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Abstract  
Alternative complex III (ACIII) couples quinol oxidation and electron acceptor reduction with potential transmembrane pro-
ton translocation. It is compositionally and structurally different from the cytochrome bc1/b6f complexes but functionally re-
places these enzymes in the photosynthetic and/or respiratory electron transport chains (ETCs) of many bacteria. However, the 
true compositions and architectures of ACIIIs remain unclear, as do their structural and functional relevance in mediating the 
ETCs. We here determined cryogenic electron microscopy structures of photosynthetic ACIII isolated from Chloroflexus aur-
antiacus (CaACIIIp), in apo-form and in complexed form bound to a menadiol analog 2-heptyl-4-hydroxyquinoline-N-oxide. 
Besides 6 canonical subunits (ActABCDEF), the structures revealed conformations of 2 previously unresolved subunits, ActG 
and I, which contributed to the complex stability. We also elucidated the structural basis of menaquinol oxidation and sub-
sequent electron transfer along the [3Fe–4S]-6 hemes wire to its periplasmic electron acceptors, using electron paramagnetic 
resonance, spectroelectrochemistry, enzymatic analyses, and molecular dynamics simulations. A unique insertion loop in ActE 
was shown to function in determining the binding specificity of CaACIIIp for downstream electron acceptors. This study broad-
ens our understanding of the structural diversity and molecular evolution of ACIIIs, enabling further investigation of the 
(mena)quinol oxidoreductases–evolved coupling mechanism in bacterial energy conservation. 

Introduction 
Photosynthesis and cellular respiration are complementary 
biological processes that play essential roles in sustaining 
the balance of oxygen and carbon dioxide cycling on Earth. 

Photosynthesis utilizes solar energy to convert carbon diox-
ide and water into oxygen and glucose via photophosphory-
lation, whereas cellular respiration serves to break these 
organic molecules down into water and carbon dioxide via 
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oxidative phosphorylation. Both processes involve the coupling 
of an electron transport chain (ETC) with transmembrane (TM) 
proton translocation to generate proton motive force, which 
drives ATP synthesis and other energy-consuming processes. 
In the photosynthetic ETCs of green plants, algae, and cyano-
bacteria, the cytochrome (cyt) b6f complex mediates electron 
transfer from plastoquinone to plastocyanin and the net pump-
ing of 2 protons from the chloroplast stroma into the thylakoid 
lumen. This is analogous to the reaction catalyzed by the cyt bc1 

complex (also known as complex III) in mitochondrial, bacterial 
respiratory, and anoxygenic photosynthetic ETCs; here, quinol 
oxidation and cyt c reduction are coupled with TM proton 
translocation. The cyt bc1/b6f complex thus functions as the 
central coupling component in both the respiratory and photo-
synthetic ETCs. However, a class of membrane-bound electron 
transfer complexes, named alternative complex III (ACIII), has 
functionally replaced the cyt bc1/b6f complexes in a wide range 
of bacterial species that lack these enzymes (Pereira et al. 1999a;  
Yanyushin et al. 2005; Pereira et al. 2007; Gao et al. 2009; Refojo 
et al. 2013). Although compositionally and structurally distinct 
from the bc1/b6f complexes, ACIIIs play similar, essential roles as 
quinol:electron acceptor oxidoreductases (Pereira et al. 1999a;  
Gao et al. 2009; Refojo et al. 2017; Sousa et al. 2018; Shi et al. 
2020). 

ACIII was originally identified as a quinol:cyt c/high- 
potential iron–sulfur protein (HiPIP) oxidoreductase in 
the respiratory chain of the thermohalophilic bacterium 
Rhodothermus marinus (Pereira et al. 1999a; Pereira et al. 
2007). Bacteria such as R. marinus and Flavobacterium john-
soniae contain only a respiratory ACIII, which is structurally 
associated with and functionally coupled to cyt c oxidases 
(Refojo et al. 2010a; Sousa et al. 2018; Sun et al. 2018). 
Notably, 2 forms of ACIII have been found in Chloroflexus 
aurantiacus, the first described member of the most ancient 
known clade of photosynthetic bacteria, filamentous anoxy-
genic phototrophs (Pierson and Castenholz 1974; Wynn et al. 
1987; Yanyushin 2002; Yanyushin et al. 2005; Gao et al. 2009;  
Gao et al. 2010; Refojo et al. 2010b; Majumder et al. 2013). 
C. aurantiacus cells grown aerobically in the dark express a 
respiratory ACIII complex (CaACIIIr), encoded by an operon 
containing actBEAG and genes encoding the caa3-type oxi-
dase. This complex is thought to transfer electrons to com-
plex IV/cyt c oxidase for oxidative phosphorylation. In 
contrast, C. aurantiacus expresses a photosynthetic complex 
(CaACIIIp) under anaerobic phototrophic conditions. This 
complex is encoded by a photosynthetic operon containing 
the gene cluster actABCDEFG; functionally, it returns elec-
trons to the photosynthetic reaction center (RC) to com-
plete a cyclic ETC (Yanyushin 2002; Yanyushin et al. 2005;  

IN A NUTSHELL 
Background: The cytochrome bc1/b6f complex, also known as complex III, plays a central role in coupling an electron 
transport chain with transmembrane (TM) proton translocation, which drives ATP synthesis in photosynthesis and 
cellular respiration, 2 complementary processes that are essential for sustaining the balance of oxygen and carbon 
dioxide cycling on Earth. Although compositionally and structurally different from the bc1/b6f complex, a new class 
of membrane-bound electron transfer complexes, named alternative complex III (ACIII), functionally replaces them 
as quinol:electron acceptor oxidoreductase in many bacterial species. However, the true compositions and architec-
tures of ACIIIs remain unclear, as do their structural and functional relevance in mediating the redox-coupled TM 
proton translocation. 

Question: Structural studies of ACIIIs have revealed a highly conserved spatial organization of 6 core subunits (ActA 
to F), a potential quinol-binding site, and an electron transfer wire composed of [3Fe–4S] and 6 c-type hemes (5 in 
ActA and 1 in ActE) leading to the periplasmic electron acceptor. However, molecular mechanisms underlying quinol 
oxidation and electron transfer are unclear, due to the lack of intact complex conformations with bound (mena)qui-
nols or analogs in any of the reported structures. 

Findings: In this study, we determined the cryogenic electron microscopy structures of photosynthetic ACIII isolated 
from Chloroflexus aurantiacus (CaACIIIp), in apo-form and in complexed form bound to a menadiol analog 
2-heptyl-4-hydroxyquinoline-N-oxide. We revealed conformations of 2 previously unresolved subunits, ActG and I, 
which contributed to the complex stability. Through a combination of electron paramagnetic resonance, spectroelec-
trochemical, enzymatic, comparative structural analyses, and molecular dynamics simulations, we characterized the 
(mena)quinol binding pocket, the pathway by which electrons are transferred through the complex to acceptor aur-
acyanin, and a unique insertion loop in ActE that functions in determining the binding specificity of CaACIIIp for 
downstream electron acceptors. 

Next steps: Previous studies proposed that ACIII could also actively pump additional protons from cytoplasm into 
periplasm. To date, no experimental data on the proton translocation activity for any ACIII have been reported, leav-
ing the redox-coupled proton translocation mechanism unclear. Future studies should focus on experimental valid-
ation of this activity.   
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Gao et al. 2009; Majumder et al. 2013). Although unexpected 
diversity has been found in ACIII gene clusters, the canonical 
ACIII composition (the 6-subunit complex ActABCDEF) has 
been found in a plurality (∼40%) of species containing the 
cluster (Refojo et al. 2013). Proteomic timecourse analyses 
have revealed that actCDF is found in both CaACIIIp and 
CaACIIIr, whereas 2 sets of actABEG are used under oxic 
and anoxic conditions (Kawai et al. 2022). Despite these find-
ings, the true composition and architecture of CaACIIIp and 
CaACIIIr remain unclear, as do their structural and functional 
relevance to the cyt bc1/b6f complexes in the ETCs. 

Cryogenic electron microscopy (cryo-EM) has previously 
been used to visualize ACIII structures isolated from F. john-
soniae (Sun et al. 2018), R. marinus (Sousa et al. 2018), and 
Roseiflexus castenholzii (Shi et al. 2020), a close relative of 
C. aurantiacus (Hanada et al. 2002). All 3 of these structures 
have revealed a highly conserved spatial organization of the 
6 core subunits (ActA to F), a potential quinol-binding site, 
and an electron transfer wire composed of [3Fe–4S] and 6 
c-type hemes (5 in ActA and 1 in ActE) leading to the peri-
plasmic electron acceptors (Pereira et al. 1999b; Sousa et al. 
2018; Sun et al. 2018; Shi et al. 2020). Specifically, ActA and 
ActE have been shown to function as periplasmic penta-
heme and monoheme subunits, respectively. ActB contains 
4 iron–sulfur clusters (1 [3Fe–4S] and 3 [4Fe–4S]), although 
the roles of these [4Fe–4S] clusters remain elusive. Notably, 
only 2 of the 4 [4Fe–4S] clusters were resolved in the ACIII 
structure isolated from F. johnsoniae (Sun et al. 2018). ActC, 
ActD, and ActF comprise the TM module for quinol binding 
and putative proton translocation. Fluorescence quenching 
titration of R. marinus ACIII has revealed at least one bind-
ing site for 2-heptyl-4-hydroxyquinoline-N-oxide (HQNO), 
a menadiol analog that inhibits several quinone oxidore-
ductases (Refojo et al. 2010a). However, no bound (mena) 
quinols or analogs have been identified in any of the re-
ported ACIII structures, leaving the quinol oxidation me-
chanisms unclear. 

In addition to the 6 core subunits, the ACIII complexes 
of R. marinus and C. aurantiacus, each, contain a 7th sub-
unit, ActG, a small membrane-bound protein of unknown 
function (Pereira et al. 2007; Gao et al. 2010; Refojo et al. 
2010a; Refojo et al. 2010b). ActG has been detected in 
only 18% of the known ACIII gene clusters (Refojo et al. 
2013). Although peptide mass fingerprinting (PMF) of puri-
fied R. marinus ACIII has confirmed the presence of ActG, its 
placement in the overall structure has not been resolved. 
Furthermore, the presence of a hypothetical protein, 
ActH, was identified on the periplasmic side of R. marinus 
ACIII, where it interacts with ActA, ActB, and ActE to en-
hance ACIII stability (Sousa et al. 2018). In CaACIIIp, select-
ive dissociation of ActG and ActE from the complex via the 
addition of a chaotropic agent yields greatly reduced mena-
quinol (MQH2):auracyanin (Ac)/cyt c oxidoreductase activ-
ity. Complexes reconstituted with ActE, but not ActG, show 
largely restored function. This indicates that ActG is not re-
quired for CaACIIIp activity (Gao et al. 2013). However, the 

lack of a resolved ActG structure from any ACIII minimizes 
the understanding of its function. 

Enzymatic analyses of CaACIIIp and R. castenholzii ACIII 
have confirmed the role of the blue copper protein Ac as 
the most efficient electron acceptor from these complexes 
(Trost et al. 1988; McManus et al. 1992; Van Driessche 
et al. 1999; Majumder et al. 2013). C. aurantiacus contains 
4 Ac types, Ac-A to Ac-D (Tang et al. 2011; King et al. 
2013). Only Ac-A and Ac-B have been isolated and confirmed 
to reduce the purified RCs (McManus et al. 1992). Both of 
these proteins contain a type I copper center, in which a cop-
per ion is coordinated by a cysteine thiolate, 2 histidine imi-
dazoles, and a methionine thioether. Crystal structures of 
recombinant Ac-A and Ac-B isolated from Escherichia coli 
show comparable cupredoxin-like folds in the globular do-
mains (Bond et al. 2001; Lee et al. 2003; Lee et al. 2009). 
Protein expression studies have revealed the presence of 
Ac-A under photosynthetic growth conditions only, whereas 
Ac-B is expressed under both respiratory and photosynthetic 
conditions (Lee et al. 2009). However, a separate experiment 
using MS showed the reverse results, with Ac-A being ex-
pressed aerobically and Ac-B being expressed phototrophi-
cally (Cao et al. 2012). Recent proteomic timecourse 
analyses have revealed constitutive expression of Ac-A dur-
ing the transition from chemoheterotrophic respiratory 
growth to photoheterotrophic growth and an increased 
peptide abundance of Ac-B only during the photosynthetic 
growth phase (Kawai et al. 2022). However, the precise roles 
of Ac-A and Ac-B in mediating photosynthetic and respira-
tory electron transfers in C. aurantiacus are elusive, due to 
the aforementioned conflicting experimental results and a 
lack of structural information for either CaACIIIp or 
CaACIIIr. 

The present study was designed to shed light on the struc-
tural basis underlying CaACIIIp mediation of the photosyn-
thetic ETC as an MQH2:Ac oxidoreductase. To this end, we 
used cryo-EM to determine the CaACIIIp structures in 
apo-form and in complexed form bound to a menadiol ana-
log HQNO at 2.9 and 2.7 Å resolutions, respectively. 
Furthermore, a combination of electron paramagnetic reson-
ance (EPR), spectroelectrochemical, enzymatic, and com-
parative structural analyses, and molecular dynamics (MD) 
simulations was conducted to identify the MQH2-binding 
pocket, the pathway by which electrons are transferred 
through the complex, and the downstream Ac electron ac-
ceptor from CaACIIIp, allowing us to answer numerous 
open questions about the structure, function, and conserva-
tion of ACIII complexes. 

Results 
CaACIIIp composition and overall structure 
CaACIIIp was isolated and purified from n-Dodecyl-β-D- 
Maltopyranoside (DDM)-solubilized membranes of photo-
trophically grown C. aurantiacus cells. Blue native PAGE of 
the purified protein complex showed a single band with a  
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molecular weight >300 kDa. SDS-PAGE revealed 7 bands 
with lower molecular weights (∼12 to 110 kDa) correspond-
ing to the predicted weights of subunits ActA to ActG 
(Supplementary Fig. S1, A and B), which are encoded by 
the genes Caur_0621 to Caur_0627, respectively. The iden-
tities of the heme-containing subunits ActA and ActE were 
confirmed via tricine–SDS-PAGE and heme staining 
(Supplementary Fig. S1C). The presence of each subunit 
was further validated with the PMF of protein bands ex-
tracted from blue native PAGE and tricine–SDS-PAGE gels 
(Supplementary Tables S1 and S2). Spectral analysis revealed 
that CaACIIIp was present in the oxidized state in the air. 
Reduction with sodium dithionite shifted the absorption 
peak of c-type hemes from 413 to 420 nm, concomitantly 
producing 2 additional absorption peaks at 523 and 
553 nm (Supplementary Fig. S1, D and E). 

The air-oxidized CaACIIIp was then analyzed with cryo-EM 
(Supplementary Fig. S2A). The final dataset comprised 
1,676,043 particles picked from 3,538 micrographs. These 
were used to construct an electron potential map with a glo-
bal resolution of 2.9 Å and a local resolution of up to 2.4 Å 
(based on Fourier shell correlation [FSC] at 0.143) 
(Supplementary Fig. S2). The final reconstructed cryo-EM 
map enabled us to build an accurate model of all protein 
sidechains (Supplementary Fig. S3), cofactors, and lipid mole-
cules associated with CaACIIIp (Supplementary Table S3 and  
Fig. S4). Notably, the 2 lipid anchors at the N-termini of 
ActB (Cys76) and ActE (Cys26) could only be clearly visua-
lized on a separate map of CaACIIIp with 3.3 Å resolution 
(Supplementary Table S3 and Figs. S4 and S5). The overall 
structure of CaACIIIp was 150 × 100 × 98 Å in size, compris-
ing 7 known subunits (ActA to G) and a newly identified sub-
unit I. These 8 subunits were assembled into a complex 
comprising 25 α-helices formed TM region and 2 peripheral 
regions facing the periplasmic and cytoplasmic sides of the 
membrane, respectively (Fig. 1, A and B). On the periplasmic 
side, the redox centers for putative electron transfer were 
formed by 6 c-type hemes (5 in ActA and 1 in ActE) and 4 
iron–sulfur clusters (1 [3Fe–4S] and 3 [4Fe–4S] in ActB;  
Fig. 1C). 

The ActG subunit has not previously been resolved within 
any ACIII structure. In this study, ActG (Leu32–Arg111) was 
successfully resolved as an N-terminal TM helix spanning the 
TM region with 2 short α-helices on the periplasmic side of 
the complex (Fig. 1, C and D). The spatial organization of 
ActG verified previous chemical cross-linking results, which 
had clearly revealed that ActG is localized to the periplasm 
with ActA, ActB, and ActE (Gao et al. 2010). Furthermore, 
we successfully identified the amino acid sequence 
(Met1–Trp37) of the previously unrecognized subunit I 
(Fig. 1E). This sequence showed high conservation with a hypo-
thetical protein from Chloroflexus sp. (KatS3mg056_0333, 
GenBank ID GIV91624; Supplementary Fig. S6A). Subunit I 
was encoded by the coding sequence (3,579,499 to 
3,579,612) from the C. aurantiacus J-10-fl genome, but it was 
not annotated in the Protein Data Bank (Supplementary 

Fig. S6B). Therefore, the peptide sequence of subunit I could 
not be determined with PMF analysis (Supplementary Tables 
S1 and S2). 

Spatial organizations of ActG and subunit I 
The presence of ActG in purified CaACIIIp was verified with 
PMF. ActG, which is encoded by Caur_0627, had 63.4% se-
quence coverage to a hypothetical protein from Chloroflexus 
(accession number WP_012256523.1) (Supplementary Tables 
S1 and S2). The reconstructed cryo-EM map was used to de-
termine the positions of the ActG sidechains, except those 
in the N-terminal cytoplasmic domain (Met1–Ser31), which 
contained neither signal peptides nor a twin-arginine trans-
location motif (Supplementary Fig. S6C). The resolved ActG 
structure showed a single TM helix (Leu32–Gly54) and 2 short 
α-helices (Arg71–Leu81 and Ala99–Gly107), the latter of 
which formed extensive hydrogen bonds and salt bridges 
with amino acid residues from the ActA and ActE heme- 
binding domains (Fig. 2, A to C). At the periplasm–membrane 
interface, heme_1 was buried in a pocket formed by the con-
necting loops from ActA and ActG and the N-terminal ends of 
ActB (Cys76), ActE (Cys26), and subunit I (Trp37); weak 
hydrogen bonds were observed at amino acid pairs Asn38 
(ActA)–Gly54 (ActG) (3.0 Å) and Asn38 (ActA)–Pro57 
(ActG) (3.2 Å) (Fig. 2C). However, few of the residues involved 
in ActA and ActE interactions were conserved, except Gly54 
(which interacted with ActA) and Ile94 and Asp96 (which 
contacted ActE) from ActG (Supplementary Fig. S6C). 

Superposition of CaACIIIp with the ACIII complexes from 
R. castenholzii (Shi et al. 2020) and R. marinus (Sousa et al. 
2018) gave main-chain root mean square deviation (RMSD) 
values of 1.707 and 1.655 Å, respectively. These structural com-
parisons revealed an excellent match of the ActG α2 helix with 
a specific C-terminal extension of R. marinus ActE (Ala196– 
Glu209; Fig. 2D). This C-terminal extension was also present 
in C. aurantiacus ActE (Asp193–Asn205) and the ActE subu-
nits of many other bacterial species, but it was absent from 
the ActE subunits of R. castenholzii and F. johnsoniae 
(Supplementary Fig. S7). In the R. marinus ACIII structure, 
the ActE C-terminal extension covers the heme_E and 
heme_5 binding sites, coincidentally occupying the position 
of the ActG α2 helix in the CaACIIIp complex. In C. aurantia-
cus, ActE was terminated at Asn189, completely disordering 
the C-terminal extension (Fig. 2D). The coincident presence 
of ActG and its structural overlap with the C-terminal exten-
sion of R. marinus ActE suggested that C. aurantiacus ActG 
contributed to CaACIIIp structural stability via spatial substi-
tution for the disordered ActE C-terminal extension. 

To assess the evolutionary role of ActG, we analyzed the 
act gene clusters in several ACIIIs present in bacterial species. 
C. aurantiacus contains both photosynthetic and respiratory 
ACIII operons, but in other species, ActG was primarily pre-
sent in the respiratory ACIIIs that originated from more an-
cient bacterial ancestors (Fig. 2E). C. aurantiacus ActGp 
shared only 29% sequence identity with ActG subunits 
from other bacterial species (Supplementary Fig. S6C).  
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Thus, ActG was the least evolutionally conserved subunit of 
the ACIII complexes. This suggests that ActG would be more 
likely to contribute only to the maintenance of complex sta-
bility than to perform a critical catalytic function. 

Although subunit I was a hypothetical protein of unknown 
function, it formed part of the CaACIIIp TM module. The TM 
module comprised α-helices from subunits ActA, ActC, ActD, 
ActF, ActG, and I (Fig. 3A). ActC (Glu16–Arg464) and ActF 
(Ile11–Asn407) each contained 10 TM helices, in which two 
4-helix bundles composed of TM2 to TM5 and TM6 to 
TM9, respectively, and were sandwiched by cross-interlocked 
TM1 and TM10 (Fig. 3A). Specifically, ActC and ActF formed 
a heterodimer, in which TM5, TM6, and TM7 from each sub-
unit were symmetrically distributed at the interface (Fig. 3A). 
The two 4-helix bundles’ spatial organization in ActC and ActF 
is a conserved structural feature shared by the quinone- 
binding subunit of quinone oxidoreductases. In these enzymes, 
the N-terminal bundle contains the quinone-binding site, and 
the C-terminal bundle functions in proton translocation and 

uptake from the cytoplasm (Refojo et al. 2010b). On the other 
side of the TM module, the subunits I, ActG, and ActA are as-
sociated with each other by a single TM helix, forming a tri-
angular TM bundle. The periplasmic half of subunit I was 
located within <13 Å distance from the TM helices of ActA 
and ActG, but ∼16.3 Å from the ActD TM1 (Fig. 3, A and B;  
Supplementary Fig. S6D). However, the cytoplasmic half of 
subunit I was tilted ∼10° away from the ActA TM helix 
(Fig. 3B). On the cytoplasmic side, the N-terminus of subunit 
I was inserted into the cytoplasmic domain of ActD; the main- 
chain nitrogen and oxygen atoms of Met1 and Gln2 were 
hydrogen bonded with Asp52 (ActD; 3.2 Å) and Arg226 
(ActC; 2.8 Å) (Fig. 2, A and F). 

ActC bound a menadiol analog HQNO 
At the periplasmic side of the first 4-helix bundle (TM2 to 
TM5) of ActC, calculation of the interior surface using the 
program HOLLOW (Ho and Gruswitz 2008) identified an 
open cavity, which was located ∼10.5 Å away from the 

Figure 1. The overall structure of CaACIIIp. A) Cryo-EM map of CaACIIIp as viewed from the front (left panel) and the back (right panel) showing 
the width and height of the complex. ActA is shown in slate; ActB in cyan; ActC in salmon; ActD in olive; ActE in pale green; ActF in wheat; ActG in 
violet; subunit I in orange; c-type hemes in red; iron–sulfur clusters in orange-brown; and lipids in lime green. B) Cartoon representation of the 
CaACIIIp structure. The c-type hemes and lipids are shown in stick form, and the iron–sulfur clusters are represented as spheres. The length of 
the polypeptide forming each subunit is shown below the quaternary structures. C) Arrangement of cofactors in CaACIIIp. The newly resolved sub-
units ActG and I are shown in ribbon form. The c-type hemes bound in ActA and ActE and the lipids bound in the TM regions are shown in stick 
form. The iron–sulfur clusters in ActB are shown as spheres. PE, phosphatidylethanolamine; TG, triglyceride; DG, diglyceride. The overall structures of 
C. aurantiacus ActG D) and subunit I E) are shown in stick form fitted to the corresponding cryo-EM maps. The secondary structures and amino acid 
residues at the N-termini and C-termini of each subunit are labeled.   
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[3Fe–4S] (Fig. 3B). The position of this open cavity coincided 
with the potential MQH2-binding pocket in ACIIIs (Sousa 
et al. 2018; Sun et al. 2018; Shi et al. 2020). However, no 
bound (mena)quinol has been identified in the apo-form 
CaACIIIp and any of the reported ACIII structures. In this 
study, we successfully determined the cryo-EM structure of 
CaACIIIp in complexed form bound to HQNO at 2.7 Å 

resolution (Supplementary Fig. S8). Compared with the apo- 
form structure, we identified clear EM densities for a bound 
HQNO molecule, which was nested in a slot-shaped tunnel of 
the potential MQH2-binding pocket (Fig. 3C). The superpos-
ition of apo-form and HQNO-bound CaACIIIp structures 
gave a main-chain RMSD value of 0.683 Å. Except for minor 
shifts in the solvent-exposed areas of ActA, ActE, ActG, and 

Figure 2. Spatial organization and evolutionary analysis of the ActG subunit of CaACIIIp. A) The spatial organizations of ActG (violet) and subunit I 
(orange) with respect to the nearby subunits ActA (slate), ActE (pale green), and ActD (olive). The c-type hemes (red) in the ActA and ActE subunits 
are shown in stick form. Regions interacting with ActG are outlined with dashed lines. B) Enlarged view of the interactions of ActG (violet) with the 
ActA (slate) and ActE (pale green) subunits. The amino acid residues involved in the interactions are shown in stick form. Hydrogen bonds are 
indicated with dashed lines and labeled with the corresponding distance. C) Enlarged view of the contact interface between ActG (violet) and 
ActA (slate). There are close associations among ActE (Cys26), the N-terminus of ActB (Cys76), the C-terminus of subunit I (Trp37), and the por-
phyrin ring of heme_1. D) The ActE (pale green) and ActG (violet) subunits from C. aurantiacus are superimposed with the same subunits from the 
R. castenholzii (PDB 6LOE, white) and R. marinus (PDB 6F0K, blue) ACIII structures. The CaACIIIp ActG α2 helix (violet) overlapped with the 
C-terminal extension (ending with Glu209) of R. marinus ActE (blue). A similar C-terminal extension in the C. aurantiacus ActE (Asp193– 
Asn205) was disordered and terminated at Asn189. The amino acid residues located at the end of the C-terminus are represented as spheres. 
C. aurantiacus ActG (violet) and ActE (pale green) and the C-terminal extension of R. marinus ActE (blue) are shown in cartoon form, with hemes 
represented as sticks. E) Left, a phylogenetic tree showing the evolutionary relationships among bacterial species containing ACIII gene clusters. The 
geologic timescale for the emergence of each species is indicated at the bottom. Right, organization of the ACIII operon in each species. The regions 
encoding each subunit are distinguished by color. F) Interactions of the subunit I N-terminus with ActC (salmon) and ActD (olive) at the cytoplas-
mic side of the complex.   
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ActD, no striking conformational changes occurred upon 
HQNO binding (Supplementary Fig. S9A). This is consistent 
with the HQNO-bound Caldalkalibacillus thermarum 
NDH2 structure, which showed no major conformational 
changes to the unliganded structure (Petri et al. 2018). 

Within the HQNO-binding pocket, the quinone head 
group was buried in a hydrophobic pocket composed of 
strictly conserved amino acid residues Trp84, Ile88, Phe91, 
Pro138, Ile175, and Leu168 from the periplasmic sides of 
TM2, TM3, and TM4 (Fig. 3D; Supplementary Figs. S9B and 
S10), whereas the alkyl carbon tail was sandwiched by TM3 
and TM4 and stretched along the slot into solvent 
(Fig. 3D). Specifically, the quinone head carbonyl oxygen 
(O1) was hydrogen bonded with His141 imidazole nitrogen 
(3.3 Å). On the other side of the quinone head, the 
N-oxide oxygen (O4) formed a weak hydrogen bond with 

the Asp171 hydroxyl group (3.5 Å), which was further stabi-
lized by hydrogen bonding interactions with Asp252 (3.3 Å;  
Fig. 3E; Video 1). Compared with the apo-form structures 
of CaACIIIp and ACIII complexes from R. castenholzii, 
R. marinus, and F. johnsoniae, the side-chain orientations of 
His141 and Asp171 showed substantial changes upon 
HQNO binding (Fig. 3E; Supplementary Fig. S9, B to D), indi-
cating these 2 amino acid residues play essential roles in 
MQH2 binding. These observations also support the catalytic 
mechanisms that we have proposed for R. castenholzii ACIII, 
in which His141 and Asp171 are key residues for catalyzing 
MQH2 oxidation (Shi et al. 2020). Besides, the HQNO binding 
pocket in CaACIIIp adopted highly conserved conformation 
with the putative MQH2-binding pocket in ACIIIs from 
R. castenholzii, R. marinus, and F. johnsoniae (Supplementary 
Fig. S9, B to D), indicating these ACIIIs possess consensus 

Figure 3. Spatial organization of the CaACIIIp TM module, and the menaquinol-binding pocket bound with a menadiol analog HQNO. A) The 
cartoon representation of the CaACIIIp TM region as viewed from above. Each TM helix of ActC (salmon), ActD (olive), and ActF (wheat) is labeled 
with a number. The TM helices comprising of two 4-helix bundles of ActF are indicated with lines. The iron–sulfur clusters in ActB and the hemes in 
ActA (slate) are shown as spheres (orange-brown) and sticks (red), respectively. The distances between the TM helices of ActA, ActG (violet), and 
subunit I (orange) are labeled and indicated with dashed lines. B) Side view of the partial TM region of CaACIIIp. An open cavity (green) equivalent to 
the menaquinol-binding pocket of ActC (salmon) was predicted to be present. The distances between the [3Fe–4S] and the putative menaquinol- 
binding pocket and between the TM helices of subunit I (orange) and ActD (olive) are labeled and indicated with dashed lines. The TM helices 
comprising of two 4-helix bundles of ActC are indicated with lines. C) Enlarged view of the menaquinol-binding pocket with a bound HQNO mol-
ecule fitted in clear EM densities. The HQNO molecule (green) is shown in stick form, and the menaquinol-binding pocket of ActC (salmon) is shown 
as surface. D) Coordination of the HQNO (green) in the menaquinol-binding pocket of ActC (salmon). The amino acid residues essential for co-
ordinating the HQNO head group are shown in stick form. The TM2 to TM5 helices that constitute the menaquinol-binding pocket are shown in 
cartoon form. E) Superposition of the apo-form (white) and HQNO-bound (salmon) menaquinol-binding pocket. Three amino acid residues His141, 
Asp171, and Asp252 that play essential roles in HQNO coordination are shown in stick form. Hydrogen bonds are labeled and indicated with dashed 
lines.   
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catalytic mechanisms. The HQNO-bound CaACIIIp conform-
ation therefore not only validated the location and spatial or-
ganization of the MQH2-binding pocket but also provided 
direct evidence for understanding the MQH2 oxidation me-
chanisms of bacterial ACIIIs. 

Putative proton translocation passages in ActC and 
ActF 
As a functional counterpart for the cyt bc1 complex, ACIII has 
been proposed to pump protons from the cytoplasm into 
the periplasm. To investigate whether HQNO binding affects 
the proton translocation properties of CaACIIIp, we com-
pared conformations of the potential proton translocation 
passages between apo-form and HQNO-bound structures. 
ActC and ActF each possessed a potential proton transloca-
tion passage, which began at the cytoplasmic sides of TM2 to 
TM5 and proceeded to the periplasmic regions of TM to TM9 
(Fig. 4, A and B; Supplementary Fig. S11A). The passage com-
prised proton-carrying residues that could provide side-
chains for potential hydrogen bonding with the protons 
(Fig. 4B). The middle passage of ActC contained 3 highly con-
served amino acid residues (His246, His99, and Arg394), 
which adopted similar conformations in the apo-form and 
HQNO-bound structures (Fig. 4C; Supplementary Fig. 
S11B). The previously published structures show homolo-
gous trios of residues with consistent side-chain orientations, 
forming a hydrogen-bonding network (Supplementary Fig. 
S11C; Sousa et al. 2018; Sun et al. 2018; Shi et al. 2020). 
Compared with those structures, the His264 imidazole ring 
was flipped nearly 90° in both apo-form and HQNO-bound 
CaACIIIp, resulting in a ∼5.8-Å distance between Arg394 
and His264 (Fig. 4C; Supplementary Fig. S11C). Instead, the 
His246 imidazole group was coordinated in a weak hydrogen- 
bonding network comprising amino acid residues Tyr178, 
His99, Ile95, and Phe91. In particular, the benzyl group of 
Phe91 was essential for coordinating the HQNO head group 
(Fig. 4D; Supplementary Fig. S9B). Similar to R. marinus ActC, 
the Glu393 sidechains of both apo-form and HQNO-bound 
CaACIIIp were flipped toward the middle passage 

(Supplementary Fig. S11C). These species-specific conform-
ational changes of C. aurantiacus ActC thus linked the 
MQH2-binding pocket with the proton translocation passage. 

No EM densities for a bound HQNO were identified in the 
ActF subunit. This verified a previous assumption that ActF 
does not contain an MQH2-binding pocket (Sousa et al. 
2018; Sun et al. 2018; Shi et al. 2020). Instead, we identified 
a similar proton translocation passage, which began at 
Asp134 (at the periplasmic side) and ran to Arg398 (at the 
cytoplasmic side; Fig. 4E). Comparison of these amino acid re-
sidues with those in the comparable positions of R. castenhol-
zii, R. marinus, and F. johnsoniae ActF revealed a lack of 
conservation with the other 3 species (Supplementary Figs. 
S11D and S12). In the middle of this passage, the Asp350, 
Asn299, and Arg347 sidechains were capable of hydrogen 
bonding with one another (Fig. 4F). This was similar to interac-
tions among Tyr339, Ser217, and Glu335 of R. castenholzii ActF 
(Supplementary Fig. S11D). Except for Arg347, no obvious side- 
chain conformational changes occurred at the ActF proton trans-
location residues upon HQNO binding (Fig. 4F). Although R. mar-
inus and F. johnsoniae ActF contain the same Asp, Ser, His, and 
Tyr residues at the corresponding positions, no hydrogen- 
bonding network formed in the middle passages of those com-
plexes (Supplementary Fig. S11D). The absence of an 
MQH2-binding pocket and the low-sequence conservation sug-
gested that ActF was probably not required for redox-coupled 
TM proton translocation (Shi et al. 2020). Although ActC and 
ActF both contained putative proton translocation passages, pro-
ton pumping activity has yet to be experimentally verified in any 
ACIII complex, highlighting the need for further investigation. 

An electron transfer pathway within CaACIIIp 
The periplasmic side of CaACIIIp contained 6 c-type hemes (5 
in ActA and 1 in ActE) and 4 iron–sulfur clusters (1 [3Fe–4S] 
and 3 [4Fe–4S] in ActB). These were arranged into bifurcated 
electron transfer wires within an edge-to-edge distance of 
<14 Å (Fig. 5A), which is adequate for efficient electron or-
bital coupling and energy resonance (Page et al. 1999;  
Osyczka et al. 2004). The c-type hemes were each attached 
via thioester linkages to highly conserved cysteine residues 
of the heme-binding motifs (C-X-X-C-H), with their iron cen-
ters axially coordinated through bi-His or His-Met residue 
couplets (Fig. 5B; Supplementary Fig. S13A). Specifically, the 
5 hemes in ActA were arranged in alternating parallel and 
perpendicular pairs. The porphyrin rings of the heme_3/4 
pairs (4.8 Å) adopted a stacked motif; the rings of the 
heme_2/3 (7.8 Å) and heme_4/5 (7.1 Å) pairs formed 
T-shaped motifs (Fig. 5A), which can enhance electronic 
coupling and transfer efficiencies (Jiang et al. 2019). 

On the other side of the periplasmic region, 4 iron–sulfur 
clusters were arranged linearly with an edge-to-edge dis-
tance of <11.0 Å (Fig. 5A). These iron–sulfur clusters were 
covalently coordinated by conserved Cys residues in the 
ActB iron–sulfur-binding domain (Leu733-Lys1026; Fig. 5B;  
Supplementary Fig. S13B). Both the conformation of this 
domain and the positions of the metal clusters were highly 

Video 1. Structures of apo-form and HQNO-bound CaACIIIp. The 
CaACIIIp complexes are presented in cartoon form with the same color 
scheme as in Figures 1 and 3.   
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consistent with the structure of the Thermus thermophilus 
polysulfide reductase (PsrABC) PsrB subunit (Jormakka 
et al. 2008; Supplementary Fig. S14A). Although the 
ActB N-terminal domain (Met1–Thr732) shared ∼36% 
sequence identity with PsrA and the catalytic subunit of 
the complex iron–sulfur molybdoenzyme family, it 
did not contain homologous residues for coordinating 

[4Fe–4S], Mo, or molybdopterin guanine dinucleotide 
(bis-MGD) (Supplementary Figs. S13C and S14B). The lack 
of a molybdenum cofactor in the ActB subunit led to a dis-
tance of >∼30 Å between [4Fe–4S]_3 and the periplasmic 
surface (Fig. 5B). This was far greater than the distance 
(<14 Å) required for efficient electron transfer to periplas-
mic electron carriers (Page et al. 1999; Osyczka et al. 2004). 

Figure 4. Putative proton translocation passages in CaACIIIp ActC and ActF subunits. A) Spatial organization of the putative proton translocation 
passage (blue) in ActC (salmon). The spatial organization is shown relative to the menaquinol-binding pocket (surface in green), [3Fe–4S] cluster 
(sticks in brown-orange), and heme_1 (red sticks). The relative distances are indicated with dashed lines and labeled. B) Distribution of the amino 
acid residues that form the proton translocation passage and the menaquinol-binding pocket (highlighted in dashed lines) in ActC. The TM helices 
of ActC are shown in cartoon form (salmon), and the amino acid residues are shown in stick form. The 3 key middle passage residues are labeled in 
blue fonts. C) Enlarged view of the middle passage interactions in HQNO-bound ActC. Residues in the middle proton translocation passage are 
shown in stick form. Hydrogen bonds are shown as dashed lines with the corresponding distances labeled. D) Interactions between the middle 
passage residues and residues that constitute the menaquinol-binding pocket. Hydrogen bonds and distances between each amino acid pair are 
shown as dashed lines and labeled. E) Distribution of the amino acid residues that form the ActF proton translocation passage. The TM helices 
of ActF are shown in cartoon form (wheat), and the amino acid residues are shown in stick form. The 3 key middle passage residues are indicated 
in red fonts. F) Superposition of the ActF middle proton translocation passages in the apo-form (white) and HQNO-bound (wheat) CaACIIIp. The 
amino acid residues are shown in stick form, and the residues Asp350, Arg347, and Asn229 are labeled in red fonts. The TM6 and TM9 helices har-
boring these residues are shown in cartoon form.   
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Both the positions and spatial organizations of the c-type 
hemes and iron–sulfur clusters were highly conserved be-
tween CaACIIIp and the ACIII complexes of R. castenholzii 
(Shi et al. 2020), R. marinus (Sousa et al. 2018), and even 
F. johnsoniae ACIII that only resolved 2 iron–sulfur clusters 
(1 [3Fe–4S] and 1 [4Fe–4S]; Sun et al. 2018; Supplementary 
Fig. S14C). These observations indicated these metal centers 
play the same essential roles in each ACIII. EPR analyses of the 
air-oxidized CaACIIIp at 10 K showed several peaks corre-
sponding to multiple oxidized c-type hemes (with g values 
at 3.63, 3.34, 2.93, 2.74, 2.37, 2.28, 2.15, and 1.84) and a sharp 
g = 2.01 signal arising from the oxidized [3Fe–4S]1+ cluster, 

which were instantly vanished upon reduction by sodium di-
thionite (Fig. 5C). To further verify the MQH2 oxidation ac-
tivity, oxidized CaACIIIp was incubated with menaquinol-4 
(MK-4) as an electron donor. As a result, the EPR spectral 
peaks corresponding to the oxidized [3Fe–4S]1+ cluster and 
c-type hemes were dramatically decreased, indicating the 
[3Fe–4S]1+ cluster and c-type hemes were readily reduced 
by MK-4 (Fig. 5C). However, EPR signals characteristic of re-
duced [4Fe–4S]1+ clusters were not detected, neither reduced 
by MK-4 nor by a high concentration of dithionite. Difficulties 
in detecting the [4Fe–4S]1+ EPR signals were consistent 
with prior analyses of ACIIIs isolated from R. marinus and 

Figure 5. Electron transfer mediated by c-type hemes and iron–sulfur clusters in CaACIIIp. A) Spatial organization of iron–sulfur clusters 
(orange-brown) and c-type hemes (red) in CaACIIIp. The edge-to-edge distances between the metal centers are labeled and indicated with dashed 
lines. B) Coordination of the iron–sulfur clusters and c-type hemes in CaACIIIp. The amino acid residues that coordinate the heme iron ions and the 
iron–sulfur clusters are labeled and shown in stick form. The distances from the [3Fe–4S] clusters to the periplasmic surface of ActB are labeled and 
indicated with dashed lines. C) EPR spectra of CaACIIIp in the air-oxidized (black) and dithionite-reduced (blue) states and of air-oxidized CaACIIIp 
reacted with MK-4 (red). The g values of EPR peaks are labeled and indicated with red arrows. The EPR signal centered at g = 4.3 was attributed to 
mononuclear high-spin Fe3+ ions in sites of low symmetry, which is commonly found in a variety of metalloproteins. D) The putative electron trans-
fer pathway in CaACIIIp. An intraprotein electron tunneling pathway was predicted to be present. Through-bond processes and through-space 
jumps are represented by blue solid and dashed lines, respectively. The iron–sulfur clusters are shown as spheres, and the c-type hemes are repre-
sented in stick form. Amino acid residues necessary for mediating electron transfer are shown in stick form and labeled with the abbreviated subunit 
name in parentheses.   
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F. johnsoniae (Sousa et al. 2018; Sun et al. 2018). Overall, these 
EPR analyses demonstrated that the endogenously isolated 
CaACIIIp was redox active, and the [3Fe–4S] cluster and 
c-type hemes were reduced upon the addition of MK-4. 

To estimate the redox midpoint potentials of the c-type 
hemes, we carried out spectroelectrochemical measure-
ments. The absorbance difference between the alpha peak 
at 553 nm and the isosbestic point at 572 nm was monitored 
as a function of applied potentials and then the titration 
was fitted to a Nernst curve with 4 gradually increased one- 
electron midpoint potentials (−258.6 mV, 16.1 mV, +176.1 mV, 
and +308.4 mV; Supplementary Fig. S14, D and E). These 
values were similar to the previously reported redox 
potentials of ACIII from C. aurantiacus (−228 mV, −110 mV, 
+94 mV, and +391 mV; Gao et al. 2010) and R. castenholzii 
(−309.3 mV, −53.2 mV, +146.9 mV, and +317.4 mV; Yu 
et al. 2023). A midpoint potential of +385 mV has been de-
tected for both membrane-bound and recombinant 
C. aurantiacus ActE (Gao et al. 2013). In this study, the poten-
tial of the recombinant ActE (+385 mV) and the highest po-
tential in the intact complex (+391 mV) strongly suggested 
that the highest potential observed in the intact CaACIIIp 
(+308.4 mV) was contributed by the ActE monoheme. The 
R. marinus ACIII [3Fe–4S] redox potential was determined 
to be +140mV (Pereira et al. 1999a; Sousa et al. 2018), which 
is sufficient for electron transfer from menaquinol (−70 mV 
at pH 7) (Schoepp-Cothenet et al. 2009). However, the redox 
potentials for the other 3 [4Fe–4S] clusters were unknown. 

We further explored the electron transfer route inside 
CaACIIIp using the Pathways plugin in visual MD (VMD;  
Humphrey et al. 1996; Balabin et al. 2012). The calculations re-
vealed a plausible tunneling pathway from [3Fe–4S] to heme_1. 
This was consistent with the location of the [3Fe–4S] cluster as 
the closest cofactor located between the MQH2-binding pocket 
and heme_1 (Figs. 3B and 4A). Electrons accepted by [3Fe–4S] 
would pass from the covalently bound Cys882(ActB) and the 
main chain of Arg881(ActB) to heme_1 and then be transferred 
sequentially from heme_2 to heme_3, to heme_4, and finally to 
heme_5. The pyrrole rings of heme_1, heme_3, heme_4, and 
heme_5 were involved in this putative pathway. These electrons 
would then be transferred to heme_E via space jumps mediated 
by the conserved Cys106 residue in ActE, ultimately being trans-
ferred to the soluble electron acceptor Ac (Fig. 5D). This pre-
sumed pathway was supported by EPR analyses and VMD 
calculations of the highly conserved metal centers, which 
showed that most electrons released from CaACIIIp-oxidized 
MK-4 were transferred to [3Fe–4S] and then sequentially trans-
ferred along the 6 c-type hemes to the periplasmic electron ac-
ceptor. However, the 3 [4Fe–4S] clusters appeared to be 
off-pathway, and their functions remain to be determined. 

CaACIIIp mediated electron transfer to periplasmic 
electron acceptors 
To further investigate the electron transfer between 
CaACIIIp and the periplasmic acceptors, recombinant Ac-A 
and Ac-B containing an N-terminal His6-tag were expressed 

and isolated from E. coli cells (Supplementary Fig. S15, A 
and B). Absorbance values were measured for the purified 
Ac-A and Ac-B, which showed primary peaks at 595 and 
601 nm, respectively, and secondary peaks at ∼762 nm 
(Supplementary Fig. S15, C and D). The peaks vanished 
when air-oxidized Ac-A and Ac-B were reduced with sodium 
dithionite (Supplementary Fig. S15, C and D). In the presence 
of CaACIIIp and MK-4, the α band absorbances of Ac-A and 
Ac-B at 600 nm were gradually decreased (Supplementary 
Fig. S16, A and B), indicating that both Ac-A and Ac-B 
were reduced by the acceptance of electrons released from 
CaACIIIp-oxidized MK-4. However, there were no clear en-
zymatic differences between Ac-A and Ac-B for electron ac-
ceptance from CaACIIIp. Further X-band EPR analyses of the 
air-oxidized Ac-A and Ac-B at 77 K exhibited rhombic rather 
than axial EPR spectra for both proteins (Supplementary Fig. 
S16C), which is typical of the air-oxidized type I copper cen-
ters. In addition, spectroelectrochemical redox titrations were 
conducted, from which we calculated redox midpoint poten-
tials of +221 ± 3 and +215 ± 3 mV for the copper centers of 
Ac-A and Ac-B, respectively (Supplementary Fig. S17). These 
two values were consistent with the previously reported mid-
point potentials of Ac-A and Ac-B (+205 ± 7 mV and +215 ±  
7 mV at pH7, respectively; Rooney et al. 2003). 

Comparable with ACIII in R. castenholzii and R. marinus, 
the monoheme in ActE (heme_E) located at the end of 
the heme wire was believed to be the terminal electron ac-
ceptor inside CaACIIIp and was essential for mediating the 
electron transfer to downstream electron acceptors (Gao 
et al. 2013; Refojo et al. 2017; Sousa et al. 2018; Sun et al. 
2018). Heme_E was buried in a pocket surrounded by the 
ActE helices and connecting loops (α3/α4 and α2-α3, re-
spectively); the 2 carboxyl groups of the porphyrin ring 
were exposed to the periplasmic solvent (Fig. 6A). 
Superimposition of the ActE subunits revealed an extension 
of the loop between α4 and α5 helices (Val149-Tyr163) 
(Fig. 6A). A BLAST search and alignment of the resulting se-
quences revealed that this specific insertion loop (Val149– 
Gly158) was present not only in the C. aurantiacus photo-
synthetic ActE-p but also in the cyt c proteins of 
Chloroflexus, Oscillochloridaceae, and Oscillochloris species. 
However, the insertion loop was absent from the 
C. aurantiacus respiratory ActE-r and the ActE subunits of 
several species, including R. castenholzii, R. marinus, and 
F. johnsoniae (Fig. 6B; Supplementary Fig. S7). The insertion 
loop formed an additional negatively charged extension 
with a solvent-accessible surface area of 947.3 Å2 (Fig. 6C). 
Such an extension of the heme_E-contacting interface 
was not observed in other previously determined ACIII 
structures, which show primarily positively charged and 
neutral residues along the exposed heme_E edge 
(Supplementary Fig. S18, A to C). 

Prior studies have proposed that a transient electron trans-
fer complex forms during electron transfer via a two-step 
model; electrostatic interactions precede hydrophobic interac-
tions at the interface to facilitate rapid association and  
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electron tunneling, respectively (Pelletier and Kraut 1992;  
Axelrod et al. 2002; Solmaz and Hunte 2008; Kawakami et al. 
2021). In most cupredoxin structures, a hydrophobic patch 
surrounds the exposed edge of the copper-coordinating imid-
azole ring, which is involved in forming close contacts with 
electron transfer partners (van de Kamp et al. 1990; Zhu 
et al. 1998; Bond et al. 2001; Lee et al. 2009; Kachalova et al. 
2012). Superposition of the Ac-A crystal structure with that 
of Ac-B showed an excellent match at the soluble globular do-
main (RMSD = 0.598 Å) (Supplementary Fig. S18D). The 

exposed edges containing the copper-coordinating His residues 
(His151 and His222 in Ac-A and Ac-B, respectively) were 
shown to have mostly neutral with some negatively charged 
residues (Fig. 6D), which were capable of forming electrostatic 
and hydrophobic interactions with the positively charged and 
neutral residues on the heme_E-contacting interface. Notably, 
an extension at the N-terminal loop of Ac-B (Ala97-Ala111) 
flipped back toward the globular domain, forming an addition-
al positively charged patch beneath the Ac-B copper-binding 
region (Fig. 6D; Supplementary Fig. S18E). These differences 

Figure 6. Structural features of C. aurantiacus photosynthetic ActE that contains a specific insertion loop and the downstream electron acceptors 
Ac-A and Ac-B. A) Superposition of CaACIIIp with the R. castenholzii (PDB 6LOE, white) and R. marinus (PDB 6F0K, blue) ACIII complexes revealed a 
unique insertion loop in C. aurantiacus ActE (pale green). The ActA (slate) and ActE subunits of CaACIIIp, R. castenholzii (white), and R. marinus 
(blue) are shown in cartoon form. The C-terminal ends of each ActE subunit are labeled and indicated in sphere form. Heme_E and heme_5 (red) are 
shown in stick form. B) Primary structures of C. aurantiacus photosynthetic (−p) and respiratory (−r) ActE compared with ACIIIs from R. casten-
holzii (PDB 6LOE), R. marinus (PDB 6F0K), and F. johnsoniae (PDB 6BTM). The classical C-X-X-C-H heme-binding motif is indicated in green text, and 
the insertion loop and C-terminal extension are highlighted in green. The secondary structure of C. aurantiacus ActE is depicted above the primary 
structure. The His/Met residues that immobilize the heme iron ion are indicated with red stars. C) Surface electron potentials of the heme_E-binding 
and heme_5-binding domains of CaACIIIp. The positively charged, negatively charged, and neutral residues on the surface are indicated with blue, 
red, and white, respectively. Asn189 (located at the C-terminal end of ActE) and Val149 and Tyr163 (located at either end of the insertion loop) are 
labeled and shown as spheres. Heme_E and heme_5 are shown in red in stick form. D) Surface electron potentials of C. aurantiacus Ac-A and 
Ac-B. The crystal structures are shown in cartoon form in gray. Amino acid residues at the N-terminus of each protein are indicated with black 
arrows. The copper ions and the coordinating His residues in the 2 structures are depicted as orange spheres and gray sticks, respectively. 
Compared with Ac-A, Ac-B contains an extension at the N-terminal loop (Ala97–Ala111) that flips back toward the globular domain, forming 
an additional positively charged area beneath the copper-binding region. Aligned N-terminal Ac-A and Ac-B sequences are shown above the tertiary 
structures.   
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in surface charge suggested that Ac-A and Ac-B had different 
methods of association with electron transfer partners. 

To further analyze the binding specificity of CaACIIIp for 
Ac-A and Ac-B, we performed MD simulations for the entire 
CaACIIIp structure. Two binding models of CaACIIIp in com-
plex with Ac-A and Ac-B, respectively, were generated with the 
lowest binding free energies and converged RMSD profiles in 
the second half of all MD simulations (Supplementary Fig. 
S18, F and G). Specifically, Ac-B exhibited a relatively lower 
binding free energy (−13.60 ± 5.11 kcal mol−1) than that of 
Ac-A (−9.66 ± 3.16 kcal mol−1) (Supplementary Table S4). In 
these 2 binding models, the copper-coordinating regions of 
Ac-A and Ac-B both faced the exposed edge of heme_E 
(Fig. 7, A and B). The edge-to-edge distances between the 
heme_E and copper ions were within 14 Å (Fig. 7, A and B), 
which were adequate for direct electron transfer. The positive-
ly charged heme_E-binding region was closely associated with 
the mostly negatively charged copper-binding region in both 
Ac-A and Ac-B, whereas Ac-B contains scattered neutrally 
charged residues at the exposed edge of the copper-binding 
region, resulting in more extensive interactions with the specif-
ic insertion loop (Fig. 7, C and D). As a result, Ac-B contributed 
additional hydrophobic interactions at the interface to con-
tact the exposed heme_E edge (Fig. 7, E and F). Thus, these re-
sults suggested that Ac-B possesses structural features that 
enable it to form a more stable transient electron transfer 
complex with CaACIIIp, in which the specific insertion loop 
formed a docking platform for holding the exposed edge of 
the copper-binding domain. 

Discussion 
C. aurantiacus is a model organism representing the filament-
ous anoxygenic phototrophs, an ancient clade of photosyn-
thetic bacteria (Pierson and Castenholz 1974). This species 
has acquired unique electron transport and energy trans-
formation systems during evolution (Wynn et al. 1987; van 
Dorssen and Amesz 1988; Strauss and Fuchs 1993; Zarzycki 
et al. 2009; Gao et al. 2010; Tang et al. 2010; Gao et al. 
2013; Bina et al. 2014). Most importantly, it evolved a new 
class of membrane-bound MQH2:Ac oxidoreductase, ACIII, 
which is a functional substitute for the classic bc1/b6f com-
plex in both the photosynthetic and respiratory ETCs. We 
here revealed the structural basis underlying menaquinol oxi-
dation, electron transfer, and potential TM proton transloca-
tion in the photosynthetic form of CaACIIIp. We revealed the 
structure of previously unidentified subunits I and ActG, and 
the HQNO-bound complex conformation of ACIII. Based 
on the structural data, we elucidated the roles of subunits I 
and ActG in stabilizing the ACIII complex formation. 
Notably, this includes a specific insertion loop in the ActE 
subunit, which forms an extended contacting interface that 
confers specificity in CaACIIIp binding with the downstream 
electron acceptor (Ac-A or Ac-B). Besides, the HQNO-bound 
conformation revealed the structural linkage between MQH2 

oxidation and potential proton translocation. 

ACIII is a multisubunit complex with 6 to 8 subunits, which 
are all encoded by the gene cluster actABCDEFG in a single pu-
tative operon. The composition and organization of this gene 
cluster differs between species. ActA to ActF are the core sub-
units, shared by both photosynthetic ACIIIs (C. aurantiacus 
and R. castenholzii) and respiratory ACIIIs (R. marinus and 
F. johnsoniae). A hypothetical protein, ActH, has been resolved 
on the periplasmic side of R. marinus ACIII, wherein it interacts 
with the subunits ActA, ActB, and ActE (Sousa et al. 2018). 
ActG is the only subunit that is present in just ∼40% of known 
act gene clusters, and its function has remained elusive; no 
density map of R. marinus ActG has been resolved in the 
cryo-EM maps despite confirmation of its presence. ActG 
can be selectively dissociated from the complex without af-
fecting the MQH2:Ac/cyt c oxidoreductase activity (Gao 
et al. 2013). This suggests that ActG is not required for 
CaACIIIp catalytic activity. Indeed, ActG was here shown to 
substitute for the typically stabilizing ActE C-terminal exten-
sion, which is disordered in CaACIIIp (Fig. 2D). However, evo-
lutionary analysis did not reveal an association between the 
presence of ActG and the absence of a functional ActE 
C-terminal extension (Supplementary Fig. S7). Thus, ActG ap-
pears to play distinct roles between species. Identification of 
the subunits I and ActH further indicated that varying subu-
nits could be assembled into the core ACIII module in different 
species to fulfill specific physiological requirements. 

In contrast to noncanonical subunits, the core CaACIIIp 
subunits (ActABCDEF) possessed conserved structural fea-
tures with the corresponding subunits of R. marinus and 
R. castenholzii. These features included a MQH2-binding 
pocket; 2 putative proton translocation passages in ActC 
and ActF; and 6 c-type hemes and 4 iron–sulfur clusters in 
the periplasmic subunits ActA, ActE, and ActB. Prior to our 
study, no (mena)quinols or analogs have been identified in 
the MQH2-binding pocket of any reported ACIII structures. 
In this study, we determined the HQNO-bound conform-
ation of CaACIIIp, which elucidated the location, spatial or-
ganization, and MQH2 oxidation mechanism of bacterial 
ACIIIs (Fig. 3, D and E). Upon HQNO binding, only minor 
shifts occurred in the solvent-exposed areas of ActA, ActE, 
ActG, and ActD (Supplementary Fig. S9A), indicating the 
structural flexibility of these regions. Structural comparisons 
between different species further revealed conserved con-
formation of the MQH2-binding pocket and a consensus 
mechanism that evolves a His and an Asp residue for catalyz-
ing MQH2 oxidation. However, the hydrogen-bonding net-
work among the homologous triplet residues (Arg394, 
His264, and His99) was disrupted in both the apo-form 
and HQNO-bound CaACIIIp. As a result, His264 underwent 
dramatic side-chain conformational changes that further 
linked the MQH2-binding pocket and the proton transloca-
tion passage (Fig. 4, C and D). These observations provided 
a structural basis for further investigations of the redox- 
coupled proton translocation mechanisms. 

Both enzymatic and EPR analyses demonstrated the MQH2: 
Ac-A/Ac-B oxidoreductase activity of CaACIIIp and the roles  
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of the [3Fe–4S] cluster and c-type hemes in mediating intra-
protein electron transfer (Fig. 5C; Supplementary Fig. S16, A 
and B). However, the EPR signals of the 3 [4Fe–4S] clusters 
could not be detected after oxidation with MK-4, despite evi-
dence (namely air-oxidation experiments and a dithionite- 
reduced cryo-EM structure of R. castenholzii ACIII) showing 
that the [4Fe–4S] clusters are accessible to dithionite (Shi 
et al. 2020). The redox potentials of these 4 iron–sulfur clusters 
have not yet been measured in any ACIII complex. The E. coli 
enzyme DMSO reductase has 4 iron–sulfur clusters with mid-
point redox potentials of −50, −120, −330, and −240 mV 
(Cheng et al. 2005). The midpoint redox potentials of [4Fe– 
4S] clusters (∼−250 to −650 mV; Liu et al. 2014) are most like-
ly too low to be reduced by [3Fe–4S] (Pereira et al. 1999a;  
Sousa et al. 2018) or MQ (Schoepp-Cothenet et al. 2009). 
Due to the lack of any molybdenum cofactor in the ActB sub-
unit, the distance between [4Fe–4S]_3 and the periplasmic 
surface was >∼30 Å (Fig. 5B). This was far greater than the dis-
tance required for efficient electron transfer to periplasmic 
electron carriers (<14 Å; Page et al. 1999; Osyczka et al. 
2004). Therefore, these [4Fe–4S] clusters appear to be outside 

the electron transfer pathway of CaACIIIp. Furthermore, al-
though the redox potential difference between MQ and the 
ActE monoheme or Ac (∼+320 mV) is sufficient for proton 
translocation across the membrane (Refojo et al. 2012), proton 
translocation activity has yet to be elucidated in any ACIII. 
Future studies should focus on experimental validation of 
this activity. 

The ActE monoheme located at the end of the heme wire 
has the highest redox potential inside CaACIIIp and is thought 
to be the terminal electron acceptor, similar to the ACIII com-
plexes of R. marinus and R. castenholzii (Gao et al. 2013; Refojo 
et al. 2017; Sousa et al. 2018; Shi et al. 2020). Both sequence 
alignment and structural superposition revealed the presence 
of a specific insertion loop in CaACIIIp ActE and ActE subunits 
of Chloroflexus, Oscillochloridaceae, Candidatus Viridilinea, and 
Oscillochloris species (Supplementary Fig. S7). The presence of 
the insertion loop in CaACIIIp was here shown to create an ex-
tended negatively charged patch for coordinating the Ac-A 
and Ac-B bindings (Fig. 7, C and D). Notably, the insertion 
loop is absent from the respiratory form of C. aurantiacus 
ActE-r and ActE subunits from R. marinus, R. Castenholzii, 

Figure 7. Structural basis underlying CaACIIIp mediation of electron transfer to downstream acceptors. MD simulations generated binding models 
of CaACIIIp in complex with Ac-A A) and Ac-B B). The ActE (pale green) and ActG (violet) subunits and Ac-A (slate) and Ac-B (marine) are shown in 
cartoon forms. The copper ions (orange) and heme_E (red) are shown in spheres and sticks, respectively. The distance between the copper ion and 
the heme_E edge is labeled and shown as a dashed line. The N-terminal and C-terminal ends of Ac-A and Ac-B are labeled and indicated with dots. 
Surface electron potentials of CaACIIIp in complex with Ac-A C) and Ac-B D). The positively, negatively, and neutrally charged residues on the 
surface are indicated with blue, red, and white, respectively. The positively charged exposed heme_E edges are facing negatively charged copper 
coordinating regions in Ac-A C) and Ac-B D). The extended positively charged N-terminus of Ac-A (Gly40) and Ac-B (Ala97) are exposed to 
the solvent. The N-terminus of Ac-A (Gly40) and Ac-B (Ala97) are indicated by black arrows. The contacting interface between CaACIIIp and 
Ac-A E) and Ac-B F). Amino acid residues essential for forming hydrogen bonding and hydrophobic interactions are shown in sticks, and the dis-
tances are labeled and indicated with dashed lines.   
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and F. johnsoniae (Fig. 6B). The R. castenholzii genome has only 
a single ACIII gene cluster and encodes one Ac (rcAc); the ab-
sence of the insertion loop in ActE could provide sufficient 
structural flexibility for its interaction with rcAc (Wang et al. 
2020). R. marinus ActE, which also lacks the insertion loop, re-
acts with 2 structurally different electron acceptors, HiPIP and 
soluble cyt c, demonstrating that ActE can react with more 
than one electron acceptor (Pereira et al. 1999a, 1999b). For 
F. johnsoniae ACIII, the ActE monoheme is not required for 
electron transfer to cyt aa3. This is due to the presence of 
an N-terminal 6th heme in the mobile domain of F. johnsoniae 
ActA, which can accept electrons directly from the pentaheme 
wire and donate them to cyt aa3 in the actE-deletion mutant 
(Sun et al. 2018; Lorencik et al. 2021). Considering the high 
structural similarities between the heme_E binding domains, 
CaACIIIp and CaACIIIr probably evolved the presence of this 
specific insertion loop to determine the binding specificity 
for different downstream electron acceptors. However, add-
itional structural and functional studies are required to eluci-
date the molecular mechanisms by which ActE interacts with 
distinct electron acceptors. 

In conclusion, the results of this study provide insights into 
the structure and molecular functionality of the CaACIIIp 
MQH2:Ac oxidoreductase. We delineated the enzymatic activ-
ities of this complex in catalyzing MQH2 oxidation, mediating 
intraprotein and interprotein electron transfer. Resolutions of 
the ActG, the subunit I and the HQNO-bound structures, and 
experimental validation of the ActE specificity for downstream 
electron acceptors, in together broaden our understanding of 
the diversity and molecular evolution of ACIIIs. These data 
provide a structural basis for further investigation of ACIII 
coupling mechanisms for mediation of the photosynthetic 
and respiratory ETCs, promoting an understanding of bacterial 
energy conservation. 

Materials and methods 
Extraction and purification of CaACIIIp from 
C. aurantiacus 
C. aurantiacus J-10-fl cells were cultured anaerobically at 50 °C 
under 20,000 lx light intensity in a modified PE medium for 
7 days (Hanada et al. 2002). The cells were collected by centri-
fugation at 9,874 × g for 10 min and were resuspended in buf-
fer containing 50 mM Tris-HCl pH 8.0 (buffer A) and then 
homogenized using a high-pressure homogenizer (Union, 
China). The cell extracts were centrifuged at 23,807 × g for 
15 min to remove unbroken cells and insoluble lipids. The 
whole membrane components were harvested by centrifuga-
tion at 200,000 × g for 2 h (Ti 70 rotor, 45,000 rpm) at 4 °C. 

The pellets were resuspended in 50 mM sodium acetate pH 
5.0 (buffer B) and solubilized by 2% (v/v) n-Dodecyl-β-D- 
Maltopyranoside (DDM, Anatrace) at room temperature 
for 1 h with gentle stirring and then were ultra-centrifuged 
at 200,000 × g for 1 h at 4 °C. The supernatant containing 
CaACIIIp was filtered through a 0.22-μm Millipore filter 
and subsequently loaded on a prepacked cation exchange 

chromatography column (SPHP, GE Health) that had been 
preequilibrated with buffer B containing 0.02% (v/v) DDM 
(buffer C). The crude CaACIIIp was eluted from the column 
with 0.1 to 0.3 M NaCl in buffer C and further purified by gel 
filtration through a Uniodex 200 PG 16/60 size-exclusion col-
umn in 20 mM Tris-HCl pH 8.0, 100 mM NaCl, and 0.02% (v/v) 
DDM (buffer D). The whole preparation procedure was mon-
itored by measuring the absorption spectrum from 250 to 
900 nm. 

Electrophoresis verifications of the purified CaACIIIp 
The purified CaACIIIp fractions were assessed by blue 
native PAGE and tricine–SDS-PAGE. The presence of the 
ActA and ActE subunits was detected using 3,3′,5,5′- 
tetramethylbenzidine (TMBZ)-H2O2 as a stain for the perox-
idase activity of the bound c-type hemes (Thomas et al. 
1976). Briefly, the SDS-PAGE gel was rinsed with distilled 
water and incubated with freshly made TMBZ working solu-
tions in the dark for 1 to 2 h. The working solutions contain 
6.3 mM TMBZ in methanol mixed with 0.25 mM sodium acet-
ate pH 5.0 in a ratio of 1 part to 3. The bands were developed 
with the addition of 30 mM H2O2 for 10 to 30 s. Then, the gel 
was fixed with 3 washes of isopropanol and 0.25 mM sodium 
acetate pH 5.0 in a ratio of 3 parts to 7. Then, the verified 
CaACIIIp samples were used for cryo-EM analyses and other 
experiments. 

PMF analysis of CaACIIIp 
The identity of SDS-PAGE and blue native PAGE bands was 
confirmed by PMF using matrix-assisted laser desorption 
ionization-time of flight (MALDI-TOF) mass spectroscopy. 
The stained bands from SDS-PAGE and blue native PAGE 
were excised, destained, and washed with 50% (v/v) aceto-
nitrile in 50 mM aqueous NH4HCO3 until clear. To reduce 
the proteins, the gel pieces were dehydrated with 100 μL of 
100% acetonitrile for 5 min and then were incubated with 
10 mM dithiothreitol in 100 mM NH4HCO3 at 56 °C for 
60 min. Then, cysteine residues in the proteins were further al-
kylated by 55 mM iodoacetamide in 100 mM NH4HCO3 at 
room temperature in the dark for 45 min. Then, the gel pieces 
were washed with 50 mM NH4HCO3 and dehydrated with 
100% acetonitrile; the proteins were digested with 10 ng/μL 
trypsin in 50 mM NH4HCO3 at 37 °C overnight. The reaction 
was terminated with 1% (v/v) trifluoroacetic acid and then 
the peptides were extracted with 50% (v/v) acetonitrile/5% 
(v/v) formic acid before being dried with 100% acetonitrile 
and resuspended in 2% (v/v) acetonitrile/0.1% (v/v) formic acid. 

The tryptic peptides were dissolved in 0.1% (v/v) formic acid 
(solvent A) and directly loaded onto a homemade reversed- 
phase analytical column (15-cm length, 75 μm i.d.). Then, 
the peptides were separated by a gradient comprised of an in-
crease from 6% to 23% solvent B (v/v, 0.1% formic acid in 98% 
acetonitrile) over 16 min, 23% to 35% in 8 min, and climbing 
to 80% in 3 min and then held at 80% for the last 3 min to sep-
arate these peptides, at a constant flow rate of 300 nL/min on 
an EASY-nLC 1000 UPLC system. The peptides were then  
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subjected to an NSI source followed by tandem MS (MS/MS) 
in HFX (Thermo) coupled online to the UPLC. The electro-
spray voltage applied was 2.0 kV. The m/z scan range was 
350 to 1,800 for a full scan, and intact peptides were detected 
in the Orbitrap at a resolution of 70,000. Peptides were then 
selected for MS/MS using normalized collision energy (NCE) 
setting as 28, and the fragments were detected in the 
Orbitrap at a resolution of 17,500. A data-dependent proced-
ure alternated between one MS scan followed by 20 MS/MS 
scans with 15.0-s dynamic exclusion. Automatic gain control 
was set at 5E4. The resulting MS/MS data were processed using 
MaxQuant. Carbamidomethyl on Cys was specified as fixed 
modification and oxidation on Met, and deamidation (NQ) 
and acetyl (protein N-term) were specified as variable modifi-
cations. The min. delta score for modified peptides was set at 
8. Other parameters were set to the default settings. 

Cryo-EM 
Three-microliter aliquots of CaACIIIp at 2.5 mg/mL were placed 
on freshly glow-discharged CryoMatrix R1.2/1.3 300-mesh 
amorphous alloy film (Zhenjiang Lehua Technology Co. Ltd., 
China). Grids were blotted for 3 s under a blot force of 2 at 
100% humidity and 4 °C before being flash-frozen in liquid eth-
ane with a Mark IV Vitrobot plunge freezer (Thermo Fisher 
Scientific, Waltham, MA, USA). 

The dataset of the apo-form CaACIIIp at 3.3 Å resolution 
was acquired on a Titan Krios microscope (Thermo Fisher 
Scientific) operating at 300 kV and recorded on a Gatan K2 
Summit direct electron detector (DED, Gatan, Pleasanton, 
CA, USA). SerialEM (Mastronarde 2005) was used for auto-
matic data collection. A total of 3,116 movies were recorded 
at a magnification of 22,500× and a pixel size of 1.04 Å, with a 
defocus range between −1.8 and −2.3 μm. Forty-five frames 
per movie were collected with a total dose of about 60 e−/Å2. 

The datasets of the apo-form CaACIIIp at 2.9 Å resolution 
and a 2.7-Å map of CaACIIIp in complexed form bound 
with HQNO were both collected on a 300-kV Titan Krios 
G2 electron microscope with Falcon 4 DED and a Selectris en-
ergy filter by EPU software (Thermo Fisher Scientific, USA). 
A nominal magnification of 130,000× was used for imaging, 
which yielded a pixel size of 0.93 Å. For the 2.9-Å dataset of 
apo-form CaACIIIp, a total of 3,514 movies were recorded 
with defocus values between −1.0 and −1.8 μm, for a total 
dose of ∼60 e−/Å2. For the 2.7-Å dataset of CaACIIIp bound 
with HQNO, 4,214 movies were collected with defocus values 
between −1.0 and −1.6 μm. The exposure time was 4.51 s, re-
sulting in a total dose of 60 e−/Å2. 

Image processing 
Motion correction and exposure dose weighting were per-
formed by the MotionCorr2 program (Zheng et al. 2017), 
and the contrast transfer function (CTF) parameter was esti-
mated using the Gctf program (Zhang 2016). For the dataset 
of the apo-form CaACIIIp at 3.3 Å resolution, using the 
cryo-EM structural model of R. castenholzii ACIII as a refer-
ence, a total of 1,416,857 particles were auto-picked from 

3,116 micrographs. After 2 rounds of 2D classifications, 
1,223,338 particles were extracted at 2 × 2 binning and sub-
jected to 2 rounds of 3D classification. Then, 244,992 particles 
from the best 3D class were selected for 3D refinement that 
produced an EM-map with a resolution of 3.4 Å. Further CTF 
refinement including correction for higher-order aberrations, 
anisotropic magnification, per-particle defocus and per- 
micrograph astigmatism, and 3D auto-refinement increased 
the resolution of the cryo-EM map to 3.3 Å. 

For the dataset of the apo-form CaACIIIp at 2.9 Å reso-
lution, 1,676,043 particles were auto-picked from 3,538 mi-
crographs. The subset of 336,124 particles was extracted 
after 3 rounds of 2D classification. Subsequently, the particles 
were subjected to 2 rounds of 3D classification. A total of 
103,633 particles was selected for 3D refinement to generate 
a 3.0-Å resolution cryo-EM density map. The resultant data 
were subjected to CTF refinement, after correcting the 
beam tilt, trefoil aberrations, 4th-order aberrations, and an-
isotropic magnification, and per-particle defocus and per- 
micrograph astigmatism were estimated. The subsequent 
3D refinement resulted in a 2.9-Å resolution EM map. 
Reported resolutions were estimated with a soft-edge mask 
around the protein complex and micelle densities and based 
on the gold-standard FSC = 0.143 criterion (Scheres and 
Chen 2012). All the image processing steps were performed 
using RELION 3.1 (Zivanov et al. 2018). Local resolution 
was estimated with Resmap (Kucukelbir et al. 2013). 

For the dataset of HQNO-bound CaACIIIp, the image pro-
cessing steps were performed using CryoSPARC programs. 
Using a 2D reference of the apo-form CaACIIIp as a template, 
2,078,209 particles were auto-picked from 4,214 micrographs. 
After 4 rounds of 2D classification, 160,264 particles were se-
lected for ab initio reconstruction to generate the initial 3D 
model. Then, nonuniform refinement and local CTF refine-
ment to estimate per-particle defocus value were performed, 
resulting in an EM map with a global resolution of 2.7 Å, 
based on the gold-standard FSC. Local resolution was esti-
mated with Resmap. 

Model building, refinement, and validation 
The atomic model of CaACIIIp was built by fitting the 
R. castenholzii ACIII structure into the cryo-EM density 
map in USCF Chimera (Pettersen et al. 2004). Based on the 
density map, the structure model of CaACIIIp, including 
the amino acid residues and cofactors, was manually built 
and adjusted in Coot (Emsley and Cowtan 2004). The geo-
metric constraints for the c-type heme, HQNO, and lipids 
were generated using the program in Phenix.eLBOW, with 
an AM1 geometry optimization based on force-field re-
straints. Then, real-space refinement in PHENIX (Adams 
et al. 2010; Afonine et al. 2018) was used for model refine-
ment, in which the geometric constraints within the [Fe–S] 
clusters, between the [Fe–S] clusters, c-type hemes, and their 
coordinated amino acid residues were applied. All figures 
were drawn in PyMOL (The PyMOL Molecular Graphics  
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System, Version 2.5.2, Schrödinger, LLC.), UCSF Chimera 
(Goddard et al. 2007), or ChimeraX (Pettersen et al. 2021). 

Recombinant expression and purification of 
C. aurantiacus Ac-A and Ac-B 
The gene fragments encoding C. aurantiacus Ac-A 
(WP_012259089.1) and Ac-B (WP_012257819.1) were ampli-
fied by PCR and inserted into a pET-28a vector between the 
NdeI and XhoI restriction sites. The sequenced plasmids were 
transformed into E. coli BL21 (DE3) cells for the expression of 
N-terminal His6-tagged recombinant proteins. The trans-
formed cells were grown in 1 L of Luria-Bertani (LB) medium 
containing 100 mg/mL kanamycin at 37 °C until the OD600 

reached 0.6 to 0.8. The expression of the recombinant pro-
teins was then induced with the addition of 0.1 mM isopropyl 
β-D-thiogalactopyranoside overnight at 25 °C. 

The harvested cells were resuspended in wash buffer con-
taining 50 mM Tris-HCl pH 8.0, 300 mM NaCl, and 5% (v/v) 
glycerol and then homogenized using a high-pressure hom-
ogenizer (Union, China). The insoluble cell debris was re-
moved by centrifugation at 23,807 × g for 30 min at 4 °C. 
The supernatant containing crude soluble proteins was 
loaded onto a Ni2+-chelating HiTrap column (5 mL). For 
purification of Ac-A and Ac-B, the Ni2+-chelating medium 
was incubated with 10 mL 0.1 M of copper sulfate solution for 
1 h to introduce copper ions into the proteins, and then the re-
combinant proteins were rinsed with buffer (50 mM Tris-HCl pH 
8.0, 300 mM NaCl, and 50 mM imidazole) to remove nonspecifi-
cally bound proteins. The fractions eluted with 200 to 
400 mM imidazole were collected and further purified with 
a Uniondex75 PG 16/60 size-exclusion column (Union, China). 

Menaquinol:Ac oxidoreductase activity assays 
Absorbance spectra of the purified Ac-A and Ac-B were mea-
sured at wavelengths ranging from 200 to 900 nm using a 
UV–vis spectrophotometer (Mapada P6, China) at 25 °C. 
The primary absorption peaks of Ac-A at 595 nm and Ac-B 
at 601 nm were observed, respectively, representing the air- 
oxidized state of these 2 proteins. The absorption peaks van-
ished when the air-oxidized Ac-A and Ac-B were reduced via 
the addition of 10 mM sodium dithionite. 

The enzyme activity of CaACIIIp as a menaquinol:Ac oxi-
doreductase was monitored using reduced menaquinone-4 
(menaquinol-4, MK-4) as electron donor and the air-oxidized 
C. aurantiacus Ac-A and Ac-B as electron acceptors. The 
menaquinone-4 was prereduced as previously reported 
(Wang et al. 2020). The assays were performed in a black cu-
vette with an air-tight plug under an N2 stream to keep the 
solution in anaerobic condition. The reaction was carried out 
with 100 nM ACIII, 50 μM air-oxidized Ac-A and Au-B in 
20 mM Tris-HCl buffer (pH 8.0) containing 100 mM NaCl 
and 0.02% (v/v) DDM. Using the electron donor MK-4 at 
80 μM, the reduction assays of air-oxidized Ac-A and Ac-B 
by CaACIIIp were tested individually. The CaACIIIp was re-
placed with the reaction buffer as the control group. The spe-
cific absorption of the air-oxidized Ac-A and Ac-B at 600 nm 

was recorded for 300 s at 50 °C. All enzymatic data were ob-
tained from triplicate experiments. 

EPR measurements 
Low-temperature EPR spectra were acquired on a Bruker 
X-band EMX plus 10/12 spectrometer equipped with an 
Oxford Instruments ESR 910 continuous helium-flow cryo-
stat. A cylindrical resonator (ER4119hs TE011) was used for 
EPR data collection. Protein samples (CaACIIIp, Ac-A, and 
Ac-B) were prepared in an “air-oxidized” state (as purified) 
and in a “reduced” state (reduced by sodium dithionite in 
a COY anaerobic chamber). All the samples were mixed 
with glycerol as a cryoprotective agent to a final concentra-
tion of 10% (v/v), and each sample was placed into quartz 
EPR tubes (Wilmad, 707-SQ-250 M, 3 mm i.d., 4 mm o.d.) 
for measurements. For each sample, multiple scans were ac-
cumulated to obtain a good signal-to-noise (S/N) ratio. The 
temperature was set at 10 K for EPR characterization of the 
metal centers in CaACIIIp and 77 K for the copper center 
in Ac-A and Ac-B. Other experimental conditions were set 
as follows: microwave power, 1 mW; modulation amplitude, 
5 Gauss at 10 K and 2 Gauss at 77 K; modulation frequency, 
100 kHz; and resonance frequency, ∼9.398 GHz. 

Spectroelectrochemical measurements 
The midpoint potentials (Em) of redox-active centers in 
CaACIIIp and Ac-A and Ac-B were spectroelectrochemically 
determined using a laboratory-designed, optically transpar-
ent, thin layer electrode (OTTLE; optical path length: 
2 mm, effective volume: 300 μL) with a standard 3-electrode 
configuration (Pt mesh working electrode, Pt wire counter 
electrode, and an Ag-AgCl [in 3 M KCl aqueous solution] ref-
erence electrode). The potential of the working electrode was 
controlled using an Autolab Potentiostat (M204, Metrohm, 
Switzerland), and the spectral changes of the proteins 
upon reduction and oxidation were monitored by a fiber op-
tic spectrometer PC2000 (Wyoptics, China). At each step, op-
tical spectra recorded at matching potentials during the 
reductive and oxidative titrations were averaged. At each po-
tential step, the electrolysis endpoint was determined based 
on changes in the cell current and optical density, such as the 
maxima absorption of reduced c-type hemes in CaACIIIp at 
553 nm, and that of the oxidized copper centers in Acs at 
604 nm. The titrations were carried out at room temperature 
in the presence of a mixture of the following redox media-
tors, each at a final concentration of 25 μM: sodium 
anthraquinone-2-sulfonate–monohydrate (−255 mV), 2- 
hydroxy-1,4-anthroquinone (−145 mV), phenazine ethosul-
fate (+55 mV), phenazine methosulfate (+80 mV), N,N,N′, 
N′-tetramethyl-1,4-phenylenediamine (+260 mV), 2,3,5,6- 
tetramethyl-p-phenylenediamine (+276 mV), and ferricyanide 
(+435 mV). The electrode was calibrated using a saturated solu-
tion of quinhydrone in 1.0 M phosphate buffer pH 7.0, and all 
the measured redox potentials are quoted in relation to the 
standard hydrogen electrode. All measurements were carried 
out in an anaerobic chamber, and the working solutions were  
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purged gently with argon for at least 30 min to remove O2 be-
fore being transferred to the OTTLE cell. The midpoint poten-
tials (Em) were obtained by interactive fitting of the curves to 
the Nernst equation. 

Electron transfer pathway calculation 
The possible electron transfer (ET) pathways between [3Fe– 
4S] to heme_1 and heme_1 to heme_E in CaACIIIp were ex-
plored using the standard parameters of the Pathways plugin 
for VMD, which evaluates the donor-to-acceptor tunneling 
coupling (TDA) value for each pathway (Humphrey et al. 
1996; Balabin et al. 2012). To evaluate the diversity of the pos-
sible ET pathways, we generated 100 candidate solutions for 
the ET pathways between the iron–sulfur clusters and hemes 
and found that most of the identified ET pathways and their 
TDA values were similar. Finally, we took the route from 
[3Fe–4S] to 6 c-type hemes characterized with the most ef-
ficient TDA value as the final solution. 

MD simulation and binding free energy calculations 
To obtain the binding structure of CaACIIIp with Ac-A and 
Ac-B, the structures of C. aurantiacus Ac-A (PDB 2AAN) 
and Ac-B (PDB 1QHQ) were docked to CaACIIIp using the 
program Rosetta molecular modeling suite version 2021 
(Gray et al. 2003). Based on the confirmed electron transfer 
properties between ACIIIs and Acs, the area around the ex-
posed edge of the heme_E-binding domain was selected as 
binding pockets to construct the initial binding models using 
the local docking module. In total, 10,000 complex models 
were generated and ranked by the binding free energies, 
interface scores (I_sc), and total scores parameters. The first 
500 binding models were selected and clustered to obtain 
the optimal cluster of binding complexes. Then, the 
best-scoring structures with the lowest binding free energies 
were selected and optimized using the local-refine-docking 
method. Finally, the binding models with the lowest binding 
free energies and optimal configurations were selected and 
evaluated with the Interface Analyzer module. 

To characterize the binding features of CaACIIIp with Ac-A 
and Ac-B, MD simulations were performed on the binding 
structures in a membrane system constructed with 75% 
POPE and 25% POPG using the CHARMM-GUI (Jo et al. 
2008). Moreover, the simulations were carried out in an iso-
thermal–isobaric ensemble with the solvent ion box contain-
ing Na+ and Cl− counter ions (M[NaCl] = 150 mM) to 
neutralize the system. Charmm36 force field has been used 
to describe the protein complexes with the GROMACS 
2023.2 program. Before the MD simulation, the energy mini-
mization steps were repeated using the constant number of 
atoms, volume and temperature (NVT) and the constant 
number of atoms, pressure, and temperature (NPT) ensem-
bles. All the bond lengths and angles were constrained using 
the LINCS program, and the long-range electrostatic interac-
tions were processed by the particle-mesh Ewald method 
with a cutoff of 10 Å. Ultimately, the system was employed 
to run the MD simulation for 100 ns with a constant 

temperature of 300 K and step of 2 fs. To evaluate the bind-
ing affinities between CaACIIIp with Ac-A and Ac-B, their 
binding free energies (kcal mol−1) were obtained through 
the molecular mechanics/generalized Born surface area cal-
culation approach (Kollman et al. 2000). 

Phylogenetic analysis 
The online BLAST program at NCBI (https://blast.ncbi.nlm.nih. 
gov/) was used to search for the homologous ACIII gene clus-
ter and its presence in bacterial species (Camacho et al. 2023). 
With respect to the conservation of the ActB subunit in ACIIIs, 
the actB was used as a consensus gene for screening the bac-
terial species that contain the ACIII gene clusters. When the 
gene annotation of the ACIII subunits was complete, BLAST 
of the encoded protein sequence was used to confirm the 
presence of ACIII gene clusters in the corresponding bacter-
ium. When the gene annotation was incomplete, the DNA se-
quences located in the upstream and downstream ORFs of the 
ACIII subunits were used for BLAST. Then, phylogenetic tree of 
the bacterial species that contain the ACIII gene clusters was 
constructed using TimeTree’s online program (http://www. 
timetree.org/; Kumar et al. 2022). The combinations of ACIII 
gene clusters in each bacterial species were then mapped, 
along with the sequence lengths of each ACIII subunit. 
Alignments and machine-readable tree files are provided in  
Supplementary File 1. 

Accession numbers 
Cryo-EM maps and atomic coordinates of Chloroflexus auran-
tiacus photosynthetic ACIII (CaACIIIp) in the apo-form at 3.3 
and 2.9 Å resolutions have been deposited into the Electron 
Microscopy Data Bank (accession codes EMD-36984 and 
36985) and the Protein Data Bank (PDB; accession codes 
8K9E and 8K9F), respectively. Cryo-EM maps and atomic coor-
dinates of CaACIIIp in the complexed form bound to HQNO 
at 2.7 Å resolution have been deposited into the Electron 
Microscopy Data Bank (accession codes EMD-38012) and 
the PDB (accession codes 8X2J), respectively. Other data 
underlying this article are available in the article and in its on-
line supplementary material. 
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