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SUMMARY
Themembrane-bound AAA protease FtsH is the key player controlling protein quality in bacteria. Two single-
pass membrane proteins, HflK and HflC, interact with FtsH to modulate its proteolytic activity. Here, we pre-
sent structure of the entire FtsH-HflKC complex, comprising 12 copies of both HflK and HflC, all of which
interact reciprocally to form a cage, as well as four FtsH hexamers with periplasmic domains and transmem-
brane helices enclosed inside the cage and cytoplasmic domains situated at the base of the cage. FtsH K61/
D62/S63 in the b2-b3 loop in the periplasmic domain directly interact with HflK, contributing to complex
formation. Pull-down and in vivo enzymatic activity assays validate the importance of the interacting interface
for FtsH-HflKC complex formation. Structural comparison with the substrate-bound human m-AAA protease
AFG3L2 offers implications for the HflKC cage inmodulating substrate access to FtsH. Together, our findings
provide a better understanding of FtsH-type AAA protease holoenzyme assembly and regulation.
INTRODUCTION

Given the crucial functions, large quantities, and complicated

biogenesis processes of proteins, protein quality control is

critically important for cell proteome homeostasis. Diverse chap-

erones and proteases have been reported to maintain protein

quality control, including protein folding and assembly, as well

as the degradation of misfolded, misassembled, aggregated,

or dysfunctional proteins (Chen et al., 2011; Dalbey et al.,

2012). FtsH, a unique essential membrane-bound ATP-depen-

dent protease in E coli, is involved in the quality control of both

membrane and nonmembrane proteins (Ito and Akiyama,

2005; Tomoyasu et al., 1995). E. coli FtsH has two inner-mem-

brane transmembrane helices (FtsHTM) with a periplasmic

domain (FtsHPD) at the N terminus and a cytoplasmic domain

(FtsHCD) containing both AAA ATPase and zinc protease do-

mains at the C terminus (Figure S1A). Similar to a typical AAA

ATPase domain, the domain in FtsH consists of universally

conserved Walker motifs (A and B) and an arginine finger motif.

The function of the C-terminal protease domain is to cleave

unfolded proteins into short peptides with a metal ion (Zn2+)

acting as a cofactor coordinated by theHEXXHmotif (Figure S1A)

(Akiyama et al., 1996). FtsH-type AAA proteases are widely

distributed in prokaryotic and eukaryotic cells, mainly in mito-

chondria and chloroplasts (Ito and Akiyama, 2005). Interestingly,

two FtsH-type proteases, the i-AAA (intermembrane space) pro-

tease YMEL1 and the m-AAA (matrix) protease AFG3L2, are
This is an open access article under the CC BY-N
anchored to the mitochondrial inner membrane, with the prote-

ase domain facing the intermembrane space and the matrix,

respectively (Puchades et al., 2017, 2019).

Given the functional significance of FtsH in protein quality con-

trol, its protease activity needs to be finely regulated. The HflKC

protein complex has been proposed to function as a modulator

that regulates the degradation of substrates (Kihara et al.,

1996, 1998). Both HflK and HflC proteins, encoded by the two

genes (hflK and hflC, respectively) that are located in one operon,

consist of a single transmembrane helix at the N terminus, which

is followed by a large periplasmic prohibitin homology (PHB)

domain (Figure S1A). This PHB domain, belonging to the stoma-

tin, prohibitin, flotillin, and HflKC (SPFH) domain family, has been

found in various proteins and has been implicated in diverse

functions (Brand et al., 2012; Chiba et al., 2006; Yokoyama

et al., 2008). For instance, the prohibitin complex (PHB1 and

PHB2), located in human mitochondria, has been reported to

interact with the FtsH homolog AFG3L2 to negatively regulate

its proteolytic activity and function as a membrane-embedded

chaperone to enhance protein stabilization (Nijtmans et al.,

2000; Tatsuta et al., 2005). So the prohibitin complex has been

implicated in diverse functions, and its dysfunction is directly

linked to diseases (Back et al., 2002; Nijtmans et al., 2002).

FtsH, HflK, and HflC are all membrane proteins, and the entire

holoenzyme embodies an extremely large protein complex (Sai-

kawa et al., 2004) . Most of the structural studies thus far have

focused on the individual domains (periplasmic, ATPase, and
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Figure 1. Cryo-EM map of the entire FtsH-

HflKC complex

(A) Overall 3D-reconstructed map of the entire

FtsH-HflKC complex. The isolated processed 3D-

reconstructed map of FtsHPD+TM-HflKC (wheat for

HflK, lime for HflC, and violet for FtsHPD+TM) and

FtsHCD (yellow) were fitted to the overall FtsH-HflKC

map (gray). The dimensions are shown in angstroms

(Å), and the axis of the FtsHCD hexamer is tilted by

15� regarding the HflKC complex.

(B) The isolated FtsHPD+TM-HflKCmap is in the same

color as shown in (A). The central pore of the cage

cap (top view) and the four tunnels(bottom view),

all of which are �18 Å in diameter, are clearly

visualized.

See also Figures S1–S3 and S10 and Table S1.
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protease domains) or the entire FtsH cytosolic region (Bienios-

sek et al., 2006, 2009; Ito and Akiyama, 2005; Krzywda et al.,

2002; Niwa et al., 2002; Scharfenberg et al., 2015; Suno et al.,

2006, 2012; Vostrukhina et al., 2015). In particular, the structures

of yeast i-AAA protease YME1 and human m-AAA protease

AFG3L2 have provided molecular insights into the ‘‘spiral stair-

case’’ substrate translocation mechanism and many neurolog-

ical phenotypes associated with AFG3L2 (Puchades et al.,

2017, 2019). The cryoelectron microscopy (cryo-EM) structure

of full-length FtsH from Aquifex aeolicus at a low resolution of

�12 Å revealed that the cytosolic domain is tilted regarding the

transmembrane helices in the FtsH hexamer (Carvalho et al.,

2021). However, detailed information about the FtsH-HflKC

complex is still missing. To close the gap and to better under-

stand the molecular mechanism of FtsH and FtsH-type prote-

ases in protein quality control, the atomic structure of the entire

FtsH-HflKC complex is urgently needed. While our manuscript

was in preparation, another group reported the cryo-EM struc-

ture of FtsH-HflKC (Ma et al., 2022), which lacks the transmem-

brane helices and cytosolic domains for FtsH. Here, we report

the cryo-EM structure of the entire FtsH-HflKC complex in com-

bination with pull-down and in vivo enzyme activity assays, offer-

ing insights into howHflKC and FtsH assemble into cage-shaped

holoenzymes and how HflKC modulates FtsH activity.

RESULTS

The overall structure of the entire FtsH-HflKC complex
The FtsH-HflKC complex was purified in E. coli and showed

ATPase and protease activity in in vitro ATPase and protease as-

says (Figures S1A–S1D); we next made efforts to determine its

structure. During the initial cryo-EM data processing, we were

not able to obtain a decent map for the cytosolic domain of

FtsH, likely due to its extreme flexibility. Subsequently, we intro-

duced two mutations (E252Q in the Walker B motif and E415Q in

theHExxHmotif) to stabilize the FtsH cytosolic domain, following

an approach similar to a previously published one (Puchades

et al., 2017, 2019). These mutations eventually led to the deter-
2 Cell Reports 39, 110890, May 31, 2022
mination of the entire FtsH-HflKC complex

structure (Figures S1E, S1F, and S2;

Table S1). The overall architecture resem-
bles a ‘‘bell-shaped’’ cage, and the HflKC complex forms the

cage enclosing four FtsH homohexamers, with the periplasmic

domain (FtsHPD) and transmembrane regions (FtsHTM) buried in-

side the cage and the cytoplasmic domains (FtsHCD) situated at

the base (Figure 1A; Video S1). During the data processing, we

also observed some classes containing less than four FtsH ho-

mohexamers, which we deemed partial complex states. HflK

and HflC are packed side by side with 12 copies of each protein

forming the cage. Interestingly, the ‘‘bell crown,’’ with a diameter

of 115 Å, is formed from the C-terminal regions of both HflK and

HflC (Figures 1A and 1B). In the center of the cage cap, there is a

‘‘pore’’ with a diameter of�18 Å formed only by the 12 HflK sub-

units. The ‘‘bell waist’’ was formed by a total of 24 long a helices

that are composed of the 12 HflK and 12 HflC subunits and are

periodically arranged one by one (Figures 1A and 1B). In the

case of FtsH, even though four hexameric FtsHPD+TM can be

clearly seen interacting with the HflKC complex, only two

FtsHCD showed concrete densities. Interestingly, the FtsHCD

was observed to be tilted by �15� at the axis relative to that of

the HflKC cage (Figure 1A). As the FtsH-HflKC complex is too

large and dynamic, especially for the FtsHCD, we proceeded

with subregion subtraction in Relion 3.1 to improve the subregion

resolution (Scheres, 2012). Based on the consensus refinement

map of the entire FtsH-HflKC complex, the FtsHPD+TM-HflKC, the

FtsH full-length hexamer, FtsHPD+TM, and FtsHCD were sub-

tracted and subjected to focused three-dimensional (3D)

classification, autorefinement, and CTF refinement with final res-

olutions of approximately 4.0, 6.1, 6.5, and 3.3 Å with symmetry

(C4, C1, C1, and C6) imposed, respectively (Figures S2 and S3).

HflK and HflC structure and assembly with FtsH
The structure of the HflKC complex, which forms the main body

of the entire bell-shaped FtsH holoenzyme, together with FtsHPD

and FtsHTM was reconstructed at an �4.0 Å resolution

(Figures 2A, S2, and S3; Table S1). For HflK, the structure is

composed of a partially resolved transmembrane N-terminal he-

lix a1, a b-fold (b1–b3) subdomain, and a PHB domain, followed

by an arc-shaped long helix (a6), a short helix (a7), and two



Figure 2. Structure of the FtsHPD+TM-HflKC complex
(A) Structure of FtsHPD+TM-HflKC. HflK, HflC, and FtsH are colored wheat, lime, and violet, respectively. The 12 HflKC heterodimers are numbered in the top view.

(B) The structure of the HflK and HflC subunits fitted to the cryo-EM map. The secondary-structure elements of HflK and HflC are labeled. Close-up views of the

core domain and the C-terminal region for both proteins are presented on the right. The V-shaped turn between a7 and b7 is indicated by the red arrows. The b

barrel at the cage center is formed exclusively by the C-terminal b8 from the 12 HflK subunits.

(C) Compact stacking of the cagecap involving the C termini of HflK and HflC. In particular, the HflC1 C-terminal residues T328 not only interacts with D321 and

R324 from the other consecutive subunits HflC2 but also interacts with Y327 from HflK2, forming a circular interaction linkage to stabilize the cap.

See also Figures S3–S7 and S9 and Tables S2 and S3.
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strands (b7–b8) at the C terminus (Figure 2B). The evolutionarily

conserved PHB domain consists of a curved antiparallel b sheet

(b4–b6), with two helices (a3 and a5) occupying the b-sheet

groove. In addition, a2 and a4 are parallel to each other, aligned

perpendicularly to the sheet and located on its either side

(Figure 2B). a6, a7, b7, and b8 from the C-terminal region

of HflK form a zigzag arrangement that consequently serves

as the building block for both the crown and the waist of

the entire bellcomplex. Notably, all of the C-terminal b8

strands from the 12 HflK form a b barrel, with a central pore

�18 Å in diameter (Figures 1B and 2A). Although the protein se-

quences of HflK and HflC are not conserved, with only �30%

residue identity (Figure S4), the overall structure of HflC is very

similar to that of HflK, with a root-mean-square deviation

(RMSD) of 3.61 Å for all main-chain atoms, except that HflC
has a short a8 helix following the b7 strand at its C terminus

(Figure S5A).

The 12 HflK and HflC proteins interact extensively and recipro-

cally to form the entire HflKC complex. Given that the FtsH-HflKC

complex shows C4 symmetry, we take the asymmetric unit

(one-quarter of the entire structure), in which three pairs of

HflKC dimers are tandemly arranged to interact with the FtsH

hexamer, as a representative building block for illustration (Fig-

ure S5B). These three pairs of HflKC dimers aligned well overall,

but the relative positioning of PHB domains, the long a6 helix,

and the ‘‘cap’’ region of HflK and HflC varies to some extent

(Figures S5C and S5D). To simplify these extensive contacts be-

tween HflK and HflC, we take one pair of HflK and HflC that con-

tributes themost to the coordination of FtsH (Figures 2B, S5, and

S6). The PHB domains of HflK and HflC compact each other,
Cell Reports 39, 110890, May 31, 2022 3



Figure 3. Structures of the full-length FtsH, FtsHPD+TM, and FtsHCD

(A) The isolated FtsHCDmap (yellow) and FtsHPD+TMmap (violet) are fitted into the full-length FtsH hexamermap (gray). The tunnel (with a diameter of�18 Å) inside

the hexameric FtsH is shown. This tunnel is formed by the periplasmic domain and the 2nd transmembrane helix of the hexameric FtsH.

(B) Structure of the FtsH hexamer. The bound peptide from human AFG3L2 is also shown based on the structural alignment shown in (A) and (D). The transmem-

brane region is indicated with two curved dashed lines.

(C) Structure of one FtsHCDmonomer with the functionally important motifs labeled. The bound AMPPNP is shown in sticks, andMg2+ and Zn2+ ions are shown as

spheres (colored green and blue, respectively). The gray mesh indicates the cryo-EM map.

(D) Structural comparison of FtsHCD (yellow) and the human AFG3L2 cytosolic domain (PDB: 6NYY, gray). The substrate peptide of human AFG3L2 is shown on

the surface and colored red.

See also Figures S3, S6, and S10.
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involving a number of direct contacts (Figure S7A). The long a6

helix of HflK is flanked by two other parallel a6 helices of the

two neighboring HflC subunits (Figure S7B). These interactions

consist mainly of electrostatic interactions and Pi effects

involving a number of arginine and aromatic residues (Tyr and

Phe) (Tables S2 and S3). In addition, hydrophobic interactions

also contribute to the helical packing. Notably, there are some

sites where a network of interactions involving HflK and both

HflC subunits are observed (such as R291 in the middle HflK in-

teracting with M271 and Y255 in the left and right HflC, respec-

tively), thereby greatly enhancing the stability of the complex

(Figure S7B). Following the C terminus of this long helix a6, the

sequential helix a7 and strand b7 in both HflK and HflC form a

zigzag ‘‘V-shaped’’ arrangement (�25 Å in height), together

with the HflC a8 helix and HflK b8 strand, and intertwine together

to establish further contacts (Figures 2B and S7C). Due to the

different orientation from the HflC a8 helix, only these ending
4 Cell Reports 39, 110890, May 31, 2022
b8 stands in HflK form parallel b sheets with each other, thereby

constructing a pore at the center of the cap (Figures 2A and 2B).

The distal HflC T328 not only interacts with D321 and R324 from

the other HflC subunit, which is separated by one HflK chain, but

also directly interacts with Y327 on HflK a7, which is separated

by one HflC and one HflK (Figures 2C and S6). Therefore, the

end-to-end association of the 12 HflC C termini builds a circular

link, together with a network of interactions involving all of the

a7-b7 of HflK and HflC, establishing a stable cap (Figures 2A

and 2C).

Structure of the hexameric full-length FtsH
It has been very challenging to achieve a high-resolution full-

length FtsH structure. Here, we managed to determine the

structure of a hexameric full-length FtsH embedded in detergent

micelles at a 6.1 Å resolution without applying symmetry

(Figures 3A, S2, and S3; Table S1). The present structure is
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composed of the N-terminal FtsHPD arranged as a hexamer at

the ‘‘top,’’ followed by FtsHTM in the ‘‘middle,’’ and the hexame-

ric FtsHCD (including both the ATPase and the protease domains)

at the ‘‘bottom.’’ Interestingly, the entire reconstruction of the

hexameric FtsH is similar to that of A. aeolicus FtsH in a nontilted

form at low resolution (Carvalho et al., 2021). To better resolve

the full-length FtsH map, the top part, including the FtsHPD+TM,

and the lower part, FtsHCD, were separately subtracted and

refined. This approach consequently yielded a clear map

showing the transmembrane helices in FtsHPD+TM as well as a

distinguishable map for the ligand AMPPNP-bound FtsHCD

(Figures 3A–3C, S2, and S3). FtsH consists of two transmem-

brane helices located at its N terminus on either side of the

hexameric FtsHPD (Figure S1A). For the first time, the 2nd trans-

membrane helix and its linker to the FtsHPD could be modeled

(Figures 3A, 3B, and S6). Interestingly, a total of 6 helices from

the FtsH hexamer pack to form a transmembrane cylinder with

an inner pore diameter of �18 Å. Following the 2nd transmem-

brane helix, each FtsH inside the homohexamer FtsHPD con-

tained an AMPPNP and a Mg2+ ion in the ATPase domain as

well as a Zn2+ ion in the protease domain (Figure 3C). Compari-

son of the present structure with that of the human peptide-

bound AFG3L2 reveals that our AMPPNP-bound FtsH

resembles AFG3L2 in an ATP-bound state, with an RMSD of

1.87 Å over the main-chain atoms (Figure 3D). Notably, the

bound peptide based on the above structural comparison was

found to be oriented toward the transmembrane cylinder chan-

nel (Figure 3B).

FtsH interaction with HflKC and the entire FtsH
holoenzyme assembly
The interactions between the hexameric FtsHPD and the HflKC

complex can be identified based on our structure (Figures 4A,

S7D, and S7E). In a hexameric FtsHPD, two adjacent subunits

make contacts with two HflK proteins that are separated by

one HflC. In one FtsH subunit, the b2-b3-turn loop (residues

K61, D62, and S63) forms tight contacts with b4 in HflK. In partic-

ular, the hydroxyl group of FtsH S63 forms a hydrogen bond with

the guanidinium group of HflK R141. The O atom of the FtsH K61

main chain interacts with the N atom of the HflK E142main chain,

and the amino group (side chain) of FtsH K61 is in close vicinity of

the carboxylic group (side chain) of HflK E142. In addition, FtsH

Q45 interacts with the HflK R185 via their side chains. Similarly,

the b2-b3-turn loop in the neighboring FtsH subunit interacts

with the next (separated by one HflC monomer) HflK b4. Howev-

er, the two aforementioned residues, FtsH Q45 and HflK R185,

are too far apart to form any interaction in the case of this FtsH

monomer. The remaining three FtsHPD hexamers interact with

two HflKmonomers separated by HflC in a similar manner. Addi-

tionally, each of the four FtsHPD hexamers is packed to the next

one through the b2-b3-turn loop in one hexamer, which wedges

into a cleft formed between the two subunits of the next hexamer

(a1 and its prior loop in one subunit, b4 in another) (Figure 4B).

The packing mainly involves polar side chains and helps to sta-

bilize the entire complex. Surprisingly, the 2nd transmembrane

helix of FtsH resolved in our structure appears not to contact

either HflK/HflC or other FtsH hexamers. FtsHCD does not

interact with one another, which could increase the structural
flexibility required for its activity. Interestingly, despite the overall

similarity of the present hexameric FtsHPD and the crystal struc-

ture of FtsH periplasmic domain (Scharfenberg et al., 2015), we

do observe a shift of the b2-b3-loop region in FtsHPD by 1–2 Å

toward HflK upon formation of their interacting complex through

structural comparison (Figure S5E).

Structure-based mutagenesis and activity assay
To analyze how important these interactions observed in our

structure (Figure 4A) are for the formation of the entire complex

as well as to study their effect on in vivo enzymatic activity, we

generated FtsHmutants (D62F, Q45A, and K61A/D62A/S63A tri-

ple mutation) along the interface between FtsH and HflK. First,

we investigated the interaction between the FtsH mutants with

a C-terminal His6-Myc bipartite tag (FtsH-His6-Myc) and HflKC

by a pull-down assay using Ni-NTA agarose (Figure 5A). As

shown in Figures 5A, 5C, and 5D, we found that HflK was artifi-

cially cleaved to generate a degradation product (HflK’) upon

membrane solubilization, and as a result, the cellular level of

full-length HflK was significantly lower in the strains expressing

the FtsH K61A/D62A/S63A and D62F mutants compared with

strains expressing wild-type or the Q45A mutant of FtsH, but

the level of HflC was not apparently altered in these strains

(Tables S4 and S5). Therefore, we calculated the ratio of the

imidazole-eluted HflC, HflK’ and full-length HflK to the total

HflC, total HflK’ and total HflK, respectively, in the flow through,

wash, and eluate fractions combined (Figures 5B and S8A). The

results showed that the recovery of HflC and HflK in the eluate

was significantly decreased by the K61A/D62A/S63A and

D62Fmutations but not by the Q45Amutation, strongly suggest-

ing that the K61A/D62A/S63A and D62F mutations impaired the

interaction between FtsH and HflKC (Figures 5B and S8A).

Finally, we examined how the aforementioned FtsH residues

implicated in the formation and/or stabilization of the entire com-

plexwould affect the protease activity of FtsH in vivo. To this end,

we analyzed the degradation of two proteins, CII and SecY, in

strains (Tables S4 and S5) expressing FtsH mutants (K61A/

D62A/S63A, D62F, and Q45A). For the CII in vivo degradation

assay, both CII and FtsH expression were induced in AK525 cells

(the cellular amount of FtsHwas decreased in this strain), and the

stability of CII was examined by pulse-chase experiments. We

found that CII degradation was significantly slower in the strains

expressing the FtsH (K61A/D62A/S63A) and FtsH (D62F)

mutants than in the strain expressing the wild-type FtsH

(Figures 5E and S8B). These findings strongly suggest that these

mutations dramatically affected the FtsH-HflKC interaction given

that similar observations have beenmadewith the deletion of the

periplasmic region of FtsH, which resulted in abolishing complex

formation of FtsH with HflKC (Akiyama et al., 1998). The Q45A

mutation exerted no detectable effect on the degradation of CII

by FtsH (Figures 5E and S8B). This is consistent with the pull-

down assay results as well as our structural data suggesting

that the Q45 residue may only weakly affect the FtsH-HflKC

interaction. We also examined the FtsH-dependent degradation

of the C-terminally His6-Myc-tagged SecY (SecY-His6-Myc).

Expression of SecY-His6-Myc and the mutant variants of FtsH-

His6-Myc were induced in AD1691 (DftsH strain), and the accu-

mulation levels of SecY were examined by immunoblotting
Cell Reports 39, 110890, May 31, 2022 5



Figure 4. The assembly of the FtsH-HflKC complex

(A) The FtsHPD hexamer interacts with the HflKC cage complex. The residues involved in the interaction are labeled and shown in sticks. The secondary-structure

elements of FtsHPD are labeled. The detailed interaction is shown on the right, with the residues labeled.

(B) Interior packing of the four FtsHPD hexamers. The interaction interface is shown, and the involved secondary-structure elements are labeled. The gray mesh

indicates the cryo-EM map.

See also Figures S3, S5–S7, S9, and S11.
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(Figures 5F and S8C). As expected, the results showed that all

the FtsH mutants were almost as active as the wild-type FtsH,

which is in line with our previous results that the defective inter-

action between FtsH and HflKC has little influence on the degra-

dation of SecY (Akiyama et al., 1998). Taken together, our results

indicate that all FtsH mutants retain near-normal SecY degrada-

tion activity, whereas FtsH mutants K61A/D62A/S63A and D62F

showed significantly defective CII degradation activities in vivo.

The results of the pull-down and in vivo degradation assays are

consistent with our structural data, suggesting that K61A/
6 Cell Reports 39, 110890, May 31, 2022
D62A/S63A and D62F mutations would impair the FtsH-HflKC

interaction.

DISCUSSION

The essential role of FtsH in protein degradation involves either

quality control of misfolded/malfunction proteins or conditional

(i.e., under certain stress) proteolysis of unimpaired proteins

(Begg et al., 1992; Kihara et al., 1995; Santos and De Almeida,

1975; Tomoyasu et al., 1993a, 1993b). The HflKC complex



Figure 5. Pull-down and in vivo degradation assays of FtsH

(A) Pull-down assay of FtsH tagged with His6-Myc (FtsH-His6-Myc) wild-type (WT) and mutant (K61A/D62A/S63A, D62F, and Q45A) FtsH were used. Proteins in

input (IP), flow-through (FT), first-wash (W1), second-wash (W2), and eluate (EL) fractions were analyzed by 10% Laemmli SDS-PAGE. Anti-FtsH (a-FtsH) and

anti-HflKC (a-HflKC) antibodies were used for immunoblotting. The open and closed arrowheads in (A), (C), and (F) indicate the C- and N terminally cleaved prod-

ucts of FtsH-His6-Myc, respectively. HflK’ indicates a degradation product of HflK.

(B) Quantification of the FtsH pull-down assay shown in (A). The band intensities of HflC and HflK in all fractions were quantified, and the percentage of the band

intensity in the EL fraction compared with the total band intensity (in FT, W1, W2, and EL fractions) was calculated. The average values of three independent

experiments with standard deviations are shown.

(C) Accumulation of HflKC in the presence of FtsH-His6-Mycmutants. The proteins in the IP fraction shown in (A) were reanalyzed by SDS-PAGE and used instead

anti-Myc (a-Myc) for immunoblotting.

(D) Quantification of the results shown in (C). The band intensities of HflK were quantified, and the average values from three independent experiments with

standard deviations are shown.

(E) FtsH protease activity assay. Degradation of CII by WT and mutant FtsH was analyzed. The cells were pulse labeled with [35S] methionine for 30 s followed by

chasing with an excess amount of unlabeled methionine for 0.5, 5, 10, 20, and 40 min.

(F) FtsH protease activity assay. The degradation of SecY by WT and mutant FtsH was analyzed. Proteins were analyzed by 10% SDS-PAGE and a-Myc

immunoblotting to visualize FtsH-His6-Myc and its mutants as well as SecY-His6-Myc.

See also Figure S8 and Tables S4 and S5.
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interacts with FtsH to finely modulate its proteolytic activity.

However, the entire architecture remains a long-standing mys-

tery. Here, we determined the structure of a nearly intact FtsH-

HflKC complex, which exhibits a bell-shaped cage (Figure 1A).

Our structure identified that the b2-b3-turn loop from two adja-

cent subunits of FtsHPD dominantly interacts with 2 HflK subunits

separated by one HflC molecule (Figure 4A). Our functional data

further demonstrate that the b2-b3-turn loops (residues K61,

D62, and S63) of the periplasmic domain of FtsH are essential

for the assembly of the entire FtsH-HflKC complex based on

mutagenesis with pull-down assays and in vivo proteolytic activ-

ity assays (Figure 5). These findings are in linewith those of a pre-

vious report that the truncation of the periplasmic domain of FtsH

greatly decreased its proteolytic activity against CII but had little

effect on its activity against SecY (Akiyama et al., 1998). Com-

parison of our structure with a recently published one showed

that, overall, they are consistent for HflKC assembly and the

interaction interface between the FtsHPD hexamer and the

cage complex HflKC (Figure S9). Note that our structure is addi-

tionally presented with cytoplasmic domains of FtsH (both ATP-

binding and proteolytic domains, including ligands such as

AMPPNP and metal ions Mg2+ and Zn2+ at the active site), which

was determined at �3.3 Å resolution (Figure 3). Moreover, the

2nd transmembrane helix region of FtsH, with 6 helices of FtsH

hexamer forming a cylinder-shaped barrel, was illustrated in

our structure (Figures 3 and S9). To facilitate a better under-

standing of our structure, we generated a short movie to demon-

strate the assembly of the FtsH-HflKC complex and its structural

features (Video S1).

Recently, a total of 21 proteins in E. coli were identified as

FtsH substrates, including diverse membrane proteins and

cytosolic proteins (Bittner et al., 2017). How is the substrate

specificity (particularly for membrane proteins and cytosolic

proteins), as well as conditional protease activity, regulated?

We have reported previously that in DhflKC cells or cells ex-

pressing an FtsH mutant defective in the interaction with

HflKC, the degradation of soluble substrates such as CII is

retarded (Akiyama et al., 1998). In contrast, degradation of

SecY24 (a SecY mutant defective in interaction with SecE,

another component of the translocon) is significantly acceler-

ated in the absence of HflKC (Kihara et al., 1996). Additionally,

the hflK13 and hflC9 mutations as well as YccA11, a mutant

form of membrane substrate YccA, interferes with the degrada-

tion of membrane substrates but little affects that of soluble

substrates. Thus, we proposed a model in which FtsH-associ-

ated HflKC acts as a regulator to negatively modulate FtsH ac-

tivity to degrademembrane substrates (Ito and Akiyama, 2005).

It has been suggested that the absence of HflKC might affect

the degradation of cytoplasmic substrates, as under this condi-

tion, FtsH is exposed more to membrane substrates. Our struc-

ture matches this proposal, as the membrane and periplasmic

regions of FtsH are shielded by HflKC molecules to prevent

FtsH from degrading normal functional membrane proteins.

HflKC also seems to act in a stable association with mem-

brane substrates once it is directed to FtsH, as we have previ-

ously shown that YccA11 can be cross-linked with FtsH/HflKC

in a HflKC-dependent manner in vivo (Kihara et al., 1998). An

in vitro study with purified proteins demonstrated that HflKC
8 Cell Reports 39, 110890, May 31, 2022
has a YccA-binding ability in the absence of FtsH (Kihara

et al., 1998). It is thus possible that HflKC can function as an

adaptor to bind and present substrates to FtsH. Apart from

the HflK Q347-E419 region, two more regions are disordered

and not modeled in our structure, which are HflC G158-I193

and HflK M1-Q75. These two disordered regions could be

involved in membrane and cytosolic protein specificity recogni-

tion and recruitment directly or indirectly to FtsH. Moreover,

there is a central pore (�18 Å in diameter) at the cage cap

formed by HflKC (specifically HflK) (Figure 1B). The resolution

of the pore region is not high enough to clearly model all the

side chains, which does not allow us to interpret this pore’s sur-

face property unambiguously. Nevertheless, it appears to be

amphipathic. Interestingly, a pathway �18 Å in diameter is

also formed by the enclosed FtsHPD hexamer followed by the

FtsHTM (Figures 1B and 3A). Superposition of the substrate-

bound human m-AAA protease AFG3L2 (Puchades et al.,

2019) to the present complex reveals that the substrate is

perfectly oriented toward this pore (Figure 3). Note that the

dimensions of the pore observed in our structure are in a similar

range to the nascent polypeptide exit channel in the ribosome

(Feng et al., 2013; Su et al., 2018), which enables unfolded poly-

peptide to go through, although it is unclear if the specificity of

such polypeptide is required or not for FtsH. Therefore, HflKC

likely modulates an alternative pathway for the substrates

and/or matrix substance to access from the periplasmic side,

in addition to access from the cytoplasmic side (Figure S10).

The pore of the cap HflKC appears to be quite far to that of

the FtsHCD, with a distance of �200 Å, and there is no report

on a periplasmic protein substrate of FtsH-HflKC, so further

study is required to investigate this proposed pathway. Never-

theless, the present structure of the entire FtsH holoenzyme rai-

ses an interesting possibility of its novel cellular role in periplas-

mic protein quality control. Overall, the HflKC complex has a

microcompartment effect on FtsH, eventually regulating FtsH

activity. Indeed, it was reported that HflKC has no influence

on both the activity and specificity of FtsH in vitro, which

perhaps correlates with this microcompartment effect

(Akiyama et al., 1998).

SPFH-domain-containing proteins are universally conserved

from bacteria to humans. HflK and HflC are members of this pro-

tein family, and other SPFH proteins could also form such cage-

like structures (Daumke and Lewin, 2022). For example, an even

larger cage structure has been reported for a rat liver vault,

although its cellular function is unclear (Tanaka et al., 2009).

These SPFH proteins forming a cage would be of great interest

for future studies to determine the precise function of this

intriguing structure, particularly the prohibitin complex that

interacts with the human m-AAA protease AFG3L2 to regulate

its activity. Considering the similar domain organization between

E. coli FtsH-HflKC and the human AFG3L2-prohibitin complex, it

is plausible that the human AFG3L2-prohibitin complex assem-

bles similarly to our FtsH-HflKC complex. Indeed, the nuclear

magnetic resonance (NMR) structure of the human m-AAA

protease AFG3L2 periplasmic domain aligns well with FtsHPD

(Ramelot et al., 2013). Furthermore, the model predicted by

Alphafold2 of the PHB domain of human prohibitin 1 also aligns

well with HflK, enabling us to generate a model to demonstrate
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how AFG3L2 and prohibitin likely assemble into a functional

complex (Jumper et al., 2021) (Figure S11). Given that the pro-

hibitin complex has been implicated in various functions and

that its dysfunction is directly linked to diseases (Back et al.,

2002; Nijtmans et al., 2002), our findings offer structural informa-

tion to better understand the pathogenesis of these aging-asso-

ciated diseases.

Limitations of the study
The overall resolution of FtsH-HflKC is a bit low (�6.8 Å), possibly

because the FtsHCD is flexibly tethered to the membrane. More-

over, the FtsH-HflKC complex was chemically cross-linked to

achieve a more stable state; the reported AMPPNP-bound

FtsHCD structure with C6 symmetry imposed could differ from

its physiologically catalytic state. Therefore, how FtsH recog-

nizes and degrades its protein substrates is still unclear.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-Myc antibody Santa Cruz Biotechnology Cat# 9E10; RRID:AB_2857941

anti-FtsH antibody (Kihara et al., 1996) N.A

anti-HflKC (Kihara et al., 1998) N.A

Goat Anti-Rabbit IgG(H + L)-HRP Conjugate Bio-Rad Cat# 170-6515; RRID:AB_11125142

Goat Anti-Mouse IgG(H + L)-HRP Conjugate Bio-Rad Cat# 170-6516; RRID:AB_11125547

Bacterial and virus strains

E. coli strains are listed in Table S4 This study N/A

Chemicals, peptides, and recombinant proteins

HEPES Bio Basic Cat# HB0264

Tris Base Promega Cat# H5133

Sodium Chloride 1st Base Cat# 1111

Imidazole Bio Basic Cat# IB0277

Magnesium chloride Sigma Cat# M2670

Zinc chloride Sigma Cat# 96468

Sucrose Sigma Cat# S0389

Glutaraldehyde Sigma Cat# G5882

AMPPNP Sigma Cat# 10102547001

Nickel-NTA agarose GE Healthcare Cat# 17526802

Ampicillin Sodium Goldbio Cat# A-301-50

Kanamycin monosulfate Goldbio Cat# K-120-50

AmershamTM ECLTM Western Blotting

Detection Reagents

Cytiva Cat# RPN2106

AmershamTM Prime ECLTM Western Blotting

Detection Reagents

Cytiva Cat# RPN2236

PrimeSTAR MAX DNA Polymerase Takara Cat# R045A

isopropyl-b-D-thiogalactopyranoside (IPTG) Wako Cat# 097-05014

Adenosine-30,50-cyclic monophosphate Sodium Salt Nacalai Tesque Cat# 02289-16

Methionine, L-[35S], translation grade ARC Cat# ARS0104A

Nonidet P-40, nuclease tested Nacalai Tesque Cat# 23640-65

Critical commercial assays

ATPase/GTPase Activity Assay Kit Sigma Cat# MAK113

Universal Protease Substrate Kit Roche Cat# 11734334001

Deposited data

FtsH-HflKC This paper EMD-32522

FtsHPD+TM-HflKC This paper PDB: 7WI3; EMD-32520

FtsHPD+TM This paper EMD-25233

FtsH This paper EMD-32524

FtsHCD This paper PDB: 7WI4; EMD-32521

Recombinant DNA

pRSFDuet-1-HflC-HflK Novagen pRSFDuet-1 Vector

pET-28a-FtsH Novagen pET-28a (+) Vector

Other plasmids are listed in Table S5 This study N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

SerialEM (Mastronarde, 2005) http://bio3d.colorado.edu/SerialEM/

Relion3.1 (Scheres, 2012) https://www3.mrc-lmb.cam.ac.uk/

relion/index.php/Main_Page

Phenix (Adams et al., 2010) https://www.phenix-online.org

PyMOL (DeLano, 2002) https://github.com/schrodinger/pymol-open-source

DeepEMhancer (Sanchez-Garcia et al., 2021) https://github.com/rsanchezgarc/

deepEMhancer

UCSF Chimera (Pettersen et al., 2004) https://www.cgl.ucsf.edu/chimera/

UCSF Chimera X (Pettersen et al., 2021) https://www.cgl.ucsf.edu/chimerax/

COOT (Emsley et al., 2010) https://www2.mrc-lmb.cam.ac.uk/

personal/pemsley/coot

GraphPad Prism GraphPad Prism Software, Inc. N/A

Multi Gauge Cytiva N/A

Other

Quantifoil R 1.2/1.3 Au 400 Mesh Electron Microscopy Sciences Cat# Q4100AR1.3

Immobilon-P membrane filter Merck Millipore Cat# IPVH00010
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Yong-Gui

Gao (ygao@ntu.edu.sg).

Materials availability
All materials generated in this study will be made available on request by the Lead Contact.

Data and code availability
d Cryo-EM maps and atomic coordinates of FtsHPD+TM-HflKC have been deposited in the EMDB and PDB under ID codes

EMDB: EMD-32520 and PDB: 7WI3; Cryo-EM maps and atomic coordinates of FtsHCD have been deposited in the EMDB

and PDB under ID codes EMDB: EMD-32521 and PDB: 7WI4. Cryo-EM maps of entire FtsH-HflKC, FtsHPD+TM, and FtsH

have been deposited in the EMDB under codes EMDB: EMD-32522, EMD-32523, and EMD-32524, respectively.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

The Escherichia coli strains used in the functional studies were Escherichia coli K12 derivatives (Table S4) (Akiyama et al., 1994;

Kihara et al., 1995, 1998; Silhavy et al., 1984; Shimohata et al., 2002). The detailed information of E. coli strains used in this research

are listed in Table S4. The cells were grown in M9-based medium at 37�C for the pulse-chase assay, or in LB medium (10 g/L Bacto

tryptone, 5 g/L yeast extract, and 5 g/L NaCl; pH adjusted to 7.2 with NaOH) at 37�C for the immunoblotting and pull-down assay.

E. coli strain C41 was used for FtsH-HflKC protein complex expression and purification. The cells were cultured in 2xYT medium

(16 g/L tryptone, 10 g/L yeast extract, and 5 g/L NaCl).

METHOD DETAILS

Cloning and site-directed mutagenesis
E. coli K12 strain full-length HflC (1–334) and HflK (1–419) were cloned into the pRSFDuet-1 vector, and the full-length FtsH was

cloned into the pET28-a vector introducing a C-terminal non-cleavable hexahistidine tag. The constructs were verified by DNA

sequencing. Mutagenesis was carried out using a quick-change mutagenesis kit. For in vivo assays, the plasmid pYK352 was con-

structed by replacing the codons for K61, D62, and S63 with an Ala codon (GCA, GCT, or GCT, respectively) in ftsH-his6-myc on

pSTD233 by site-directed mutagenesis. pYK354 and pYK357 were constructed by replacing the codons for D62 or Q45 with an
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F62 (TTC) or A45 (GCG) codon, respectively, in ftsH-his6-myc on pSTD233 by site-directed mutagenesis. The plasmid pHM1530was

constructed by cloning a NcoI/HindIII fragment of pNA3 (secY-his6-myc) into a derivative of pSTV28 with a NcoI site at the lacZa initi-

ation codon. All plasmids used in this study were listed in Table S5 (Akiyama et al., 1998; Mori et al., 2003).

Media
L broth (10 g/L Bacto tryptone, 5 g/L yeast extract, and 5 g/L NaCl; pH adjusted to 7.2 with NaOH) and M9 medium (without CaCl2)

(Miller, 1972) supplemented with 2 mg/mL thiamine and 0.4% glucose were used for cultivation of E. coli cells. Ampicillin (50 mg/mL)

and/or chloramphenicol (20 mg/mL) were added for selecting transformants and for growing plasmid-harboring cells. Bacterial

growth was monitored using a miniphoto 518R (660 nm; TAITEC) device or Klett-Summerson colorimeter (filter No. 54; Klett

Manufacturing).

Immunoblotting
Cells were grown, and the total cellular proteins were precipitated with 5% trichloroacetic acid, washed with acetone, and dissolved

in SDS sample buffer. Immunoblotting was carried out essentially as described previously (Yokoyama et al., 2021). Proteins were

separated by SDS–PAGE and electroblotted onto an Immobilon-P membrane filter (Millipore Sigma). After blocking, the filter was

incubated with an appropriate antibody. Monoclonal anti-Myc antibody (c-Myc (9E10), Santa Cruz Biotechnology), rabbit polyclonal

anti-FtsH antibody (Kihara et al., 1996), and anti-HflKC antibody (Kihara et al., 1998) were used for immunoblotting. For anti-HflKC

immunoblotting, anti-HflKC antibodies were preincubated with whole-cell lysates of AK1136 (the DhflKC strain) at 4�C for 1 h to

reduce the background. The filter was then washed and incubated with goat anti-mouse or anti-rabbit IgG conjugated with horse-

radish peroxide (Bio–Rad). After washing the filter, proteins that reacted with secondary antibodies were visualized using ECL or ECL

Prime Western blotting Detection Reagents (Cytiva) and a mini LAS4000 Bio image analyzer (Cytiva) or an LAS3000 (Cytiva)

instrument.

Pulse-chase experiment
Pulse-chase analysis of CII degradation was conducted according to a procedure described previously (Akiyama et al., 1998). The

cells were grown at 37�C in M9-based medium for 1.5 h until the early log phase, induced with 1 mM IPTG and 1 mM cAMP for 1 h,

and then pulse labeled with [35S] methionine for 30 s, followed by chasing with an excess amount of unlabeled methionine for 0.5/5/

10/20/40 min. The proteins of a fixed total radioactivity were separated by the modified Laemmli system with 15% polyacrylamide

and 0.12%N,N0-methylene-bis-acrylamide gel and visualized for quantification using phosphor imager BAS5000 (Cytiva). Intensities

associated with the CII bands were determined and normalized to the value for 30 s chase sample.

Pull-down assay
AD1691 cells (the background of this strain is AD16) expressing FtsH-His6-Myc or its mutants were harvested, washed with 10 mM

Tris-HCl (pH 8.1), and resuspended in 20% sucrose and 30 mM Tris-HCl (pH 8.1), followed by the addition of 1/10 volume of 1 g/L

lysozyme dissolved in 0.1 M EDTA (pH 7.0) and incubated for 1 h on ice. Centrifugation at 26,0003 g for 10 min yielded supernatants

and pellets. The cells of AD16 derivatives were lysed by this treatment, and the pellets contained crudemembranes (Akiyama and Ito,

1985; Shimoike et al., 1995). The pellets were solubilized by incubation in buffer A (50 mM Tris-HCl (pH 8.1), 200 mM KCl, 10 mM

imidazole, 10% glycerol, 0.5% Nonidet P-40, and 10 mM 2-mercaptoethanol) at 4�C for 1 h with rotation. After removal of insoluble

materials by centrifugation, proteins were incubated with Ni-NTA agarose (Qiagen) at 4�C for 1 h with rotation, washed twice with

buffer B (10 mM Tris-HCl (pH 8.1), 500 mM KCl, 20 mM imidazole, 10% glycerol, and 0.5% Nonidet P-40) and eluted with buffer

C (50 mM Tris-HCl (pH 8.1), 300 mM KCl, 500 mM imidazole, 10% glycerol, 0.5% Nonidet P-40, and 10 mM 2-mercaptoethanol).

All the fractions were mixed with 1/5 volume of 5x SDS sample buffer (312.5 mM Tris-HCl (pH 6.8), 10% (w/v) SDS, 50% glycerol,

and trace of bromophenol blue) and 1/10 volume of 2-mercaptoethanol to yield SDS–PAGE samples.

Protein expression and purification
The two plasmids pRSFDuet-1-HflC-HflK and pOPT-Chis-FtsH were cotransformed into E. coli C41 for protein expression. A single

colony was selected and cultured in 2xYT media, and protein expression was induced by adding a final concentration of 0.2 mM

IPTG. Bacteria were grown at 37�C for 4 h. Cells were harvested by centrifugation at 4,0003 g for 10 min. The cell pellet was resus-

pended in buffer (20 mM Tris (pH 7.5) and 150 mMNaCl). Bacteria were lysed by sonication and centrifuged at 10,0003 g for 10 min

to remove the cell debris as well as the unbroken cells. The supernatant was loaded for ultracentrifugation at 150, 000 x g (Beckman,

USA, Ti45) for 40 min. The membrane was resuspended in buffer (20 mM Tris (pH 7.5), 150 mM NaCl, 10% glycerol, and 1% DDM)

and incubated in a cold room for 1 h. Then, the solubilized membrane protein was collected via centrifugation at 150, 000 x g (Beck-

man, USA, Ti45) for 30 min. The supernatant was collected and incubated with preequilibrated nickel-NTA beads in a cold room for 1

h. The FtsH-HflKC complex was purified by gravity column after extensive washing and subsequent elution with 20 mM Tris (pH 7.5),

150 mM NaCl, 0.02% GDN, and 200 mM imidazole. The FtsH-HflKC complex was concentrated using a 100 kDa cutoff MWCO

concentrator (Millipore) and loaded onto a Superose 6 10/30 gel filtration column (GE Healthcare) preequilibrated with buffer

(20 mMHEPES (pH 7.5), 150mMNaCl, and 0.02%GDN). The fractions containing the target proteins were pooled and concentrated

to 2 mg/mL.
e3 Cell Reports 39, 110890, May 31, 2022
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Crosslinking of the FtsH-HflKC complex
For the Grafix gradient (Kastner et al., 2008), two buffer solutions were prepared separately based on the buffer (20 mM HEPES,

pH 7.5, 100 mM NaCl, and 0.02% GDN): the top buffer contained 15% sucrose, and the bottom buffer contained 45% sucrose

as well as 0.1% glutaraldehyde (GA). First, 2.2 mL of top solution was added to a 4.4 mL centrifuge tube (Beckman, USA), and

the bottom solution was carefully injected by a blunt-end syringe into the bottom of the centrifuge tube. A continuous gradient

was formed by executing the standard 15–45% sucrose gradient program in Gradient Master 108 (Biocomp). The gradients

were cooled to 4�C, 100 mL of FtsH-HflKC complex (1 mg/mL) was loaded on the top of the gradient and then subjected to

ultracentrifugation at 100, 000 x g (SW60, Beckman, USA) for 16 h at 4�C. Following ultracentrifugation, a peristaltic pump

was used at 4�C for fractionation starting from the bottom of the tube with three drops per fraction. All fractions were subjected

to SDS–PAGE analysis.

In vitro ATPase and protease assays of the FtsH-HflKC complex
ATPase activities were measured using the ATPase/GTPase Activity Assay Kit (MAK-113, Sigma–Aldrich) according to the

manufacturer’s instructions. Briefly, purified FtsH-HflKC was diluted to 0.1 to 0.5 mmol/L with assay buffer (20 mM HEPES

(pH 7.5), 150 mM NaCl, 5 mM MgCl2, and 0.02% GDN) with a final concentration of 0.2 mM ATP. Then, 20 mL of the reaction

mixture containing the diluted protein was incubated for 30 min at room temperature. Then, 100 mL of malachite green reagent

was added to each reaction well and incubated for 30 min. Triplicate measurements were carried out. Afterward, the absorbance

at 620 nm was measured, which is proportional to the enzyme activity present. FtsH-HflKC protease activity was assessed using a

resorufin-labeled casein kit (Sigma–Aldrich). FtsH-HflKC (0.5 mM) was incubated with 50 mM resorufin-labeled casein in (20 mM

HEPES (pH 7.5), 150 mM NaCl, 5 mM MgCl2, 50 mM ZnCl 2 0.02% GDN, and 2 mM ATP) at 37�C. Triplicate measurements

were carried out. The reaction rates were measured at 5 min, 10 min, 15 min, and 30 min. Then, 50 mL of 5% trichloroacetic

acid was added and incubated at 37�C for 10 min. Proteins were precipitated at 20,000 3 g for 10 min, and 60 mL from the

supernatant was mixed with 30 mL of 1.5 M Tris-HCl (pH 8.8) and then added to a 96-well transparent plate. The OD574nm was

immediately measured using a plate reader (TECAN).

Negative staining electron microscopy
Suitable fractions from Grafix were diluted 3 times in buffer: 20 mM HEPES pH 7.5, 100 mM NaCl, and 0.02% GDN. Continuous

carbon film-coated 200-mesh copper grids (Electron Microscopy Sciences, CF200-CU) were glow discharged for 35 s, and 4 mL

of protein at a concentration of 0.04 mg/mL was applied to the grids. After 1 min of incubation, the protein was blotted away by filter

paper (Whatman). Then, 4 mL of 2% uranyl acetate was immediately added to the grid, incubated for 1 min, and gently blotted away

with filter paper. The grids were air-dried for 10 min before they were loaded into an FEI Tecnai T12 instrument equipped with a 4K

Eagle charge-coupled device (CCD) camera. Imageswere collected at 49,000 nominalmagnificationswith a pixel size of 2.11 Å/pixel.

Micrographs were collected at an electron dose of approximately 20 e�/Å2.

Cryo-EM
Suitable fractions from Grafix were collected, and the buffer was exchanged to final buffer (20 mM HEPES (pH 7.5), 100 mM NaCl,

and 0.02% GDN) by a 5 mL HiTrap Desalting column (GE Healthcare) to remove the sucrose. The Quantifoil AU 1.2/1.3 grids coated

with graphene were glow-discharged for 10 s before mounting to Vitrobot tweezers. The blotting was performed at 4�C with 100%

humidity. The blotting protocol was as follows: 1 s blot time, 1 blot force, 10 s waiting time, 1 blot total, and 0 s drain time. A total of

4 mL of protein sample at a concentration of 0.6mg/mLwas applied to the cryo-EM grids, immersed into a liquid ethane container and

carefully transferred to a grid box in liquid nitrogen. The datasets were collected on a Titan Krios (Thermo Fisher Scientific, USA)

300 kV electronmicroscope equippedwith aGIF Quantum energy filter and a K3 direct electron detector (Gatan, USA) with a defocus

range between�1 and�2 mmunder superresolutionmodewith a pixel size of 0.428 Å by SerialEM (Mastronarde, 2005). Movies were

acquired via SerialEM employing a 9-hole beam-image shift acquisition mode in 50 frames.

Micrographs were imported to Relion 3.1 for beam-inducedmotion correction byMotionCor 2.1 (Scheres, 2012). CTFFind 4.1 was

used to estimate the contrast transfer function (CTF) parameters (Rohou andGrigorieff, 2015). Micrographs with estimated resolution

higher than 6 Å were selected for subsequent processing. Particles were autopicked via the Laplacian of Gaussian method in Relion

3.1 and extracted with box size 128 and pixel size 3.432 Å. All the extracted particles were subjected to 2 rounds of reference-free 2D

classification. The good classes with clear protein feathers were selected and used for initial model building and two rounds of 3D

classification. Only the models that clearly showed four FtsH hexamers were selected as good particles and reextracted to box size

320 and pixel size 1.372 Å. The reextracted particles were used for 3D-autorefine and resulted in the construction of an �7 Å map.

Since the FtsH-HflKC complex is too dynamic, subregion subtraction and focused 3D classification were used to improve the

subregion resolution. Based on consensus refinement, the entire periplasm and transmembrane region (FtsHPD+TM-HflKC), the

FtsH full-length hexamer, FtsH hexamer without the cytosolic domain (FtsHPD+TM), and FtsH cytosolic domain hexamer (FtsHCD),

were extracted individually and subjected to focused 3-D classification, autorefinement, and CTF refinement. Soft masks were

generated in Relion 3.1 accordingly. The resolutions of the resulting maps for FtsHPD+TM-HflKC, full-length FtsH, FtsHPD+TM, and

FtsHCD reached 4.0 Å, 6.1 Å, 6.5 Å, and 3.3 Å, respectively, with symmetry (C4, C1, C1, and C6) imposed, respectively. The resolution

estimations were based on gold-standard Fourier shell correlation (FSC) = 0.143 criterion in Relion 3.1. The reconstructed EM maps
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were density-modified by DeepEMhancer for illustration purpose (Sanchez-Garcia et al., 2021). The FtsHPD+TM-HflKCmap was used

for ab initio model building in Phenix Suite (Adams et al., 2010). The crystal structure of E. coli FtsHPD (PDB ID: 4V0B) was manually

fitted into the FtsHPD+TM-HflKCmap. The crystal structure of Thermotogamaritima FtsH (PDB ID: 3KDS) was used as the initial model

and later manually corrected to the FtsHCD map to obtain the FtsHCD model. The predicted FtsHTM hexamer from Alphafold 2 was

manually fitted to the FtsHPD+TM map (Jumper et al., 2021). Models of FtsHPD+TM-HflKC and FtsHCD were subjected to the Phenix

real-space refinement and manually adjusted by COOT (Adams et al., 2010; Emsley et al., 2010). All the structure-related figures

and movies were prepared by PyMol, Chimera, and ChimeraX (DeLano, 2002; Pettersen et al., 2004, 2021).
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