasked) 

ATP1-ATP´ (masked): 3.0 Å 

ADP1-ADP2 (masked): 3.5 Å 

4.6 Å (unmasked) 
3.8 Å (masked) 

Resolution range (local) 3.4 – 4.2 Å 3.0 – 7.0 Å 

Applied B-factor (Å2) -52 -115 

 
Model Composition 

  

Protein residues 3,146 2,912 

Ligands 6 5 

 
Model Refinement 

  

Refinement package Phenix (83) Phenix (83) 

Map Correlation Coefficient   

    Local 0.80 0.80 

R.m.s. deviations from ideal values   

    Bond lengths 0.01 0.01 

    Bond angles (°) 0.83 1.02 

 
Validation 

  

Ramachandran (%)   

    Outliers 0.00 0.00 

    Allowed 4.08 8.16 

    Favored 95.92 91.84 

MolProbity score 1.55 1.89 

Poor rotamers (%) 0.08 0.98% 

Clashscore (all atoms) 5.09 7.33 

C-beta deviations 0 0 

Mean per-residue Ca RMSD (Å) 0.46 0.67 

Per-residue Ca RMSD range (Å) 0.03 – 5.32 0.05 – 4.49 

CaBLAM Outliers (87) 2.24% 3.67% 

EMRinger Score (88) 3.17 1.63 
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