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Membrane-embedded FtsH proteases play important and diverse physiological roles in prokaryotes, chloroplasts
and mitochondria, but how substrates are distinguished remains unclear. The cyanobacterium Synechocystis sp.
PCC 6803 contains four FtsH homologs organized into two distinct heterocomplexes and one homocomplex. The
two heterocomplexes, derived from a recent gene duplication event, are the essential FtsH1/3 complex found in
the cytoplasmic membrane, and the thylakoid-embedded FtsH2/3 complex, with a role in the repair of photo-
damaged photosystem II. Using a domain swapping approach, we demonstrate here that the transmembrane
domains of FtsH1 and FtsH2 are primary determinants of the cellular location and functional differences between
the FtsH1/3 and FtsH2/3 complexes, whereas the soluble AAA+ (ATPases associated with diverse cellular ac-
tivities) and protease domains and the soluble linker were largely interchangeable under the conditions tested.
Overall, our findings identify the transmembrane domain as an important determinant of both the location and
substrate specificity of FtsH heterocomplexes and support a role for this domain in their functional evolution.

1. Introduction counterparts from the adjacent protomers [3-5]. In organisms with

multiple FtsH homologs, different homologs form distinctive hetero-

FtsH proteases are ubiquitous membrane-anchored, ATP-dependent
metalloproteases with diverse roles in cellular function. Many FtsH
isoforms selectively degrade membrane and soluble proteins and have
specialized functions in regulating photosynthesis, respiration and
cellular differentiation in mammals and plants [1].

A typical FtsH molecule comprises three domains: an N-terminal
transmembrane domain serving as a membrane anchor, followed by an
AAA-+ (ATPases associated with diverse cellular activities) domain that
enables substrate translocation into the complex via ATP hydrolysis, and
a C-terminal zinc-binding M41 domain that cleaves substrates into
peptides [2,3]. Structural studies show that FtsH subunits assemble into
hexameric complexes in the membrane, with each domain flanked by its
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complexes with specialized functions [6-9].

Although the proteolytic mechanism of FtsH complexes is considered
highly conserved, how FtsH homologs distinguish between substrates
remains elusive [1]. The conserved Phe-Val-Gly (FVG) motif aligned at
the center of the AAA+ ring is the primary contact point to feed sub-
strates into the AAA+ chamber. The unfolded peptide chain then rea-
ches the M41 peptidase site to be cleaved into short peptides [3,4]. The
geometry of the opening through which substrates reach the FVG motif
has been implicated in substrate access [5,10,11]. This geometry may be
influenced by the properties of the membrane and AAA+ domain sur-
faces [12-15], and linker properties can modulate conformational
flexibility and substrate processing [10,11].
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In the model cyanobacterium Synechocystis sp. PCC 6803 (hereafter
Syn6803), the four encoded FtsH homologs form two heterocomplexes
(FtsH1/3, FtsH2/3) and one homocomplex (FtsH4) with different sub-
strate specificities [8,16]. Notably, the FtsH1/3 complex located in the
cytoplasmic membrane degrades the soluble Ferric Uptake Regulator
(Fur), involved in iron stress responses [17,18] and the FtsH2/3 com-
plex, located in the internal thylakoid membrane, degrades damaged D1
protein during photosystem II (PSII) repair and the soluble
glucosylglycerol-phosphate synthase (GgpS) involved in osmoprotection
[8,19,20]. The FtsH4 homocomplex, also in the thylakoid membrane,
degrades high light-inducible proteins (Hlips) and PSI-related proteins
[21,22]. Mutational studies have shown that FtsH1 and FtsH3 are
essential for cell viability [23] whereas loss of FtsH2 impairs photoau-
totrophic growth but enhances resistance to osmotic stress [20,24], and
FtsH4 disruption increases sensitivity to high-light and low-temperature
stresses [16].

Phylogenetic analyses have shown that FtsH1 and FtsH2 arose via
gene duplication and are the most recently diverged FtsH homologs
[25]. In this study, we used a domain swapping approach to identify the
structural features in FtsH1 and FtsH2 that are important for their
different substrate specificities and membrane locations. Our data show
that the transmembrane domain is a primary determinant of these dif-
ferences, while swapping the linker, AAA+ and protease domains had
little detectable effect on the FtsH2-dependent phenotypes tested here.
Overall, our results highlight the importance of the transmembrane
domain for the functional divergence of FtsH heterocomplexes in
cyanobacteria.

2. Materials and methods
2.1. Strains and growth conditions

The glucose-tolerant GT-P substrain of Syn6803 was used as the wild-
type (WT) background. All other strains used in this study were derived
from this background as described below. Unless otherwise specified,
strains were maintained at 30 °C under continuous illumination (20 pE
m~2 s7!) in BG11 medium supplemented with 5 mM glucose. Liquid
medium contained 5 mM TES-KOH (pH 8.2), whereas solid medium
contained 10 mM TES-KOH (pH 8.2), 1.5% (w/v) agar, and 0.3% (w/v)
sodium thiosulfate. Liquid cultures were grown in 250 mL or 1 L
Erlenmeyer flasks shaken at 220 rpm. When required, BG11 medium
was supplemented with the iron chelator deferoxamine (DFB), maltose,
or lincomycin at the concentrations specified in the relevant sections.

2.2. Construction of FtsH mutant strains

In Syn6803, the four FtsH homologs, FtsH1-FtsH4, correspond to the
locus tags slr1390, slr0228, slr1604, and sll1463, respectively. Four
categories of Syn6803 mutant strains targeting ftsH1 and/or ftsH2 loci
were generated in this study: (i) an ftsH2 knockout strain (AftsH2), (ii)
chimeric FtsH strains, (iii) GFP-labeled strains for membrane localiza-
tion studies, and (iv) ftsH1 knockout strains (AftsH1) in selected com-
plemented backgrounds. Our method parallels established plasmid-
based genome-editing approaches in Syn6803 [26], with modifications
that enabled domain-swapped constructs following deletion of ftsH2,
thereby generating markerless mutants expressing chimeric FtsH
proteins.

All plasmid constructs were generated using the pVB backbone
(2531 bp), derived from pRSET-A. Flanking regions (~445 bp upstream
and ~ 555 bp downstream) of each target locus, as well as FtsH domain
fragments described below, were PCR-amplified from WT genomic DNA
using primers incorporating BsmBI, Bsal, or BspMI restriction sites. A
complete primer list is provided in Table S3. Genomic DNA was
extracted using a bacterial/fungal DNA extraction kit (Zymo Research,
USA). PCR amplifications were performed with Q5 High-Fidelity DNA
Polymerase (New England Biolabs, USA; hereafter NEB). PCR products
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and assembled plasmids were purified using commercial kits (Promega,
USA; Omega Bio-Tek, USA) and verified by Sanger sequencing.

To generate the AftsH2 mutant, the upstream and downstream
flanking regions of the ftsH2 locus were cloned into the pVB vector using
BspMI restriction sites. An EcoRV site introduced between the two
flanking regions enabled insertion of a kanamycin-sacB cassette,
allowing antibiotic selection followed by sucrose-based counterselection
(Fig. S8).

To investigate domain interchangeability, a series of chimeric FtsH
strains was constructed in the AftsH2 background (Fig. S8). FtsH domain
fragments were amplified using primers incorporating BsmBI restriction
sites. A codon-optimized 3 x FLAG tag was generated by annealing
complementary oligonucleotides. The amplified fragments and 3 x
FLAG tag were then assembled into various domain-swapped combi-
nations in the pVB backbone carrying the ftsH2 flanking regions, using a
single-step, multi-fragment Golden Gate assembly protocol (NEB).

Chimeric strain names were assigned according to domain origin.
The leading numeral 2 indicates an FtsH2-derived construct expressed
from the ftsH2 locus, whereas T, L, A, and P denote the transmembrane,
linker, AAA+, and protease domains, respectively. The number
following each domain letter indicates the FtsH homolog from which
that domain was derived; for example, strain 2A1 contains the AAA+
ATPase domain of FtsH1 in place of the corresponding domain of FtsH2.
Detailed strain nomenclature and genotypes are provided in Table S1.

For localization analyses, the 3 x FLAG tag was replaced with a
flexible glycine-serine linker (GGGGS) fused to superfolder GFP. These
constructs carried either full-length FtsH-GFP fusions or domain-
swapped FtsH-GFP variants. This strategy was conceptually similar to
previously described FtsH-GFP fusions [27], with additional domain
swaps to test effects on subcellular localization.

Because deletion of native ftsH1 is not possible in WT cells [23],
AftsH1 strains were generated only in backgrounds expressing chimeric
or alternative FtsH proteins from the ftsH2 locus. To generate AftsHI1
strains, homologous regions upstream (~445 bp) and downstream
(~555 bp) of ftsH1 were amplified with Bsal sites. These fragments,
flanking a chloramphenicol-sacB cassette, were assembled into the pVB
vector to produce the AftsH1 plasmid.

All constructs were introduced by natural transformation. AftsH2
and AftsH1 strains were selected on kanamycin (50 pg-mL 1) or chlor-
amphenicol (30 pg-mL™1), respectively. Markerless 3 x FLAG- or GFP-
tagged strains were recovered by 5% (w/v) sucrose counterselection.
For AftsH1 strains, successful knockout was further confirmed by PCR
after prolonged (>4 months) growth without selective pressure, and the
absence of the FtsH1 protein was validated by immunoblotting.

2.3. Cell absorption spectra and chlorophyll quantification

Whole-cell absorption spectra were recorded at room temperature
with a UV-3000 spectrophotometer (Shimadzu, Japan). For chlorophyll
measurements, pigments were extracted from pelleted cells with abso-
lute methanol, and chlorophyll concentrations were determined as
described previously [28].

2.4. Preparation of crude membranes

Harvested cells were flash-frozen in liquid nitrogen and stored at
—80 °C. Cell pellets were washed and resuspended in ice-cold KPN
buffer containing 40 mM potassium phosphate (pH 8.0), 100 mM NacCl,
1.4 mM p-mercaptoethanol, and EDTA-free Enhanced Protease Inhibitor
Cocktail (Proteintech, USA). Cells were disrupted for 10 min using a
bead mill (TissueLyser II, QIAGEN, Germany) by mixing equal volumes
of cell suspension and beads composed of a 1:1 (v/v) mixture of 0.1-mm
glass beads (Sigma-Aldrich, USA) and 0.1-mm zirconium oxide beads
(Servicebio, China). Crude membranes were isolated by centrifugation
at 21,000 xg for 30 min at 4 °C and resuspended in fresh KPN buffer
containing protease inhibitors. The chlorophyll concentration of the
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resuspended membranes was measured spectrophotometrically, and
samples were adjusted to 1 pg chlorophyll pL~! and stored at —80 °C
until use.

2.5. Isolation of FLAG-tagged FtsH proteins

FLAG-tagged FtsH chimeric proteins were isolated from 100 pL crude
membrane fractions (1 pg chlorophyll pL™!) prepared as described
above. Membrane fractions were solubilized with 1% (w/v) n-dodecyl
B-D-maltoside (DDM) for 30 min at 4 °C and clarified by centrifugation
at 21,000 xg for 30 min. The clarified supernatant was incubated with
anti-FLAG M2 Magnetic Beads (Merck, USA) for 3 h at 4 °C. Beads were
then washed four times with 500 pL of Tris-buffered saline (TBS) con-
taining 0.03% (w/v) DDM. FLAG-tagged proteins were eluted three
times, each for 30 min at 4 °C, with 200 pL TBS containing 150 pg mL ™!
3 x FLAG peptide (Beyotime Biotechnology, China) and 0.03% (w/v)
DDM. Combined eluates were concentrated to approximately 50 pL
using a 100 kDa MWCO ultrafiltration device (Millipore, USA), yielding
samples corresponding to crude membranes containing 2 pg chlorophyll
pL~L. Sample amounts are expressed as chlorophyll equivalents based on
initial membrane fractions to facilitate direct comparisons.

For AftsH1 samples, flow-through fractions from bead incubations
were also collected and concentrated to approximately 50 pL using 30
kDa MWCO ultrafiltration devices (Millipore, USA), yielding samples
corresponding to crude membranes containing 2 pg chlorophyll pL~?.
Samples were stored at —80 °C until analysis.

2.6. Protein electrophoresis and immunoblotting

FtsH chimeric proteins purified as described above were separated
by SDS-PAGE using 10% resolving gels containing 6 M urea at 120 V for
2.5 h. Purified samples were loaded onto gels at amounts equivalent to 5
pg chlorophyll from the original crude membranes per lane, except for
the 2 T1 strain, for which twice this amount was loaded due to lower
detection efficiency. Prior to loading, samples were incubated for 1 h at
room temperature in loading buffer containing 62.5 mM Tris-HCl (pH
6.8), 10% (v/v) glycerol, 2% (w/v) SDS, 0.5% (w/v) bromophenol blue,
and 5% (v/v) B-mercaptoethanol. Duplicate gels were either silver-
stained or transferred onto PVDF membranes at a constant current of
400 mA for 90 min for immunoblotting. Transfer was performed using
carbonate-based transfer buffer containing 3 mM NayCOs3, 10 mM
NaHCO3, and 20% (v/v) ethanol.

Membranes were blocked with 5% (w/v) nonfat milk in TBS con-
taining 0.1% Tween-20 (TBST) for 1 h at room temperature and incu-
bated with the appropriate primary antibodies for 1 h at room
temperature. After washing with TBST, proteins were detected using a
Luminol enhancer kit (Thermo Fisher Scientific, USA), and images were
captured with a ChemiDoc XRS+ imaging system (Bio-Rad Laboratories,
USA).

Additional immunoblots assessing in vivo degradation or accumu-
lation of D1, Fur, and IsiA in response to expression of FtsH chimeric
proteins were performed as described previously [18].

Crude membrane samples, flow-through fractions, and FLAG-
purified eluates from control and AftsHI strains were also immuno-
blotted with anti-FtsH1 antibody to confirm the knockout of native
FtsH1.

For two-dimensional (2D) gel analyses, samples were normalized
based on equal cell numbers. Crude membranes were then isolated as
described above and first separated by clear native (CN)-PAGE using
4-14% gradient gels according to the published protocol [29].
Following CN-PAGE, individual protein complexes were resolved by
incubating gel strips from the first dimension in denaturing solution
containing 2% (w/v) SDS and 1% (w/v) dithiothreitol at room temper-
ature for 30 min. Proteins were then separated in the second dimension
by SDS-PAGE on 12-20% linear gradient gels containing 7 M urea. Gels
were stained with SYPRO Orange (Sigma-Aldrich, USA) or transferred
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onto PVDF membranes for immunoblot analyses. After transferring
proteins from the second-dimension gels and incubating membranes
with antibodies, chemiluminescent signals were detected using Immo-
bilon Crescendo substrate (Millipore, USA) and imaged by an LAS-4000
camera (Fujifilm).

Primary antibodies used in this study recognized D1 [30], IsiA and
Fur [18], FtsH1, FtsH3, FtsH4 and all FtsH isoforms [27], FtsH2, and
FLAG tag (Thermo Fisher Scientific, USA). The custom anti-FtsH2 anti-
body was commercially generated by Proteintech (Wuhan Sanying
Biotechnology, China) using a synthetic peptide antigen (Cys-
DAQVRQLAEQGHQMARK, residues 564-580 of Syn6803 FtsH2) and
affinity-purified from rabbit antisera.

2.7. Spot growth assays under different light intensities or non-salt
osmotic stress

Cells grown to logarithmic phase were harvested and adjusted to an
0OD750 of 1.0. Serial dilutions (0.1, 0.01, and 0.001) were prepared, and
aliquots (6 pL) of each dilution were spotted onto BG11 plates with or
without 5 mM glucose. Plates were incubated at 30 °C under four
distinct light intensities: low (5-10 pE m 2 s’l), medium (30-40 pE m 2
s, medium-high (70-90 pE m~2s71), and high (110-130 pE m~2s71).
Colony growth was photographed once clear phenotypic differences
between strains became apparent. Typical incubation periods for plates
without glucose were approximately 15 days under low light, 6 days
under medium and medium-high light, and 4 days under high light
conditions. For plates containing glucose, incubation times were shorter:
approximately 6 days under low light, and 4 days under medium,
medium-high, and high light conditions.

For non-salt osmotic stress assays, cells were prepared and serially
diluted as described above. Aliquots (6 pL) of each dilution were spotted
onto BG11 plates containing 5 mM glucose with or without 300 mM
maltose. Plates were incubated at 30 °C under continuous illumination
of 20 pE m 2 s~L. Colony growth and tolerance to maltose-induced os-
motic stress were documented photographically once clear differences
in growth phenotypes were observed (typically after 4-6 days).

2.8. Structural modeling and molecular dynamics simulations

Structural models of FtsH1/3 and FtsH2/3 complexes were initially
generated using AlphaFold 3 with ATP and Zn?" included [31]. The
transmembrane domain of FtsH1 was modeled based on homology to
FtsH3 using MODELLER [32], and domain arrangements were inspected
and adjusted using YASARA [33]. The position of each complex within
the membrane was determined using the OPM 2.0 server [34]. Mem-
brane embedding and preparation of simulation systems for molecular
dynamics (MD) were performed using CHARMM-GUI [35-37]. Subse-
quent MD simulations and structural analyses were conducted with
GROMACS 2021.4 [38,39].

The tilt angle of the FtsH AAA+ ring relative to the membrane plane
was quantified by measuring the angle between two reference planes
defined by the Ca atoms of residue G12 (membrane plane) and residue
L370 (AAA+ ring) of the FtsH3 subunits. Additionally, the gap distance
between the substrate-binding site (FVG motif, represented by the Co
atom of residue F234) and the membrane boundary on the substrate-
facing side (defined by the Ca atoms of residue S134 in each of the
three FtsH3 subunits) was calculated for both FtsH1/3 and FtsH2/3
complexes. Data presented represent averages calculated over the stable
simulation interval from 300 to 1000 ns.

2.9. Sequence alignment and linker analysis

Pairwise sequence alignments of Syn6803 FtsH2 with FtsH1, FtsH3,
and FtsH4 were conducted using the EMBOSS Needle tool (EMBL-EBI).
Amino acid differences in the FtsH2 AAA-+ ATPase domain (residues
160-415), categorized as either semi-conservative substitutions or non-
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conserved residues considered potentially functionally relevant, were
mapped onto the predicted structure of the FtsH2/3 complex using
PyMOL software.

A previously established dataset comprising 412 cyanobacterial FtsH
sequences was used for broader comparative analyses [25]. Isoform-
specific alignments were generated separately for each group of FtsH
sequences (FtsH1: 99 sequences; FtsH2: 99 sequences; FtsH3: 102 se-
quences; FtsH4: 112 sequences) using Jalview 2.11.4.1 with MAFFT.
Linker regions in the aligned sequences were identified based on
conserved motifs, using the corresponding linker sequences from
Syn6803 as references. These regions typically began with Arg and
terminated with a conserved three-residue Ser-[Lys/Arg]-Ala motif.
Linker length distributions were calculated, and conservation and
consensus annotations were automatically generated using Jalview. A
few exceptionally long linker sequences within the FtsH4 alignment
were manually trimmed by removing extra residues that interfered with
accurate alignment, ensuring consistency across all four FtsH isoforms.

Residue conservation of FtsH1 and FtsH2 was evaluated using the
ConSurf server (https://consurf.tau.ac.il/). Analyses were carried out
individually for the FtsH1 (99 sequences) and FtsH2 (99 sequences)
alignments, as well as for a combined dataset (FtsH1 + FtsH2; 198 se-
quences). Previously generated structural models of FtsH1/3 and FtsH2/
3 hexameric complexes (see above) were uploaded in PDB format, with
either the FtsH1 or FtsH2 chain specified as the reference structure.
Precomputed multiple sequence alignments (MSAs), generated using
Jalview 2.11.4.1 with MAFFT as described above, were provided to
ConSurf for each analysis. Conservation scores obtained from ConSurf
were mapped onto the corresponding protein complex structures for
visualization and interpretation.

2.10. Assessment of PSII repair efficiency

Cultures were treated with the protein synthesis inhibitor lincomycin
(100 pg mL™1) and subsequently exposed to photoinhibitory illumina-
tion (500 pE m 2 s 1) for up to 3 h to induce photodamage. Membrane
complexes were isolated immediately before and 3 h after lincomycin
addition and analyzed by clear native (CN)-PAGE. Photosystem integrity
was then assessed by imaging chlorophyll fluorescence. In parallel,
membrane samples collected at 0, 30, 60, and 120 min after lincomycin
addition were analyzed by SDS-PAGE and immunoblotting to assess
oxidative damage to the D1 protein.

2.11. Confocal microscopy

Confocal imaging was performed on a Nikon A1 HD25 confocal
microscope using a CFI Plan Apo A 100x/1.45 oil DIC N2 objective lens.
GFP fluorescence (500-550 nm) and chlorophyll autofluorescence
(663-738 nm) were excited simultaneously at 488 nm, provided
exclusively by an argon laser, and detected separately as 12-bit images
with a resolution of 1024 x 1024 pixels.

3. Results

3.1. The AAA+ domain is functionally interchangeable between FtsH
homologs

Previous studies have suggested that the AAA+ domain may be
involved in substrate recognition [5,11,15]. Although the AAA+ domain
contains multiple conserved regions [2,3], sequence alignments
revealed characteristic amino-acid variations unique to each Syn6803
FtsH homolog. Structural mapping of these variations indicated that
most substitutions cluster on the surface (Fig. S1) and so could impact
the surface properties, potentially serving as a mechanism to modulate
substrate preference.

To test their functional significance, we constructed a series of mu-
tants in Syn6803 in which the AAA+ domain of FtsH2 was replaced by
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that of FtsH1, FtsH3, or FtsH4 (Fig. 1A and Table S1). All chimeric
proteins were fused at the C-terminus to a 3 x FLAG tag and expressed
from the native ftsH2 locus after transforming an ftsH2 deletion strain.
Each chimeric protein was purified via C-terminal FLAG-tag affinity
purification (Fig. 1B). Immunoblot analyses revealed that all the chi-
meras co-purified with FtsH3, but not with FtsH1 or FtsH4, indicating
the formation of FtsH2/3-like complexes. In the 2A4 mutant, the FtsH3
signal in the purified fraction appeared noticeably weaker than in the
WT-3 x FLAG control (Fig. 1B). This may indicate instability of the
complex during purification or less efficient assembly of the complex.
Nevertheless, FtsH3 was still detected in the purified fraction, indicating
that replacement of the FtsH2 AAA+ domain with that of FtsH4 did not
prevent the formation of an FtsH2/3-like variant complex.

The FtsH2/3 complex mediates the degradation of damaged D1
during PSII repair and is important for autotrophic growth and tolerance
to high irradiance. To assess the ability of the chimeric mutants to
maintain photosynthetic performance, cultures were spotted onto BG11
plates and grown either autotrophically or mixotrophically in the pres-
ence of added glucose under medium to high light intensities (Fig. 1C
and Fig. S2A). Mutants with substituted AAA+ domains showed growth
patterns indistinguishable from wild type (WT), whereas AftsH2, lacking
functional FtsH2, failed to grow. This demonstrates that AAA+ domains
from FtsH1, FtsH3, and FtsH4 can effectively substitute for FtsH2 in
supporting WT-like growth across different light intensities, consistent
with maintained FtsH2-dependent PSII repair.

We then examined whether swapping the AAA+ domain affected the
role of FtsH2 in the response to non-salt osmotic stress. Syn6803 pri-
marily responds to salt-based osmotic stress by accumulating glucosyl-
glycerol via upregulation of GgpS [20]. However, under maltose-
induced, non-salt osmotic stress, wild-type cells fail to accumulate suf-
ficient glucosylglycerol and cannot survive [20]. Conversely, inactiva-
tion of FtsH2 leads to elevated GgpS levels and enhanced basal
glucosylglycerol accumulation, conferring maltose tolerance [20]. In
our spot assay with 300 mM maltose (Fig. 1D), AftsH2 colonies showed
robust growth, whereas WT colonies did not. All chimeric mutants
expressing swapped AAA+ domains displayed WT-like sensitivity to
maltose stress, consistent with preservation of the physiological role of
FtsH2 in GgpS regulation.

Together, these results show that the AAA+ domains of FtsH1, FtsH3,
and FtsH4 can functionally substitute for that of FtsH2 with respect to
the FtsH2 functions tested.

3.2. The linker regions of FtsH1 and FtsH2 are not major determinants of
substrate specificity

The AAA+ module and transmembrane domain are separated by a
linker sequence. Multiple studies have suggested that tilting of the
AAA+ domain relative to the membrane plane can alter the gap avail-
able for substrate access to the central pore [5,10,11]. As cyanobacterial
FtsH1 and FtsH2 are the most recently diverged homologs, we examined
whether differences in their linker regions might contribute to their
functional divergence. In the case of Syn6803, the linker sequence spans
18 amino-acid residues (aa) in FtsH1 and 21 aa in FtsH2 (Fig. 2A). A
notable difference in this region between FtsH1 and FtsH2 is the absence
of a conserved Gly-Gly-Pro (GGP) motif in FtsH1, which is present in all
FtsH2 orthologs (Fig. S3). In a recent study of Pseudomonas FtsH, linker
substitutions and a membrane-proximal Gly-Gly-Gly (GGG) insertion
enhanced the processing of selected model substrates [10]. We therefore
hypothesized that the GGP motif in FtsH2 might contribute to its
function.

Molecular dynamics (MD) simulations were used to compare the
predicted tilt angle and the gap between the proteolytic complex and the
membrane in the native FtsH1/3 and FtsH2/3 complexes. The FtsH1/3
complex was constrained to a narrower average tilt angle of ~5°,
whereas the FtsH2/3 complex appeared more flexible, showing an
average predicted tilt of ~26° (Fig. 2B).
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Fig. 1. The AAA+ domains of FtsH1, FtsH3, and FtsH4 can substitute for the FtsH2 AAA+ domain.

(A) Strategy for AAA+ domain swapping in Syn6803 and predicted architectures of the resulting heterohexamers. The schematic illustrates the modular organization
of an FtsH protomer. A linear domain map delineates the transmembrane domain (TM, navy), linker (pink), AAA+ domain (gray), and protease domain (PD, cyan),
together with colour-coded AAA+ segments of the four paralogs: FtsH1 (magenta), FtsH2 (green), FtsH3 (orange), and FtsH4 (yellow). Residue boundaries of each
donor domain are indicated at right. The AAA+ segment of FtsH2 was replaced by the cognate region of FtsH1, FtsH3, or FtsH4 to generate three chimeric mutants,
2A1, 2A3, and 2A4, each expressing a chimeric FtsH carrying a C-terminal 3 x FLAG tag identical to wild-type (WT-3 x FLAG). The lower panel depicts the predicted
in vivo complexes: the native FtsH2/3 heterohexamer and the three chimeric FtsH2/3 assemblies. The substituted AAA+ disk adopts donor coloring; shared TM,
linker and PD regions remain those of FtsH2. (B) Silver staining and immunoblot analysis of purified chimeric FtsH complexes using antibodies specific for the FLAG-
tag (aFLAG-tag), all FtsH isoforms (aFtsH-global) and each of the isoforms (aFtsH1-4). (C) Spot growth assay under autotrophic conditions across four light in-
tensities (low, 5-10 pE m~2 s~'; medium, 30-40 pE m~2 s~*; medium-high, 70-90 uE m~2 s~ ; high, 110-130 pE m~2 s~1). The gradient bar below represents OD750
dilutions (0.1, 0.01, 0.001). A chimeric FtsH domain map compares domain configurations across strains. (D) Spot growth assay with or without maltose-induced
osmotic stress. Dilution gradients are identical to those in (C). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
Zersion of this article.)
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Fig. 2. Differences in sequence and geometry between the FtsH1 and FtsH2 linker regions.

(A) Linear schematic of a model FtsH of Syn6803, highlighting flexible linker sequences from FtsH1 (18 aa) and FtsH2 (21 aa). Residues in bold indicate the
conserved Gly-Gly-Pro (GGP) motif unique to FtsH2. (B) Illustration of how tilt angles between the AAA+ domain and membrane plane were calculated using the
normal vectors defining dihedral planes, exemplified by a snapshot of the FtsH2/3 complex after 1000 ns. Bar plots on the right summarize average tilt angles (+ SD)
for both FtsH1/3 and FtsH2/3 complexes obtained from molecular dynamics simulations. (C) Gap distances from the substrate-binding Phe-Val-Gly (FVG) to the
membrane plane, measured in PyMOL based on conformational changes observed during molecular dynamics simulations, are shown for both FtsH1/3 and FtsH2/3
complexes. Colors indicate FtsH1 (magenta), FtsH2 (green), FtsH3 (blue), and the FVG motif (black spheres). Bar plots at the bottom compare distances from the FVG
motifs of the three FtsH3 subunits to the membrane plane in each complex. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

We also measured the vertical distance from the FVG motif at the was modified: mutant 2LA has the conserved GGP sequence deleted,

entrance of the complex to the membrane surface, using the three FtsH3
subunits as internal references (Fig. 2C). In the FtsH1/3 complex, the
FVG motifs of the three FtsH3 subunits maintained uniformly short
distances (~12 A) to the membrane. By contrast, the corresponding
distances in the FtsH2/3 complex were notably longer and more variable
(~17-27 A). These simulation data suggested that the predicted spatial
geometries of the substrate entrances differed markedly between the
heterocomplexes. Compared with FtsH1/3, the substrate entrance of the
FtsH2/3 complex was predicted to adopt a more wedge-shaped config-
uration relative to the membrane plane, which may influence substrate
access to the central pore.

These predicted differences in tilt angle and gap distance, together
with the distinct linker sequences of FtsH1 and FtsH2, prompted us to
test whether linker variation might contribute to substrate specificity in
vivo. Two Syn6803 mutants were constructed in which the FtsH2 linker

resulting in a truncated linker of equal length to that of FtsH1; and
mutant 2 L1 has the native 21-aa FtsH2 linker sequence replaced by the
18-aa linker sequence of FtsH1 (Fig. 3A). Both variants copurified with
FtsH3 (Fig. 3B), indicating stable heterocomplex formation.

The growth performance of both linker mutants was similar to WT
when exposed to medium to high light intensities (Fig. 3C and Fig. S2B)
and to maltose stress (Fig. 3D). Consequently, differences in linker
length and sequence are not sufficient to explain the functional differ-
ences examined between FtsH1 and FtsH2.

3.3. Systematic construction of FtsH mutants with swapped domains

Comparison of primary structures revealed that the transmembrane
domain of cyanobacterial FtsH2 paralogs is more conserved than that of
FtsH1 paralogs (Fig. S4). To investigate the contribution of the
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Fig. 3. Mutational analyses confirm that the FtsH1 linker can functionally substitute for the FtsH2 linker in vivo.

(A) The composite schematic (top) depicts a single FtsH protomer (cartoon, left) and, in the center, a linear domain map that defines the transmembrane domain (TM,
navy), linker (pink), AAA+ domain (gray), and protease domain (PD, cyan). To the right, the linkers of FtsH1 (magenta) and FtsH2 (green) are aligned, highlighting
the GGP motif in FtsH2. Two mutants were constructed: 2LA, in which the FtsH2 linker was truncated to match the length of FtsH1 (removing the GGP motif); and 2
L1, in which the entire FtsH2 linker was replaced by that of FtsH1. The lower panel shows the resulting chimeric proteins, each retaining the native FtsH2 backbone
and bearing a C-terminal 3 x FLAG tag for subsequent purification. (B) Silver staining and immunoblot analysis of purified chimeric FtsH complexes using antibodies
against the FLAG tag, all FtsH isoforms (aFtsH-global), and FtsH1-4. (C) Spot growth assay under autotrophic conditions with the same four light intensities
described in Fig. 1C. (D) Spot growth assay under maltose-induced osmotic stress. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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transmembrane domain to the functional differences between Syn6803
FtsH1 and FtsH2, we generated a series of mutants in which the trans-
membrane and the other domains of FtsH2 were replaced by those from
FtsH1 (Table S1 and Fig. 4A). Mutants were named according to the
domains of FtsH2 replaced in each chimera: T (transmembrane domain),
L (linker), A (AAA+ module), and P (protease domain), followed by a
number indicating the source domain (1 = FtsH1). Detailed strain
nomenclature and genotypes are provided in Section 2.2 and Table S1.
All chimeric proteins were isolated via C-terminal FLAG-tag affinity
purification and shown to co-purify with FtsH3, confirming their as-
sembly into heterocomplexes (Fig. 4B).

To assess the impact of swapping transmembrane domains on the
formation of FtsH complexes, we analyzed the migration patterns of
chimeric and native FtsH complexes by two-dimensional electrophoresis
(CN-PAGE followed by SDS-PAGE) (Fig. 4C). In the WT samples, FtsH1/
3 and FtsH2/3 complexes exhibited clear differences in migration,
compared with those observed in AftsH2 lacking the FtsH2/3 complex
and the FtsH1down strain constructed by Krynicka et al. with reduced
levels of the FtsH1/3 complex [17]. Migration of the 2L1A1P1 chimera,
though slightly shifted, closely resembled that of native FtsH2/3 com-
plexes. In contrast, complexes containing chimera 2 T1 co-migrated with
the native FtsH1/3 complex. Overall, these data support the formation
of heterohexameric chimeric complexes.

3.4. The transmembrane domain of FtsH2 is a primary determinant of
substrate specificity

First, we tested whether domain-swapping affected the photosyn-
thetic capacity of the mutants under a range of autotrophic and mixo-
trophic conditions at varying light intensities (Fig. 5A and Fig. S2C). All
mutants containing the transmembrane domain from FtsH2 retained
WT-like growth patterns; however, strains containing the trans-
membrane domain from FtsH1, such as the control strain 2T1L1A1P1
(FLAG-tagged FtsH1 expressed in the ftsH2 locus, Fig. 4A) and 2 T1, in
which the transmembrane domain of FtsH2 was replaced by that of
FtsH1, displayed a similar phenotype to the AftsH2 mutant, showing
impaired autotrophic growth and marked sensitivity to high-light stress.

To confirm effects on the degradation of D1, strains were exposed to
excessive light in the presence of lincomycin, a protein synthesis in-
hibitor, and D1 levels were monitored (Fig. 5B). The AftsH2 mutant
lacked FtsH2 and showed reduced levels of FtsH3, reflecting the absence
of the FtsH2/3 complex [8]. By contrast, mutants 2 T1 and 2L1A1P1
expressing chimeric FtsH proteins maintained FtsH3 levels similar to WT
during the treatment. In WT cells, the level of D1 protein decreased
during this treatment, consistent with FtsH2/3-mediated D1 degrada-
tion. Mutant 2L1A1P1 exhibited a similar degradation rate, indicating
that the soluble regions of FtsH1 were able to replace the corresponding
regions of FtsH2 (Fig. 5B). By contrast, degradation of the D1 protein
was retarded in the AftsH2 and 2 T1 mutants and gave rise to smeared
D1 bands on immunoblots consistent with protein oxidation [40].

CN-PAGE of the same lincomycin-treated, excessive light exposed
samples showed that the pattern of PSII complexes in mutant 2L1A1P1
closely resembled WT, whereas the 2 T1 mutant and AftsH2 mutant
accumulated the RC47 complex (Fig. 5C), a characteristic intermediate
observed when PSII repair is impaired [41]. Together, these results
demonstrate that replacement of the FtsH2 transmembrane domain by
that of FtsH1 impairs FtsH2-dependent D1 degradation during PSII
repair, resulting in pronounced photosensitivity.

Next, we evaluated whether replacing the transmembrane domain
affects FtsH2-mediated osmotic regulation. Maltose-stress assays
showed that mutants 2 T1 and 2T1L1A1P1 exhibited enhanced toler-
ance to 300 mM maltose (Fig. 5D), a phenotype previously associated
with FtsH2 inactivation and altered GgpS regulation [20]. Replacement
of other domains had no detectable effect on this phenotype, supporting
their functional interchangeability.
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3.5. Role of the transmembrane domain of FtsH1 in function

We then investigated whether the chimeric 2 T1/FtsH3 complex
could substitute for the essential function of FtsH1/3. To test this, we
attempted to delete the ftsH1 gene in the 2 T1 background (Fig. S5A). In
wild-type cells, ftsH1 is essential and cannot be deleted [23]. By
contrast, ftsHI could now be deleted in the 2T1L1A1P1 mutant
expressing recombinant FtsH1-3 x FLAG and, importantly, in the 2 T1
strain, in which the transmembrane domain of FtsH2 was replaced by
that of FtsH1 (Fig. S5B and S5C). Lack of FtsH1 in these strains was
further confirmed by PCR and immunoblotting (Fig. 6A and Fig. S5D).
By contrast, deletion of ftsHI was not possible in the 2L1A1P1 back-
ground, further highlighting the non-redundant role of the FtsH1
transmembrane domain in supporting essential FtsH1/3 function in vivo
(Fig. S5B).

We further tested FtsH1 functionality in these mutants using an
established Fur in vivo degradation assay. Fur, a transcriptional
repressor essential for iron homeostasis, is a direct substrate of the
native FtsH1/3 protease complex. Under iron-limiting conditions,
degradation of Fur by FtsH1/3 rapidly induces isiA expression, facili-
tating photosynthetic acclimation to iron deficiency [42]. To test
whether the chimeric complexes retained this critical function, mutants
2 T1-AftsH1 and 2T1L1A1P1-AftsH1 were subjected to iron starvation,
and Fur degradation and IsiA accumulation were monitored. As a
negative control, we employed the previously described FtsH1down
strain [17]. Unlike FtsH1down, mutants 2 T1-AftsHI and 2T1L1A1P1-
AftsH1 exhibited clear reductions in Fur protein levels under iron stress,
accompanied by pronounced IsiA expression (Fig. 6B). These findings
indicate that chimera 2 T1 can functionally substitute for native FtsH1 in
this stress response. Furthermore, IsiA accumulation under iron starva-
tion, a photoprotective response that dissipates excess energy and mit-
igates oxidative damage, was confirmed by a blue shift in cellular
chlorophyll absorption [18]. Specifically, WT and both AftsH1 mutants
exhibited a complete shift from 678 nm to 671 nm, indicative of rapid
acclimation, whereas FtsH1down cells displayed a delayed and smaller
shift to approximately 674 nm (Fig. 6C). Collectively, these data sug-
gested that the transmembrane domain of FtsH1 is sufficient to support
Fur degradation in this stress response.

3.6. The transmembrane domains of FtsH1 and FtsH2 are primary
determinants of membrane localization

To test whether the transmembrane domains were responsible for
targeting the FtsH complexes to the correct membrane, we generated a
set of mutants expressing native and chimeric FtsH proteins with
reciprocally exchanged transmembrane domains of FtsH1 and FtsH2
(Table S1). Except for WT and AftsH2-GFP, all constructs contained
superfolder Green Fluorescent Protein (GFP) fused to the C-terminus of
FtsH via a flexible Gly4Ser (GGGGS) linker, allowing their subcellular
localization to be monitored by confocal microscopy (Fig. 7). WT cells
showed only chlorophyll fluorescence, whereas AftsH2-GFP exhibited
diffuse cytoplasmic GFP fluorescence. Control strains expressing FtsH1-
GFP and FtsH2-GFP displayed distinct localization patterns corre-
sponding to cytoplasmic and thylakoid membranes, respectively,
consistent with previous findings [27]. Chimera 2 T1-GFP, in which the
transmembrane domain of FtsH2 was replaced by that of FtsHI,
exhibited fluorescence similar to FtsH1-GFP at the cytoplasmic mem-
branes. By contrast, chimera 2L1A1P1-GFP, containing the soluble re-
gions of FtsH1 but retaining the transmembrane domain of FtsH2,
showed fluorescence matching the thylakoid membrane localization of
FtsH2-GFP (Fig. 7). Collectively, these results demonstrate that the
identity of the transmembrane domain plays a major role in the mem-
brane localization of FtsH proteins.
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Fig. 4. Systematic domain swapping between FtsH1 and FtsH2 and analysis of chimeric FtsH complexes.

(A) The schematic at the top shows a single FtsH protomer (cartoon) and a linear map that defines the transmembrane domain (TM, navy), linker (pink), AAA+
domain (gray), and protease domain (PD, cyan). The adjoining bars align the domains of FtsH1 (magenta) and FtsH2 (green) with their residue boundaries labeled.
Segments of FtsH1 were inserted into the FtsH2 backbone to create six chromosome-encoded chimeras: 2A1 (FtsH1 AAA+), 2P1 (FtsH1 PD), 2 T1 (FtsH1 TM), 2A1P1
(AAA+ and PD), 2L1A1P1 (FtsH1 linker, AAA+, and PD), and 2T1L1A1P1 (FtsH1 TM, linker, AAA+, and PD, representing the full-length FtsH1 sequence). Linear
diagrams below highlight the donor segments (magenta) within each construct; all retain the remaining FtsH2 regions (white) and carry a C-terminal 3 x FLAG tag
(purple) for purification. (B) Composition analysis of purified FtsH complexes by silver staining and immunoblotting with antibodies against the FLAG tag, all FtsH
isoforms (aFtsH-global), and FtsH1-4. (C) Two-dimensional (2D) CN/SDS-PAGE analysis of membrane proteins isolated from WT, FtsH1down, and chimeric mutants.
Membrane protein complexes were separated by CN-PAGE, scanned (CN Scan), and chlorophyll autofluorescence was recorded (CN Chl FL). Gel strips were sub-
sequently separated by SDS-PAGE, and proteins were stained with SYPRO Orange as loading controls (2D Sypro). Positions of FtsH complexes are indicated by black
rectangles. Red and green arrows indicate the positions of FtsH1/3 and FtsH2/3 complexes, respectively. Other labeled complexes: PSII [1], PSII [2], and PSI [3]
denote PSII monomers, PSII dimers, and PSI trimers, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
Zersion of this article.)

4. Discussion suggest that the orthologs of FtsH2 (AtFtsH2 and AtFtsH8) rely on the
Tat pathway for thylakoid membrane integration, while the orthologs of

Our work has revealed that the transmembrane domains of FtsH1 FtsH3 (AtFtsH1 and AtFtsH5) are inserted into the thylakoid via the Sec
and FtsH2 play a major role in defining the location and substrate pathway [47]. Given that the cyanobacterial FtsH1 and FtsH2 subunits
specificity of the FtsH1/3 and FtsH2/3 heterocomplexes in Syn6803. By lack the canonical twin-arginine motif required for Tat-mediated

contrast, the linker region and the AAA+ and protease modules did not insertion, the use of the Tat pathway to insert FtsH2 in the membrane
have a dramatic impact on the function of the FtsH chimeric hetero- is likely a new feature of plants. Moreover, the current data suggest that
complexes. However, given that the complete spectrum of substrates for AtFtsH1, 2, 5 and 8 are N-terminally processed so that the trans-
FtsH2/3 and FtsH1/3 is unknown, it remains possible that sequence membrane domain of the mature protein consists of only a single
differences in these regions might fine tune activity under certain con- transmembrane helix with the exposed N-terminal region located in the
ditions. Also, it is likely that relatively minor variations in sequence thylakoid lumen [47]. In contrast, N-terminal sequencing indicates that
within closely related homologs, such as FtsH1 and FtsH2, may be the Syn6803 FtsH2/3/4 homologs are not processed and so contain two
tolerated but not in the case of modules in more distant phylogenetic transmembrane helices [8], despite the presence of a putative A-X-A (X
groups. For instance, the native PaFtsH1 in Pseudomonas aeruginosa, = any amino acid) cleavage site within the transmembrane domains
which contains an additional GGG motif in the linker region, shows (Fig. S6). Whether FtsH1 is N-terminally processed is currently unclear.
altered substrate specificity compared to the horizontally acquired The mechanism by which FtsH proteases recognize and degrade
xenolog PaFtsH2, in which artificial insertion of this motif broadens cytoplasmic substrates like Fur and GgpS is also an open question. The
substrate specificity [10]. FtsH1/3 complex primarily regulates Fur levels in its DNA-unbound,

Previous studies have proposed that the membrane-proximal linker cytoplasmic form [18]. Similarly, GgpS, a known substrate of the
can modulate the position and mobility of the cytosolic region relative to FtsH2/3 complex, is a soluble cytoplasmic enzyme [48,49]. Given that

the membrane, thereby altering the opening through which substrates the catalytic domains of both FtsH1/3 and FtsH2/3 complexes are
reach the central pore [10,11]. Our simulations predicted distinct exposed to the cytoplasm, both Fur and GgpS should, in principle, be

substrate-entry geometries for FtsH1/3 and FtsH2/3 complexes. Because accessible to either protease complex. Unexpectedly, the mutant
the simulations examined the complete heterocomplexes, these differ- expressing a chimeric FtsH2/3 complex anchored in the cytoplasmic
ences cannot be attributed to linker sequence variation alone. Moreover, membrane via the transmembrane domain of FtsH1 (chimera 2 T1)
deletion of the GGP motif or replacement of the FtsH2 linker with that of exhibited enhanced maltose tolerance despite retaining functional cat-
FtsH1 produced no detectable changes in the light-growth or maltose- alytic domains. This phenotype is consistent with altered FtsH2-
stress phenotypes. These findings suggest that the functional effects of dependent regulation of GgpS [20], although changes in GgpS turn-
linker variation may depend on the broader FtsH sequence context and over, expression, or activity, as well as other compensatory responses,
substrate identity. For the closely related FtsH1 and FtsH2 paralogs in could contribute to the observed tolerance. Conversely, the same
Syn6803, however, linker variation was not sufficient to account for chimera acquired the ability to degrade Fur. Together, these findings
functional divergence, whereas the transmembrane domain was the indicate that the transmembrane domain of FtsH2 is required to main-
major determinant. tain WT-like sensitivity to maltose stress, whereas the transmembrane
In the cases of FtsH1 and FtsH2, the transmembrane domain consists domain of FtsH1 is required for Fur degradation under iron stress. These
of two predicted transmembrane a-helices connected by a lumenal (in observations suggest that differences in the linker, AAA+, and protease
the case of FtsH2/3) or periplasmically exposed domain (FtsH1/3). For domains alone are insufficient to account for the distinct substrate
FtsH2, the 81-amino acid lumenal domain is uniquely present in FtsH specificities, whereas the identity of the transmembrane domain makes
proteins from oxygenic phototrophs, including Arabidopsis FtsH2 a major contribution. The transmembrane domains might confer speci-
(VAR2) [43]. This domain, situated between two predicted trans- ficity either by direct substrate recognition or indirectly through adaptor
membrane helices, may represent a structural adaptation linked to the proteins such as prohibitins [50-52]. Alternatively, the spatial prox-
specialized functions of FtsH proteases in photosynthetic membranes, imity between substrates and FtsH protease complexes could affect se-
including the processing of membrane substrates such as D1 [43]. lective degradation [53,54]. Thus, differential subcellular localization of
How FtsH proteins are targeted to the thylakoid and cytoplasmic Fur and GgpS might influence their accessibility to FtsH1/3 and FtsH2/3
membranes in cyanobacteria is currently unclear. Detailed proteomic complexes, respectively.
analyses suggest that subunits of the Sec/YidC and twin-arginine (Tat) Our study links sequence differences in the transmembrane domain
translocation pathways involved in membrane protein insertion are to the targeting of FtsH heterocomplexes to either the cytoplasmic or
located in the thylakoid membrane [44], although the SecY subunit has thylakoid membranes. From an evolutionary perspective, the last com-
also been detected in the cytoplasmic membrane fraction of Synecho- mon ancestor of present-day cyanobacteria had three FtsH paralogs that
coccus sp. PCC 7942 [45]. However, it remains possible that proteins were ancestral to FtsH1/FtsH2, FtsH3 and FtsH4 [25]. Gloeobacter spe-
destined for the cytoplasmic membrane are first inserted into specialized cies, representing the earliest known lineage of cyanobacteria [55-57],
biogenic regions and then sorted [46]. do not possess a thylakoid membrane system but instead contain the
In the case of Arabidopsis chloroplasts, in vitro import experiments photosynthetic apparatus in the cytoplasmic membrane [58], and
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Fig. 5. Transmembrane domain swapping between FtsH1 and FtsH2 impairs FtsH2-mediated D1 turnover and enhances resistance to non-salt osmotic stress.

(A) Spot growth assay under autotrophic conditions with the same four light intensities described in Fig. 1C. (B) SDS-PAGE and (C) CN-PAGE analyses of membranes
isolated from WT, AftsH2, and chimeric strains exposed to excessive light stress (500 pE m~2 s~ ') in the presence of lincomycin, a protein synthesis inhibitor. Samples
were collected at indicated time points: 0, 30, 60, and 120 min (B), and 0 and 3 h (C). (B) Immunoblotting was performed using antibodies specific for FLAG, FtsH3,
and the D1 protein. (C) CN-PAGE gels show chlorophyll fluorescence indicative of different PSII complexes before and after excessive high-light exposure. PSII (2),
dimeric PSII; PSII (1), monomeric PSII; RC47, PSII monomer lacking CP43. (D) Spot growth assay under maltose-induced osmotic stress conditions.
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Fig. 6. Chimeric FtsH protein bearing the FtsH1 transmembrane domain rescues FtsH1-dependent stress responses.

(A) PCR verification of stable deletion of native ftsH1. Mutant strains were maintained for >4 months on antibiotic-free plates after purification. Five primer sets
(schematically shown) were designed to detect residual ftsH1 fragments: three targeting the transmembrane (TM), AAA+, and protease domains, respectively, and
two specifically distinguishing native ftsH1 locus fragments from integrated chimeric sequences at the ftsH2 locus (mutants 2 T1 and 2T1L1A1P1 contain ftsHI-
derived sequences). (B) Imnmunoblot analyses of crude membrane fractions isolated from cells harvested at 0, 12, and 24 h under iron starvation. Anti-IsiA and anti-
Fur antibodies were used to monitor IsiA accumulation and Fur degradation under iron-limiting conditions. (C) Absorption spectra of WT, FtsH1down, 2 T1-AftsH1,
and 2T1L1A1P1-AftsHI strains after 24 h of iron starvation. Cells were adjusted to an OD750 of 0.2, and absorption spectra (600-720 nm) were measured and
normalized to the chlorophyll red absorption peak at 680 nm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

notably lack clear FtsH1 and FtsH2 orthologs (Table S2) [25]. The
Thermostichaceae lineage, the earliest known cyanobacterial group with
a thylakoid membrane system [59], is the only lineage with thylakoids
that lacks distinct FtsH1 and FtsH2 paralogs (Table S2). This suggests
that the divergence of FtsH1 and FtsH2 likely occurred after the emer-
gence of thylakoid membranes and may have facilitated specialized
protein degradation in the two distinct membrane systems. Interest-
ingly, the conserved residues within the lumenal/periplasmic domain of
the undifferentiated FtsH1/2 homologs in Gloeobacter and Thermo-
stichaceae align more closely with those specific to cyanobacterial FtsH2
(Fig. S7).

5. Conclusions

This study shows that the transmembrane domains of FtsH1 and
FtsH2 are major determinants of the membrane localization and sub-
strate specificity of the FtsH1/3 and FtsH2/3 heterocomplexes in Syn-
echocystis sp. PCC 6803. By contrast, the soluble regions, including the
linker, AAA+ ATPase domain and protease domain, were largely
interchangeable under the conditions tested. Replacing the FtsH2

12

transmembrane domain with that of FtsH1 shifted the localization of the
resulting chimera toward the cytoplasmic membrane. This substitution
compromised FtsH2/3-associated functions, including D1 turnover
during PSII repair and the non-salt osmotic-stress phenotype associated
with GgpS regulation, while allowing the chimera to support FtsH1-
dependent Fur degradation and iron-stress acclimation. Together,
these findings show that variation in the transmembrane domain can
link membrane targeting to substrate-specific function without
requiring corresponding divergence in the conserved catalytic machin-
ery responsible for substrate entry, unfolding, and degradation.

Our results further support a model in which localization specified by
the transmembrane domain may shape substrate access and thereby
contribute to the functional specialization of cyanobacterial FtsH het-
erocomplexes. Whether the transmembrane domains contribute directly
to substrate recognition or act indirectly by altering substrate proximity
or interactions with associated protein factors remains to be determined.
In an evolutionary context, divergence of the transmembrane domains
after duplication of the FtsH1/FtsH2 ancestor may have promoted the
specialization of FtsH-mediated proteolysis between the cytoplasmic
and thylakoid membranes.
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Fig. 7. Transmembrane domain swapping between FtsH1 and FtsH2 alters FtsH
localization.

Confocal microscopy images show chlorophyll autofluorescence (Chl, red), GFP
fluorescence (green), and merged signals in WT and five GFP-tagged mutants.
The domain map summarizes genetic modifications used to generate each FtsH-
GFP chimera corresponding to strains shown on the left. Detailed strain geno-
types are provided in Table S1. The schematic on the right illustrates the cor-
responding colour model representing FtsH hexamers composed of FtsH1
(burgundy), FtsH2 (green), and their chimeras in combination with the FtsH3
protomer (light gray). GFP is shown in fluorescent green. All FtsH complexes
are anchored to the membrane (blue). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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