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Abstract
Mitochondrial complex I is the main site for electron transfer to the respiratory chain and generates much of the pro-
ton gradient across the inner mitochondrial membrane. Complex I is composed of two arms, which form a conserved
L-shape. We report the structures of the intact, 47-subunit mitochondrial complex I from Arabidopsis thaliana and
the 51-subunit complex I from the green alga Polytomella sp., both at around 2.9 Å resolution. In both complexes, a
heterotrimeric c-carbonic anhydrase domain is attached to the membrane arm on the matrix side. Two states are re-
solved in A. thaliana complex I, with different angles between the two arms and different conformations of the ND1
(NADH dehydrogenase subunit 1) loop near the quinol binding site. The angle appears to depend on a bridge domain,
which links the peripheral arm to the membrane arm and includes an unusual ferredoxin. We propose that the bridge
domain participates in regulating the activity of plant complex I.

Introduction

Complex I is the largest enzyme complex of the mitochon-
drial electron-transfer chain. The complex catalyzes electron
transfer from NADH onto ubiquinone, and couples it to
proton translocation across the inner mitochondrial mem-
brane (Agip et al., 2019; Parey et al., 2020; Sazanov, 2015). A
homologous enzyme complex is present in several proteo-
bacteria. Bacterial and mitochondrial complex I consists of
two modules: the membrane arm and the peripheral arm.
The membrane arm is integral to the mitochondrial or bac-
terial inner membrane, while the peripheral arm protrudes

into the mitochondrial matrix or the bacterial cytoplasm.
Together, the two arms describe an L-shape. Each arm has
two functional domains: the NADH oxidation (N) and ubi-
quinone reduction (Q) domains make up the peripheral
arm; and the proximal (relative to the peripheral arm) and
distal proton translocating (PP and PD) domains make up
the membrane arm.

The first high-resolution structures of complex I were bac-
terial (Baradaran et al., 2013; Berrisford et al., 2016). E. coli
complex I has a mass of �500 kDa and is composed of 14
protein subunits, 7 of which make up the membrane arm
and another 7 the peripheral arm. This set of 14 conserved
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subunits forms the core of complex I. Electrons are trans-
ferred from NADH to ubiquinone via one flavin mononucle-
otide (FMN) and 7 FeS clusters in the peripheral arm. Two
additional FeS clusters in the peripheral arm of E. coli com-
plex I are thought to support electron transfer indirectly.
The membrane arm has four potential proton translocation
pathways. The molecular mechanisms that couple electron
transfer to proton translocation are currently unknown but
are thought to involve long-range conformational changes
between and within the two complex I arms (Berrisford
et al., 2016).

Mitochondrial complex I is significantly larger than E. coli
complex I. Apart from the 14 core subunits, it contains �30
accessory subunits. The first higher-resolution structures of
mitochondrial complex I were from the aerobic yeast
Yarrowia lipolytica (Zickermann et al., 2015) and mammals
(Fiedorczuk et al., 2016; Zhu et al., 2016). Recently, more de-
tailed cryoEM (electron cryo-microscopy) structures were
reported for fungal (Grba and Hirst, 2020; Parey et al., 2018)
and mammalian complex I (Agip et al., 2018; Kampjut and
Sazanov, 2020). Mammalian complex I has 45 subunits and
a mass of �970 kDa. The accessory subunits surround the
core subunits and are thought to stabilize the complex.
Some accessory subunits are likely to add new functions to
complex I. For instance, two copies of a mitochondrial acyl
carrier protein (ACP; also called SDAP) are integral parts of
the mammalian and yeast complex I. Furthermore, a nucleo-
side kinase is attached to complex I in mammals and a sul-
fur transferase to that of Yarrowia (D’imprima et al., 2016).

Structural investigation of mammalian complex I revealed
several different conformations (Fiedorczuk et al., 2016; Zhu
et al., 2016, reviewed in Agip et al., 2019). Two prominent
conformations differ with respect to the angle between the
peripheral and membrane arm, which is 112� in the open
conformation and 105� in the closed conformation
(Kampjut and Sazanov, 2020). Since the two conformations
are associated with different loop structures near the Q re-
duction site, they were proposed to represent substates of
the catalytic cycle. So far, open and closed conformations
have not been reported for Yarrowia complex I (Parey et al.,
2018, 2019; Grba and Hirst, 2020). The exact molecular
mechanism by which complex I couples NADH oxidation to
proton translocation remains to be elucidated.

Plants have two different versions of complex I, one each
for chloroplasts and mitochondria. The chloroplast complex
resembles that of cyanobacteria, which transfers electrons
from ferredoxin to plastoquinone. The high-resolution struc-
ture of cyanobacterial complex I has recently been deter-
mined by cryoEM (Laughlin et al., 2019; Schuller et al., 2019;
Zhang et al., 2020). The structure of plant mitochondrial
complex I is less well characterized. Low-resolution single-
particle EM revealed a second matrix-exposed domain near
the center of the membrane arm (Dudkina et al., 2005).
Plant complex I includes additional subunits not present in
complex I from Yarrowia and mammals (Heazlewood et al.,
2003), most notably proteins resembling c-type carbonic
anhydrases (cCAs; Parisi et al., 2004; Perales et al., 2004). The
cCAs form a heterotrimer and were shown to account for
the extra matrix-exposed domain (Sunderhaus et al., 2006;
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Fromm et al., 2016c). It has been proposed that the cCA do-
main is involved in the transfer of mitochondrial CO2 to the
chloroplasts for carbon fixation (Braun and Zabaleta, 2007).
First insights into the structure of this domain came from
single-particle cryoEM of a complex I assembly intermediate
from mung bean (Vigna radiata), which includes 30 of its 47
subunits (Maldonado et al., 2020).

Here we report the high-resolution cryoEM structures of
complete complex I from the model plant Arabidopsis thali-
ana in the open and closed conformation and from the uni-
cellular heterotrophic green alga Polytomella sp. in the
closed conformation. We present structural and functional
insights into plant-specific features of mitochondrial com-
plex I, most notably a protein bridge, which links the periph-
eral arm to the membrane arm. The bridge appears to
adjust the angle between the two complex I arms and may
be involved in regulating complex I activity. A recent
cryoEM study (Soufari et al., 2020) provides insights into the
structure of complex I from cabbage, but the map is of
lower resolution, shows only one conformation, and the
complex is incomplete. In particular, it lacks the bridge
domain.

Results and discussion

Structure of the intact Arabidopsis and Polytomella
complex I
We used single-particle cryoEM to determine the structure
of complete complex I of A. thaliana and Polytomella sp.
Intact mitochondrial complex I from Arabidopsis was puri-
fied as described (Supplemental Figure S1, (Klodmann et al.,
2010). Polytomella sp. complex I was isolated via a similar
procedure (Supplemental Figure S2). For Arabidopsis com-
plex I, a total of 459,177 CTF (contrast transfer function)
corrected and polished particles from 12,768 micrographs
recorded with a Titan Krios electron microscope equipped
with a K3 direct electron detector resulted in a 3.41 Å
cryoEM map (Supplemental Figures S3 and S4). Multibody
refinement of the peripheral arm and the PP and PD

domains of the membrane arm improved the resolution of
the Arabidopsis complex to 2.91 Å. Further focused 3D clas-
sification and refinement separated the particle set into
42,096 2D-projections of a closed conformation at 3.48 Å
resolution and 48,933 2D-projections of an open conforma-
tion at 3.46 Å resolution. For Polytomella complex I, a total
of 61,708 CTF-refined and polished single particles picked
from 1,652 micrographs, likewise collected with a K3 camera
on a Titan Krios electron microscope, resulted in a 3.11 Å
cryoEM map. Multibody refinement of the peripheral and
membrane arms improved the resolution to 2.88 Å
(Supplemental Figures S5 and S6). Complex I structures
from the two organisms have the typical L-shape. The cCA
domain, which is characteristic of plant mitochondrial com-
plex I, shows up prominently on the matrix side in both
maps. The membrane arm is connected by a conspicuous
protein bridge near the cCA domain to the Q domain of
the peripheral arm.

Subunit composition and complete model of
Arabidopsis mitochondrial complex I
Arabidopsis complex I consists of 47 subunits (Figure 1,
Supplemental Movie S1), including 14 core subunits and 33
accessory subunits (Table 1). For ease of comparison, we
adopted the subunit nomenclature of bovine complex I
(Walker et al., 1992), except for the 49 and 30 kDa subunits
of the peripheral arm, which (unusually) are encoded by the
mitochondrial genome in plants and are referred to as ND7
and ND9 (see Supplemental Table S1 for nomenclature). Of
the 33 accessory subunits, 24 are conserved and found in
both mammalian and plant complex I (Senkler et al., 2017a).
Additionally, our structure indicates the presence of two
copies of a mitochondrial ACP (mtACP1 and mtACP2, also
known as SDAP1 and SDAP2) that were thought to be ab-
sent in plant complex I (Meyer et al., 2007), raising the num-
ber of conserved accessory subunits to 26. SDAP1 is located
at the tip of the membrane arm; SDAP2 is part of the bridge
domain (see below). The remaining seven accessory subunits
are not present in fungal or mammalian complex I. These
include (1) three members of the cCA/cCAL family (Fromm
et al., 2016c); (2) the so-called P1 and P2 proteins (Meyer,
2012); (3) a small unknown hydrophobic subunit on the
side of the membrane arm (Supplemental Figure S7); and
(4) a ferredoxin, which we refer to as C1-FDX (complex I fer-
redoxin). The cCA/CAL, P1, and P2 proteins are known con-
stituents of plant complex I. The small unknown
hydrophobic subunit was also found in the cryoEM struc-
ture of the mung bean complex I intermediate (Maldonado
et al., 2020). In contrast, the C1-FDX subunit has so far not
been observed in plant complex I or any other complex I
structure.

Four subunits previously identified by mass spectrometry
(MS) of Arabidopsis complex I (Supplemental Figure S8)
were not found: (1) a L-galactono-1,4-lactone dehydrogenase;
(2) a TIM–like protein (Arabidopsis accessions At1g18320
and At3g10110); (3) subunit B14.7; and (4) subunit SGDH.
Of these, GLDH only binds to assembly intermediates of
complex I (Schertl et al., 2012) and is not expected in the
holocomplex, as recently confirmed by cryoEM (Soufari
et al., 2020). The TIM-like protein may not be a true com-
plex I subunit but was probably co-purified in earlier prepa-
rations. B14.7 is conserved in mammals, Yarrowia, and
Polytomella, where its main role is thought to be in super-
complex formation (Letts et al., 2016; Kampjut and Sazanov,
2020). As a large fraction of Arabidopsis complex I forms a
supercomplex with complex III2 (Eubel et al., 2003), the
B14.7 subunit may have dissociated during complex I prepa-
ration. Neither the TIM-like protein nor subunit B14.7 were
present in the reported cryoEM structures of complex I
from mung bean and cabbage (Maldonado et al., 2020;
Soufari et al., 2020). The SGDH subunit, like B14.7, is a con-
served accessory subunit of mitochondrial complex I. Its lo-
cation in mammalian complex I corresponds to that of the
plant-specific P1 subunit in Arabidopsis. Mammalian SGDH
and Arabidopsis P1 have a similar topology. We conclude
that P1 is the plant equivalent of SGDH, as suggested
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(Soufari et al., 2020). In total, Arabidopsis complex I consists
of 47 subunits plus subunit B14.7 (Table 1).

Apart from the 47 protein subunits, our structure of
Arabidopsis complex I indicates the presence of 15 cofactors,
including 11 in the peripheral arm (8 FeS clusters, 1 FMN, 1
Zn2þ, and 1 NADPH) and four in the membrane arm (2
phosphopantetheine groups, 1 Zn2þ, and 1 Fe ion), plus
eight lipids and one LMNG detergent molecule
(Supplemental Figure S9) in the membrane arm. NADPH is
bound by the 39 kDa subunit of the peripheral arm that is
not part of the NADH oxidation site. Binding of NADPH in
this position is conserved in Yarrowia and mammals (Wirth
et al., 2016); its function is currently unknown. The total

molecular mass of Arabidopsis complex I including all subu-
nits and cofactors is 1012 kDa.

Arabidopsis complex I was prepared without added sub-
strates, and therefore the NADH oxidation site is empty, as
expected. In contrast, the Q binding cavity contains a bound
ubiquinone. Computational studies have postulated four
possible Q binding positions (1, 10, 2, 20) in the binding cav-
ity, of which sites 1 and 2 coincide with minima in the free
energy profile of MD (molecular dynamics) simulations
(Warnau et al., 2018). Both sites were confirmed by X-ray
crystallography and CryoEM (for a review see Yoga et al.,
2020a). Site 1 is within electron transfer distance of FeS clus-
ter N2, while site 1’ is located 8–10 Å away from N2

Figure 1 Structure of mitochondrial complex I from Arabidopsis. Above: CryoEM density; below: atomic model. The 14 core subunits that are
conserved in complex I in bacteria and eukaryotes are drawn in shades of blue; the accessory subunits in shades of green; the three subunits
of the carbonic anhydrase domain in yellow, light orange and orange; subunits of the bridge domain in pink, purple, and red. Subunit no-
menclature as for bovine complex I (Walker et al., 1992). Unknown (unk) refers to one subunit in the membrane arm that was not assigned
due to limited amino acid sequence information. Figure insets: c-carbonic anhydrase (cCA) and bridge domains. For EM statistics, see
Supplemental Tables S2, S4, and S6.
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towards the membrane surface. Sites 2 and 2’ are located
�25 and 35 Å from N2 in the Q access pathway, close to
the lipid bilayer. In the Arabidopsis complex I structure, a
ubiquinone is bound at site 2’, �7 Å from site 2, where Q
binds in the cryoEM structure of Yarrowia complex I (Parey
et al., 2019).

Subunit composition and model of Polytomella
mitochondrial complex I
The subunit composition of complex I from Polytomella sp.
has been less well defined. We analyzed purified Polytomella
complex I by 2D SDS/SDS PAGE and MS (Supplemental
Figures S10–S13). In total, we identified peptides of 40 subu-
nits with sequence similarity to known complex I compo-
nents from other organisms, notably the closely related
unicellular green alga Chlamydomonas reinhardtii. Shotgun
MS analyses revealed another four polypeptides, raising the
total number of detected subunits to 44 (Supplemental

Figure S10; see also the GelMap at www.gelmap.de/2062).
Since the MS data did not cover the complete amino acid
sequences, especially those of the hydrophobic subunits, ad-
ditional peptide sequence information was derived from
genomes. The genome sequence of Chlamydomonas is
known (Merchant et al., 2007). A partial genome sequence
of Polytomella sp. has been determined recently (Murphy
et al., 2019) but remains to be fully annotated. We used
exon-intron prediction programs to identify open reading
frames that encode the complete polypeptide sequences of
complex I subunits in Polytomella.

We were able to assign 49 proteins in the 2.9 Å cryoEM
map of Polytomella complex I (Figure 2, Supplemental
Movie S2). In addition, we discovered two proteins of un-
known identity. All subunits detected by MS were found, in-
cluding a second copy of the ACP (SDAP). Five subunits not
detected by MS were identified directly on the basis of their
cryoEM map density in combination with amino acid

Table 1 Subunits of Arabidopsis and Polytomella Complex I shown in Figures 1 and 2

Complex I subunits of Arabidopsis Complex I subunits of Polytomella

peripheral arm and bridge domain peripheral arm and bridge domain

core
subunits
(7)

conserved
accessory subunits
(9)

plant-specific
accessory subunits
(1)

core
subunits
(7)

conserved
accessory subunits
(9)

plant-specific
accessory subunits
(1)

24 kDa 13 kDa C1-FDX 24 kDa 13 kDa C1-FDX (NUOP3)
51 kDa 18 kDa 51 kDa 18 kDa
75 kDa 39 kDa 75 kDa 39 kDa
TYKY-1 B8 TYKY B8
PSST B13 PSST B13
ND7 B14 ND7 B14
ND9 B14.5a ND9 B14.5a

B17.2 B17.2
SDAP-2 SDAP-2

membrane arm and cCA domain membrane arm and cCA domain

core
subunits
(7)

conserved
accessory subunits
(17)

plant-specific
accessory subunits
(6)

core
subunits
(7)

conserved
accessory subunits
(18)

plant-specific
accessory subunits
(9)

ND1 15 kDa-1/2 CA1/CA3 ND1 15 kDa CA1/CA3
ND2 AGGG CA2 ND2 AGGG CA2
ND3 ASHI CAL2/CAL1 ND3 ASHI CAL
ND4 B9 P1 ND4 B9 NUOP4
ND4L B12-2 P2 ND4L B12 NUOP5
ND5 B14.5b unknown su1 ND5 B14.5b NUOP7
ND6 B14.7* ND6 B14.7 NUOP8

B15 B15 unknown su1
B16.6-2 B16.6 unknown su2
B18 B18
B22 B22
ESSS-1 ESSS
KYFI KYFI
MNLL MNLL
MWFE MWFE
PDSW-1 PDSW
PGIV-2 PGIV
SDAP-1 SDAP-1

Subunit B14.7 (*) from Arabidopsis was not identified in the cryoEM density maps but has been detected by MS. Extensions -1/-2 indicate isoforms for some Arabidopsis com-
plex I subunits. The dominant isoform was fitted to the map (except for SDAP, which occurs in two versions in Arabidopsis and Polytomella complex I). Unknown su: subunits
not assigned due to limited amino acid sequence information. For protein accession numbers, see Supplemental Table S1.
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sequence information. Three of them are homologs of com-
plex I subunits from other model species (Supplemental
Figure S14). Two other proteins are new complex I subunits
and were named NUOP7 and NUOP8 (Figure 2) in accor-
dance with the nomenclature introduced for C. reinhardtii
(Cardol et al., 2005). One of the two unassigned protein
densities of Polytomella complex I corresponds to the small
hydrophobic subunit at the side of the Arabidopsis mem-
brane arm, the other one is an extra subunit located at the
very tip of the membrane arm (Supplemental Figure S15). In
summary, our Polytomella complex I density map includes
51 proteins: the complete set of the 14 core subunits and
37 accessory subunits (Table 1).

Of the 37 accessory subunits, 30 are conserved be-
tween Polytomella and Arabidopsis. Additionally, the small
hydrophobic subunit at the side of the membrane arm
is conserved, but its sequence is not known in either
species. The plant-specific P1 and P2 subunits are absent
in Polytomella. The six Polytomella subunits not present
in Arabidopsis are B14.7, NUOP4, NUOP5, the new
NUOP7 and NUOP8 proteins, and the unknown protein
at the tip of the membrane arm. As in mammals and
Yarrowia, the B14.7 subunit is found at the position
where complex I interacts with the complex III dimer in
the IþIII2 supercomplex. NUOP4 and NUOP5 were
detected by MS in Polytomella (Table 1, Supplemental

Figure 2 Structure of mitochondrial complex I from Polytomella sp. Above: CryoEM density; below: atomic model. Color scheme for the 14 con-
served core subunits, accessory subunits and the subunits of the carbonic anhydrase and bridge domains as in Figure 1. Insets: c-carbonic anhy-
drase (cCA) and bridge domains. Unknown (unk) refers to two unassigned densities in the membrane arm with limited amino acid sequence
information. For EM statistics, see Supplemental Tables S3, S5, and S7.
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Figures S10–S13) and previously in C. reinhardtii (Cardol
et al., 2004, 2005).

The two acyl carrier subunits SDAP1 and SDAP2 in the
Polytomella complex are in the same locations as in the
Arabidopsis complex (Figure 2). Their sequences differ in a
few residues. The Polytomella complex I ferredoxin C1-FDX
(see below) is a homolog of the NUOP3 subunit previously
identified in C. reinhardtii complex I (Cardol et al., 2004,
2005, 2008).

The overall structures of Arabidopsis and Polytomella com-
plexes I are similar, including the trimeric cCA domain and
the bridge connecting the Q domain of the peripheral arm
to the membrane arm near the cCA domain. Polytomella
complex I appears to be more compact, because it includes
additional subunits. The Polytomella structure indicates 13
bound co-factors (8 FeS clusters, 1 FMN, 1 Zn2þ, and 1
NADPH in the peripheral arm; two phosphopantetheine
groups in the two acyl carrier subunits of the membrane
arm), plus 12 lipid molecules (Supplemental Figure S16).

The c-carbonic anhydrase heterotrimer of
Arabidopsis and Polytomella complex I
In plant mitochondria, a heterotrimeric cCA domain is at-
tached to the membrane arm of complex I (Sunderhaus
et al., 2006; Fromm et al., 2016c; Braun, 2020). The cCA do-
main is absent in complex I from mammals, fungi, bacteria,
and chloroplasts but seems to occur in several groups of pro-
tists (Gawryluk and Gray, 2010). This suggests that the cCA
proteins are of ancient origin and most likely formed part of
complex I in the earliest ancestors of the eukaryotic clade.
The Arabidopsis genome encodes five different cCA subunits,
all of them associated with mitochondrial complex I
(Klodmann et al., 2010). Of these, three have the conserved
amino acid residues that form the active site, as in the proto-
typic cCA of the archaeon Methanosarcina thermophila
(Kisker et al., 1996); these subunits are referred to as cCA1,
cCA2, and cCA3 (Parisi et al., 2004). Two other subunits are
known as cCA-like (cCAL) proteins: cCAL1 and cCAL2
(Perales et al., 2004). The complex I-integral cCA/cCAL pro-
teins of Arabidopsis assemble into heterotrimers of two cCA
proteins and one cCAL (Fromm et al., 2016c; Braun, 2020),
but the precise composition of the trimers was unknown.
Our complex I structure of Arabidopsis includes cCA2, cCA1,
and cCAL2, as indicated by evaluating amino acid positions
that differ between the cCA and cCAL proteins (Figure 3, A
and C; Supplemental Figure S17). Note that the high-resolu-
tion map of the Arabidopsis complex suggests a mixed occu-
pancy of the cCA/cCAL heterotrimer, because side chains of
alternative but less abundant cCA or cCAL subunits can be
fitted at some positions. This is in line with the finding that
cCA and cCAL subunits can substitute for each other in
Arabidopsis knockout lines (Fromm et al., 2016c).

However, not all permutations of cCA and cCAL subunits
within the carbonic anhydrase heterotrimer seem to be pos-
sible. Apparently, cCA sites in the trimer cannot be occu-
pied by cCAL proteins, and conversely, the cCAL site

cannot be occupied by cCA. This conclusion becomes obvi-
ous when we evaluate the cryoEM structure of Arabidopsis
complex I: The cCA subunits have a long amphiphilic N-ter-
minal helix, which interacts laterally with the membrane
arm, thus stabilizing the attachment of the cCA hetero-
trimer to complex I. This N-terminal helix is absent in
cCAL1 and cCAL2. Our conclusion is supported by findings
for Arabidopsis knockout mutants (reviewed in Senkler
et al., 2017b): If the genes for cCA1 and cCA2 are deleted,
complex I does not assemble, implying that cCAL1 or
cCAL2 cannot substitute for cCA1 and cCA2 (Fromm et al.,
2016b). Similarly, if the genes for cCAL1 and cCAL2 are de-
leted, plants are not viable, suggesting that cCA proteins
cannot substitute for cCAL (Wang et al., 2012). Similar con-
clusions were drawn from the structures of mung bean and
cabbage complex I (Maldonado et al., 2020; Soufari et al.,
2020).

The fold of the cCA/CAL proteins is highly conserved,
consisting of a central left-handed triangular b-helix, which
is laterally flanked by a C-terminal a-helix (Supplemental
Figure S18, A and B). The long amphiphilic a-helix at the N-
terminus is a typical feature of cCA1 and cCA2, which is ab-
sent in cCAL1, cCAL2, and the prototypic cCA of M. ther-
mophila. The two amphiphilic helices of cCA1 and cCA2
form a coiled coil parallel to the membrane arm on the ma-
trix side of the inner mitochondrial membrane. A gap be-
tween the coiled coil and the membrane arm is occupied by
a distinct set of lipids, which might contribute to attaching
the cCA domain to complex I (Supplemental Figure S18C).
The lipid composition in this region is not conserved in
mammals and fungi (Parey et al., 2019; Bridges et al., 2020;
Kampjut and Sazanov, 2020). The cCA domain interacts
with the ND2 and B14.5b subunits, the plant-specific com-
plex I protein P2 and C1-FDX (see below). Interaction of the
cCA trimer and the membrane arm is restricted to the PP

module. The cCA/cCAL subunits are part of early assembly
intermediates; in their absence, assembly of plant mitochon-
drial complex I is arrested (Ligas et al., 2019).

The archaeal cCA of M. thermophila is a homotrimer with
three active sites at the subunit interfaces, each with a zinc
ion coordinated by three histidines, two of which belong to
one subunit and the third to another neighboring subunit
(Kisker et al., 1996). In Arabidopsis, only the cCA1/cCA2 in-
terface has a complete set of active site histidines
(cCA1_H130, cCA2_H107, and cCA2_H135). Together,
these three side chains coordinate a metal (presumably Zn)
ion in a non-peptide density (Figure 3, C and E). The nearby
conserved sidechains cCA1_N99, cCA1_Q101, cCA1_D102,
cCA1_Y207, and cCA2_R86 are crucial for stability and the
catalytic mechanism (Iverson et al., 2000; Ferry, 2010), sug-
gesting that the cCA1/cCA2 site in the Arabidopsis complex
is active. So far, there is no direct evidence for carbonic an-
hydrase activity in complex I. However, binding of inorganic
carbon to Arabidopsis c-type carbonic anhydrase trimers
has indirectly been shown by expressing these proteins in
E. coli (Martin et al., 2009). The two other sites in the
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Figure 3 The cCA domains of Arabidopsis and Polytomella mitochondrial complex I. A and B, Position of the cCA domain on the membrane arm.
Complex I (CI) is seen from the tip of the membrane arm and cut at the plane as indicated by a dashed white line in the small insets. Subunit color
scheme as in Figures 1 and 2. The PP domain of the membrane arm is shaded in blue. C and D, Cross-sections of the cCA domains of Arabidopsis
(C) and Polytomella (D) at the level of the catalytic sites at the cCA/CAL subunit interfaces, as indicated by dashed circles. In Arabidopsis, one of the
three possible catalytic sites coordinates a metal ion (presumably zinc; blue) and is therefore potentially active, whereas none of the three sites of
the Polytomella cCA domain are occupied, and therefore they cannot be active. E and F, Details of the catalytic site regions in Arabidopsis (E) and
Polytomella (F) (white boxes in C and D). Amino acids are indicated by a one-letter code. For further details, see Supplemental Figures S17–S20.
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heterotrimer lack some of the conserved zinc-binding resi-
dues, do not show a non-peptide density, and are therefore
presumably inactive. Similar findings were reported for
mung bean and cabbage (Maldonado et al., 2020; Soufari
et al., 2020).

In Polytomella, three cCA proteins and one cCAL protein
were identified by MS and evaluation of the partial genome
sequence. Based on sequence similarity to Arabidopsis, we
refer to the Polytomella cCA subunits as cCA1, cCA2, and
cCA3. Of these, cCA2 and cCA3 are present in Polytomella
complex I, in addition to one copy of cCAL (Figure 3B and
Supplemental Figure S19). As in Arabidopsis, the structure of
Polytomella complex I indicates a degree of mixed occu-
pancy of cCA subunits, because alternative, less abundant
side chains can be fitted at some positions. It is therefore
likely that a small fraction of Polytomella complex I contains
cCA1, cCA2, and cCAL. The topological arrangement of the
cCA/CAL subunits and the anchoring of the cCA domain
by the coiled coil N-terminal amphipathic helices are very
similar to those of Arabidopsis (Supplemental Figure S20).
Surprisingly, none of the three potential catalytic sites at the
subunit interfaces has the complete set of three zinc-coordi-
nating residues (Figure 3, D and F). At the cCA2/cCA3 in-
terface, the third histidine is substituted by cCA3_S127, and
nearby residues that participate in catalysis have been
replaced. Since none of the three potential catalytic sites
show any density for a bound metal ion, we conclude that
the Polytomella cCA domain is inactive.

In photosynthetically active organisms, carbonic anhydrases
play a role in carbon assimilation, carbon concentration
mechanisms, or pH stabilization. It has been suggested that
the carbonic anhydrase of complex I is required for the trans-
fer of carbon dioxide from mitochondria to the chloroplasts
for carbon fixation in the Calvin-Benson cycle (Braun and
Zabaleta, 2007). Since Polytomella, unlike its close relative C.
reinhardtii, does not photosynthesize, it might not need this
activity. The notion of an inactive mitochondrial complex I
cCA domain in photosynthetically inactive species is sup-
ported by the finding that the three zinc-coordinating histi-
dines of cCA are not conserved in the non-photosynthetic
amoeboid protist Acanthamoeba castellanii (Gawryluk and
Gray, 2010).

It has recently been reported that cyanobacterial complex I
is involved in carbon transport and concentration (Schuller
et al., 2020). However, the cyanobacterial carbonic anhydrase
subunits belong to a different enzyme class, and they are at-
tached to the PD domain at the tip of the membrane arm.
Furthermore, one of the proton transfer pathways in the
cyanobacterial PD domain appears to have adapted to CO2

transfer. In contrast, the cCA domain of Arabidopsis mito-
chondrial complex I is attached to the PP domain, and its
active site is not close to a proton transfer path. Our struc-
ture thus does not suggest that plant mitochondrial com-
plex I is directly involved in CO2 or bicarbonate transport
across the inner mitochondrial membrane. Bicarbonate

formed at the cCA domain might be exported from the mi-
tochondrial matrix by transporters unrelated to complex I.

A ferredoxin bridge between the ubiquinone
reduction and the c-carbonic anhydrase domain
A striking feature of the Arabidopsis and Polytomella mito-
chondrial complex I is a three-subunit protein bridge, which
forms a physical link between the Q domain of the periph-
eral arm and the membrane arm (Figure 4). The bridge con-
sists of (1) subunit B14 in the peripheral arm, (2) one of the
two ACPs (SDAP2, also called mtACP2) with an attached
phosphopantetheine that binds a fatty acid of undefined
chain length, and (3) a ferredoxin-like subunit (here referred
to as complex 1 ferredoxin, C1-FDX). C1-FDX is connected
to the core ND2 subunit of the membrane arm and the
cCAL2 subunit of the cCA domain. The B14 and acyl carrier
subunits are conserved in mammalian and Yarrowia com-
plex I. The B14 subunit belongs to the eukaryotic LYR pro-
tein family (Angerer et al., 2014) that is defined by a (Leu,
Tyr, Arg) motif close to its N-terminus. LYR proteins are
comparatively small, mitochondria-specific, and positively
charged components of respiratory chain complexes, or they
act as assembly factors. ISD11, another LYR protein, is part
of the iron-sulfur cluster (ISC) assembly complex.
Mitochondrial ACPs are confined to the mitochondrial ma-
trix (Angerer et al., 2017), where they are involved in fatty
acid biosynthesis, in particular lipoic acid, which is a pros-
thetic group of several mitochondrial enzymes, and possibly
also longer fatty acids for membrane biogenesis (Zensen
et al., 1992). The two ACPs bound to complex I both carry
longer fatty acids, which interact with the LYR-like subunits
B14 and B22 (Fiedorczuk et al., 2016; Zhu et al., 2016).
Finally, mitochondrial ACPs are known to form part of the
ISC assembly complex, bind to ISD11, and might have a reg-
ulatory role in FeS cluster biosynthesis (Lill, 2020).

Analysis of plant complex I by Blue-native/SDS PAGE did
not reveal the C1-FDX subunit (e.g. Heazlewood et al., 2003;
Meyer et al., 2008; Klodmann et al., 2011), but low levels of
a ferredoxin were detected in complex I by complexome
profiling, which combines one-dimension Blue-native PAGE
with protein profiling by shotgun MS (Senkler et al., 2017b;
Takabayashi et al., 2017). C1-FDX is clearly a part of our
Arabidopsis complex I, which was prepared by sucrose den-
sity gradient ultracentrifugation. We conclude that
Coomassie treatment of mitochondrial protein fractions dur-
ing Blue-native PAGE destabilizes the bridge domain.

To further evaluate the interconnection of complex I and
C1-FDX, we re-evaluated Arabidopsis mutants defective in
genes encoding complex I-integral carbonic anhydrases.
Proteome analyses of all investigated mutants revealed that
the decrease in complex I levels correlates perfectly with C1-
FDX levels: (1) Deletion of the cCA2 gene results in a
roughly 80% loss of complex I and of the mitochondrial fer-
redoxin At3g07480 (Figure 8 in Perales et al., 2005), which
we now identify as C1-FDX. (2) Similar results were obtained
for a mutant that lacks cCAL1 and has lower amounts of
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Figure 4 The bridge domain of Arabidopsis and Polytomella complex I (CI). A and B, Interaction of the bridge domain with the membrane arm
near the cCA domain (orange) and the Q domain of the peripheral arm (blue). C and D, Structure of the C1-FDX subunit in Arabidopsis and
Polytomella. E and F, catalytic sites of C1-FDX in Arabidopsis and Polytomella. For details, see Supplemental Figures S21 and S22.
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cCAL2 (Table 1 in Fromm et al., 2016a). (3) Simultaneous
deletion of cCA1 and cCA2 leads to a complete loss of
complex I and a near-complete loss of C1-FDX
(Supplemental Table 1 in Fromm et al., 2016b). Conversely,
deletion of the gene encoding C1-FDX causes a reduction in
complex I levels (Hansen et al., 2018). In wild-type
Arabidopsis, the copy number of C1-FDX is estimated to be
2600 per single mitochondrion, as revealed by quantitative
MS, which is in excellent agreement with the copy number
of average mitochondrial complex I subunits (2500 per sin-
gle mitochondrion; (Fuchs et al., 2020). Integrating available
genetic, biochemical, and structural data, we conclude that
C1-FDX is an accessory complex I subunit in Arabidopsis.
Arabidopsis C1-FDX is homologous to NUOP3, which is part
of Chlamydomonas complex I (Cardol et al., 2004, 2005).
Polytomella NUOP3 (C1-FDX) is a structural subunit of the
complex I bridge domain. We conclude that the bridge do-
main is a conserved structural feature of complex I in green
algae and plants.

The 3D structure of Arabidopsis and Polytomella C1-FDX
closely resembles mammalian and fungal mitochondrial fer-
redoxin 1 and 2, with its characteristic b-grasp fold
(Supplemental Figure S21). Furthermore, C1-FDX resembles
the mitochondrial ferredoxins of Arabidopsis known as
AtMFDX1 and AtMFDX2 (Takubo et al., 2003). Although
the degree of sequence identity is low, the structure of C1-
FDX and the predicted structures of AtMFDX1 and
AtMFDX2 modeled on human mitochondrial ferredoxin are
very similar (Supplemental Figure S22). Mitochondrial ferre-
doxins are involved in the formation of FeS clusters (Lange
et al., 2000; Cai et al., 2017). Typically, they have a central
Fe2S2 cluster themselves, coordinated by four conserved cys-
teine residues in the core domain binding loop. In
Arabidopsis C1-FDX, one of these cysteines is substituted by
a histidine (Figure 4). Judging from the map density, the li-
gand bound by the four side chains of C1-FDX_H83, C1-
FDX_C91, C1-FDX_C95, and C1-FDX_C135 cannot be a
Fe2S2 cluster but must be a single metal ion, most likely
iron.

Sites binding single iron ions are known from rubredoxins,
which participate in electron transfer in various biological
systems. In rubredoxins, the iron is coordinated by four con-
served cysteins (Day et al., 1992; Bau et al., 1998). Another
complex I subunit, the 13 kDa protein of the peripheral
arm, may be related to proteins of the rubredoxin family
(CL0045 in the Pfam database; Yip et al., 2011). The 13 kDa
subunit binds Zn2þ by three cysteines and one histidine and
is part of a superfamily of small zinc-finger proteins (Yip
et al., 2011; Kmita et al., 2015). However, neither rubredoxins
nor the 13 kDa subunit have a ferredoxin fold.

C1-FDX clearly does have a ferredoxin fold (Supplemental
Figures S21 and S22), but its single metal ion site distin-
guishes it from all other known mitochondrial ferredoxins.
The bound metal ion cofactor may be required for activity,
although whether C1-FDX is active is currently unknown. In
Polytomella, the C1-FDX equivalent NUOP3 lacks all four
conserved metal-binding amino acids. As a result, the core
domain loop is locked in a state that cannot bind a metal
ion (Figure 4). We therefore assume that C1-FDX of
Polytomella is inactive.

C1-FDX is localized at the side of the membrane arm of
complex I, which binds to complex III2 in the IþIII2 super-
complex. Apart from the B14.7 subunit of the membrane
arm, C1-FDX may be involved in the physical contact of
complex I with complex III2. Compared to IþIII2 of fungi
and mammals, this should increase the area of contact be-
tween the two complexes within the supercomplex. Indeed,
the plant IþIII2 supercomplex is particularly stable and
therefore was the very first topologically defined respiratory
supercomplex (Dudkina et al., 2005). It will be interesting to
examine the structure of the IþIII2 supercomplex from plant
mitochondria.

Complex I ferredoxin sets the angle between the
membrane and peripheral arm
Focused 3D classification and refinement of Arabidopsis
complex I revealed two major sets of 2D projections that
represent two conformations (Figure 5). The two structures
differ in the angle between the two complex I arms, which

Figure 5 Conformations of Arabidopsis complex I (CI). A, closed (angle 106�) and open (112�) conformation. B, Front and side views of super-
posed maps shown in A.
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is either 106� or 112�. Similar conformational classes have
been described for mammalian complex I and are referred
to as the open (angle 112�) and closed conformation (angle

105�; Kampjut and Sazanov, 2020; for review see Parey et al.,
2020). At 3.5 Å resolution, the Arabidopsis 3D maps calcu-
lated for these conformations clearly differ with respect to

Figure 6 Bridge domain and conformations of the Q binding site in the open and closed form of Arabidopsis complex I (CI). A, Map density and
fitted atomic models of the bridge domain in Arabidopsis. Subunits color scheme as in Figures 1 and 2. B, Conformation of the Q binding site in
the open and closed complex I conformations. Top: orientation of the loop (red) between TMH5 and TMH6 in ND1. Below: Q binding channel
(blue) with E-channel on the left, showing the different conformations of ND1 together with the loop of ND7 (green, 49 kDa subunit in mammals)
and PSST (yellow). Conserved amino acids drawn as sticks. Distances between ND1_E207 and PSST_R116 are indicated as dashed lines. For details,
see Supplemental Figure S23.
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the bridge domain (Figure 6A). In the open conformation,
the acyl carrier and C1-FDX subunits are hardly visible and
are either mostly dissociated or disordered. In contrast, both
subunits are well defined in the closed conformation. Our
data suggest that the acyl carrier and C1-FDX subunits of
Arabidopsis complex I set the angle between its two arms.
In Polytomella complex I, a helix of the NUOP8 subunit
wraps around the lower part of the ferredoxin, connecting it
firmly to the membrane arm (Figure 4B; Supplemental
Figure S16), which would explain why the Polytomella com-
plex is found exclusively in the closed conformation.

The transition from the open to the closed conformation
in Arabidopsis complex I is associated with a conformational
switch of the loop linking transmembrane helices (TMH) 5
and 6 of the core ND1 (NADH dehydrogenase subunit 1)
subunit in the membrane arm next to ubiquinone binding
sites 2 and 2’. The ND1 loop is in a well-defined “down” ori-
entation in the closed conformation of complex I, while the
upper part of TMH 5 near the matrix surface of the mem-
brane arm is unfolded (Figure 6B). In the open complex I
conformation, the unfolded stretch folds into three turns of
an a-helix, extending TMH 5 towards the matrix, and the
loop switches from the “down” to an “up” configuration.
The same switch of the ND1 loop has been reported for the
ovine (sheep: Ovis aries) complex (Supplemental Figure
S23A). In its catalytic cycle, ovine complex I has been sug-
gested to alternate between the open and closed conforma-
tion (Kampjut and Sazanov, 2020). Both conformations are
known to be present in active preparations of mammalian
complex I (Letts et al., 2019). In contrast, the deactive state
of mouse and bovine complex I was shown to adopt only
the open conformation (Agip et al., 2018; Blaza et al., 2018).
This open conformation was arrested by TMH 4 of the core
ND6 subunit, which tilts by �35� to a new position on the
external surface of the membrane arm. In Polytomella and
in both conformations of the Arabidopsis complex I, this po-
sition is occupied by the TMH of the small unknown hydro-
phobic accessory subunit (Supplemental Figure S23E).
Therefore, regulation of plant complex I must involve a dif-
ferent mechanism that locks the enzyme in the open con-
formation under substrate-depleted conditions.

In mammalian complex I, the transition from the open to
the closed conformation is accompanied by distinct confor-
mational changes of several subunit loops near Q reduction
site 1. Changes in loop conformation are most striking at
the distal end of the Q binding cavity and in the hydrophilic
channel that branches off this cavity towards the so-called
E-channel (Agip et al., 2018; Parey et al., 2019; Grba and
Hirst, 2020; Kampjut and Sazanov, 2020). Apart from a ma-
jor change in the ND1 loop (Figure 6B, Supplemental Figure
S23A), detailed comparison of the closed and open confor-
mations revealed only minor loop changes and helix twists
of the Arabidopsis complex I (Supplemental Figure S23, B–
D). In both conformations, the native quinol substrate re-
solved in our map binds in site 2’ near the Q channel en-
trance, with the Q headgroup mainly interacting with

ND1_F225 (Figure 6B). Mutational studies and MD simula-
tions have suggested that the disordered ND1 loop enables
quinone diffusion within the cavity. Disordering thereby cor-
relates with breaking salt bridges between the highly con-
served glutamates of ND1 and arginines of the PSST loop
(Yoga et al., 2019). In MD simulation of bovine complex I,
breaking the salt bridge between ND1_E218 and PSST_R112
resulted in the diffusion of Q to site 2’ near the tunnel en-
trance, at a distance of �35 Å from FeS cluster N2.

In the open and closed conformation of the Arabidopsis
complex I, distances of �11 Å and �9 Å between the corre-
sponding sidechains of ND1_E207 and PSST_R116 do not al-
low a salt bridge to form (Figure 6B). The position of Q in
site 2’ for both conformations is in perfect agreement with
MD simulations (Yoga et al., 2019). The recent cryoEM
structures of the ovine complex have shown that the forma-
tion of a salt bridge between ND1 and PSST is facilitated by
a conformational change in the PSST loop itself (Kampjut
and Sazanov, 2020). This change from the “flipped” to the
“raised” position rotates the arginine of this potential salt
bridge into close proximity to the ND1 glutamate. In
Arabidopsis complex I, the PSST loop was found only in the
raised position, but the observed distance between the argi-
nine and glutamate sidechains would not allow a salt bridge
to form (Figure 6B, Supplemental Figure S23B).
Conformational changes in the ND1 loop are suggested to
link the Q cavity with the E-channel by creating a water
wire and enabling the transmission of an electrostatic pulse
along the hydrophilic axis of the membrane arm for proton
translocation (Zickermann et al., 2015; Grba and Hirst, 2020;
Kampjut and Sazanov, 2020). Movement of the ND1 loop is
also supposed to displace the ND3 TMH1-2 loop and in
turn the ND7 b1-b2 loop (known as the 49 kDa loop in
mammals; Cabrera-Orefice et al., 2018; Kampjut and
Sazanov, 2020). Displacement of the ND7 b1-b2 loop would
clear the path for the quinone to site 1 near the N2 FeS
cluster, where it is reduced. However, inspection of the two
conformations of the Arabidopsis complex I does not sup-
port the propagation of a structural change from ND1 to
ND7. In both cases, the ND3 loop is disordered and the
ND7 loop is extended, blocking access to Q binding site 1
(Figure 6B, Supplemental Figure S23, B and C). A detailed
comparison of the two conformations of Arabidopsis com-
plex I with the corresponding structures from mammals,
fungi, and bacteria is complicated not only by the use of dif-
ferent substrates and inhibitors, but also different purifica-
tion protocols.

In the future, structural studies in conjunction with func-
tional assays should reveal whether there is a link between
the observed differences in loop conformations at the Q
binding site and the opening and closing of plant complex I.
Mutational studies in Yarrowia have shown that interfering
with the tight interaction between subunit NDUFA6 (B14 of
the bridge domain) and the Q reduction domain caused the
peripheral arm to tilt and structural elements in ND1, ND3,
and ND7 to become disordered (Yoga et al., 2020b). Since
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C1-FDX is an integral part of the bridge joining the two
arms, a looser binding or loss of the ferredoxin could also re-
sult in an opening of the L-shape and partial displacement
of some loops at the matrix-exposed Q binding cavity.

Possible functions of the cCA and bridge domains
The structures of intact complex I from mitochondria of A.
thaliana and Polytomella sp. show a heterotrimeric cCA do-
main attached to the membrane arm by coiled coil amphi-
pathic helices of the two cCA subunits. Only one of the
three catalytic sites of the cCA domain binds a metal ion in
Arabidopsis, whereas none of them do in the chlorophyll-
less alga Polytomella, implying that cCA in the Polytomella
complex is inactive. This is in line with the hypothesis that
the cCA domain promotes the transfer of mitochondrial
CO2 for carbon fixation by the Calvin-Benson cycle to the
chloroplasts (Braun and Zabaleta, 2007) and is therefore re-
quired only in photosynthetic organisms. The cCA domain
is known to be essential for the assembly of plant mitochon-
drial complex I, but its connection to the newly discovered
bridge domain in our structures suggests an additional role
in controlling the mutual orientation of the two complex I
arms, and possibly their activity.

Of the three accessory subunits in the bridge domain, the
peripheral arm protein B14 and the ACP (SDAP2) are con-
served in mammals and Yarrowia. In the plant complex, the
bridge is completed by the unusual ferredoxin C1-FDX. C1-
FDX fills the gap between the ACP and the core subunit
ND2 in the membrane arm close to the cCAL subunit of
the carbonic anhydrase domain. The three-subunit protein
bridge seems to set the angle between the two complex I
arms (Figure 7). In the closed conformation of Arabidopsis
and in Polytomella complex I, which is found only in the
closed conformation, C1-FDX is firmly attached to the mem-
brane arm. In Arabidopsis, disorder in the bridge domain or
a loose attachment of C1-FDX to the membrane arm may
enable the transformation from the closed into the open

configuration. Although we cannot rule out the possibility
that the bridge domain in some of the Arabidopsis particles
had been damaged during isolation, the striking similarity of
the two conformations of the Arabidopsis and ovine com-
plex (which does not have the bridge) argues against this
possibility.

It is tempting to speculate that, as a redox-sensitive subu-
nit, C1-FDX plays a role in the regulation of plant complex I
activity. In the cryoEM structures of the ovine complex I, a
positional switch of ND6 TMH 4 was thought to be respon-
sible for locking the deactive form in the open, resting con-
formation (Kampjut and Sazanov, 2020). In complex I from
Arabidopsis and Polytomella, this switch is prevented by the
TMH of the small unknown hydrophobic subunit that occu-
pies the position of the ovine ND6 TMH 4. This helix is
clearly not part of ND6, which is well defined in the
Polytomella map, and in Arabidopsis the ND6 sequence does
not fit the helix density. A different regulatory mechanism
must therefore apply to plant complex I. This mechanism
may be related to C1-FDX in the bridge domain. The oxida-
tion state of the metal ion bound by the ferredoxin might
align complex I activity with the redox state of the mito-
chondrial matrix. Such a mechanism would be particularly
appropriate for photosynthetic organisms.

Materials and methods

Plant material
A. thaliana was cultivated as described (Farhat et al., 2019).
Briefly, Arabidopsis plants (ecotype Columbia 0) were grown
under sterile conditions in a growth chamber (16 h light [so-
dium vapor lamps; 120 mmol photons m�2 s�1]/8 h dark,
22�C) for one week. Leaves were cut into small pieces and
placed on B5 medium (3.16 g L�1 B5-medium, 3% sucrose
[w/v], 0.75% agar [w/v], 0.5 mg L�1 2,4-D, 0.05 mg L�1 kine-
tin, pH 5.7) to induce callus formation. After three weeks,
callus tissue was transferred into liquid B5 medium, which

Figure 7 The ferredoxin bridge of Arabidopsis complex I. In the closed conformation, subunit B14 of the peripheral arm forms a bridge with the
ACP (also designated SDAP2; purple) and the complex I ferredoxin C1-FDX (pink). Ferredoxin connects ACP with the membrane arm (ND2) near
the gamma carbonic anhydrase domain (orange). The ND1 loop linking TMH5 and TMH6 of the ND1 subunit in the membrane arm (white) is
down. The angle between the membrane and peripheral arms is set to 106� . In the open conformation, the bridge seems to be disrupted; the ACP
(light pink) and F1-FDX (orange) subunits are disordered or (partially) absent; the ND1 loop flips to the “up” position, and the angle between the
two complex I arms relaxes to 112� . Membrane, gray.
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was refreshed once per week. The cell suspension culture
was maintained at 22�C on a shaker in the dark.

Polytomella sp. cells (198.80, E.G. Pringsheim) were ordered
from the SAG Culture Collection of Algae (Göttingen
University, Germany) and cultivated in acetate medium
(0.2% [w/v] sodium acetate, 0.1% [w/v] tryptone peptone,
0.1% [w/v] yeast extract) at 20�C in the dark; the medium
was changed twice per week.

A. thaliana mitochondria isolation
Mitochondria were isolated from �150 g of A. thaliana sus-
pension culture cells. The cells were harvested with a sieve.
All subsequent steps were performed at 4�C or on ice. Cells
were disrupted in grinding buffer (450 mM sucrose, 15 mM
MOPS, 1.5 mM EGTA, 0.6% [w/v] PVP40, 0.2% [w/v] BSA,
10 mM sodium ascorbate, 10 mM cysteine, pH 7.4, 0.2 mM
PMSF) using a Waring blender. The suspension was centri-
fuged at 2700 � g (twice) and 8300 � g for 5 min, respec-
tively, to remove cell debris. Mitochondria were pelleted by
centrifugation at 17,000 � g for 10 min, resuspended in
washing buffer (300 mM sucrose, 10 mM MOPS, 1 mM
EGTA, pH7.2, 0.2 mM PMSF), and carefully dispersed using a
Dounce homogenizer. Isolated mitochondria were loaded
onto discontinuous Percoll gradients (18%, 23%, and 40%
Percoll in gradient buffer [300 mM sucrose, 10 mM MOPS,
pH 7.2]). Percoll gradient ultracentrifugation was performed
at 70,000 � g for 90 min. Mitochondria were collected from
the 23%–40% interphase of the Percoll gradients. Percoll was
removed by three cycles of pelleting the mitochondria by
centrifugation at 14,500 � g for 10 min and resuspending
the pellets in resuspension buffer (400 mM mannitol, 1 mM
EGTA, 10 mM tricine, pH 7.2, 0.2 mM PMSF). Washed mito-
chondrial pellets were finally resuspended at a concentration
of 0.1 g organelle pellet per milliliter resuspension buffer and
stored at �80�C until use.

Purification of complex I from A. thaliana
Purified mitochondria from A. thaliana (containing �10 mg
mitochondrial protein) were sedimented by centrifugation
at 14,300 � g for 10 min at 4�C, resuspended in membrane
solubilization buffer (30 mM HEPES, 150 mM potassium ace-
tate, 1% [w/v] lauryl maltose neopentyl glycol [LMNG]), and
incubated for 5 min on ice. Solubilized protein complexes
were separated from membrane debris by centrifugation for
20 min at 18,300 � g and 4�C. Mitochondrial protein com-
plexes were separated by sucrose gradient ultracentrifuga-
tion (Klodmann et al., 2010, modified). Sucrose gradients
(volume: 15 mL) were prepared with a gradient mixer using
8 and 7 mL of a 1.5 M and 0.3 M sucrose solution (in 15
mM Tris, 20 mM KCl, 0.05% [w/v] LMNG, pH 7.0), respec-
tively. One mg mitochondrial protein was loaded per gradi-
ent. Centrifugation was performed at 146,000 � g and 4�C
for 20 h. The gradients were fractionated into 500 mL ali-
quots using a sample collector. To identify fractions contain-
ing complex I, 50 mL aliquots were analyzed by one-
dimensional Blue-native PAGE (Wittig et al., 2006). Complex
I was further purified by size-exclusion chromatography.

Fractions containing complex I were pooled and loaded
onto a Superose 6 Increase 10/300 column (GE Healthcare)
equilibrated with buffer containing 30 mM HEPES-NaOH,
pH 7.8, 50 mM KCl, and 0.007% [w/v] LMNG. Fractions con-
taining complex I were concentrated using a Vivaspin 500
column with a 100,000 molecular weight cutoff. To remove
sucrose, the concentrated sample was resuspended in size-
exclusion buffer, concentrated to 1.1 mg mL�1, and used di-
rectly for cryoEM specimen preparation.

Purification of complex I from Polytomella sp.
Polytomella sp. mitochondrial complex I was purified follow-
ing the protocol for the preparation of Polytomella ATP syn-
thase (Murphy et al., 2019) with some modifications.
Mitochondria (175 mg mitochondrial protein) harvested
from a Polytomella culture in exponential growth phase
were solubilized for 30 min at 4�C in a total volume of 12
mL buffer containing 30 mM Tris-HCl, pH 7.8, 50 mM NaCl,
2 mM MgCl2, and 2.9% [w/v] LMNG to a final detergent:-
protein weight ratio of 2:1. Unsolubilized material was re-
moved by centrifugation at 21,000 � g for 15 min at 4�C.
The supernatant was filtered and loaded onto a POROS
GoPure HQ column (Thermo Fisher Scientific) connected to
an Äkta purifier (GE Healthcare). The column was equili-
brated in buffer A (30 mM Tris-HCl, pH 7.8, 50 mM NaCl, 2
mM MgCl2, 0.0085% [w/v] LMNG). After an initial wash
with 100 mM NaCl in buffer A, complex I was eluted with a
linear 100–300 mM NaCl gradient in buffer A. Fractions
containing complex I were concentrated using an Amicon
Ultra 4 column with 100,000 molecular weight cutoff and
loaded onto a Superose 6 Increase 3.2/30 size-exclusion col-
umn (GE Healthcare). Complex I was eluted in buffer B (30
mM Tris-HCl, pH 7.4, 60 mM NaCl, 0.007% [w/v] LMNG)
and used directly for cryoEM specimen preparation.

Analysis of the subunit composition of Polytomella
complex I by two-dimensional SDS/SDS
polyacrylamide gel electrophoresis (PAGE)
The 2D SDS/SDS PAGE of Polytomella complex I was carried
out as described (Rais et al., 2004). Briefly, purified complex I
from Polytomella sp. was mixed 1:1 with SDS sample buffer
(10% [w/v] SDS, 30% glycerol [v/v], 100 mM Tris, 4% [v/v]
mercaptoethanol, 0.006% [w/v] bromophenol blue, pH 6.8)
and loaded onto a 10% polyacrylamide SDS gel containing 6
M urea. After first dimension SDS PAGE, a gel lane with sep-
arated subunits of complex I was excised, washed in acidic
solution (100 mM Tris, 150 mM HCl, pH 2.0), and trans-
ferred horizontally onto a second dimension SDS gel (16%
polyacrylamide, without urea). The 2D gels were stained
with Coomassie blue (Neuhoff et al., 1985).

Protein analyses by MS
Protein spots were excised from 2D SDS/SDS gels. Proteins
were fragmented into peptides by tryptic in-gel digestion as
described (Klodmann et al., 2010). Tryptic peptide mixtures
were analyzed by coupled liquid chromatography (LC)/elec-
trospray (ESI)- quadrupole (Q)- time of flight (ToF) MS
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using the Easy nLC system (Thermo Scientific, Dreieich,
Germany) and a micrOTOF Q II mass spectrometer (Bruker
Daltonics, Bremen, Germany): Tryptic peptides were
extracted (for details see Klodmann et al., 2010), resolved in
solution P (0.1% formic acid, 2% acetonitrile in water), and
transferred into the LC sample table. For peptide separation,
a 2 cm C18 pre-column (ID 75mm, particle size 5mm,
Thermo Scientific) and a 10 cm C18 analytical column (ID
75 mm, particle size 3 mm, Thermo Scientific) were used. A
discontinuous elution gradient was applied by mixing solu-
tion A (0.1% formic acid in water) and solution B (0.1% for-
mic acid in acetonitrile) as described (Klodmann et al.,
2011). MS/MS parameters were applied as outlined before
(Klodmann et al., 2011).

Evaluation of MS data
For protein identification, the following databases were
searched with an in-house Mascot server: (1) a modified A.
thaliana protein database, based on the TAIR database
(www.arabidopsis.org) complemented with the edited
sequences of mitochondrially encoded Arabidopsis proteins,
(2) a Chlamydomonas reinhardtii database, and (3) a
Polytomella database (both downloaded from NCBI in 10/
2019). In addition, a Polytomella protein database translated
from genomic DNA was used (Murphy et al., 2019). Finally,
a database integrating all sequences of complex I subunits
from all databases was built and used to evaluate MS data.

Shotgun MS
For shotgun MS, 50 mg purified Polytomella complex I was
prepared by SDS PAGE and tryptic in-gel digestion as de-
scribed (Thal et al., 2018). Extracted peptides were measured
with an U3000 UPLC (Thermo Scientific, Dreieich, Germany)
coupled to a Q Exactive Orbitrap MS system (Thermo
Scientific, Dreieich, Germany) following a standard shotgun
MS protocol (Thal et al., 2018).

Reference map for 2D-separated subunits of
Polytomella complex I
A reference map of a 2D SDS/SDS gel of Polytomella com-
plex I was established at the GelMap platform (www.gel
map.de) as described (Peters et al., 2013). The map (https://
gelmap.de/2062) summarizes all MS-based identifications of
complex I subunits from Polytomella.

Electron cryo-microscopy and image processing of
A. thaliana complex I
A solution of 1.1 mg/mL purified complex I was applied
onto C-flat 1.2/1.3 400 mesh copper grids (Science Services
GmbH) that were glow-discharged for 45 s at 0.15 mA. The
grids were frozen in liquid ethane after blotting for 4–7 s at
blot force 20 using a Vitrobot operating at 10�C and 70%
humidity.

Electron micrographs were collected at 300 kV in a Titan
Krios G3i electron microscope equipped with a K3 detector
operating in electron counting mode. The nominal magnifi-
cation was 105,000�, giving a pixel size of 0.837 Å. 50-frame

movies were recorded automatically with EPU software at
an exposure rate of 15 electrons per pixel per second.
Particles were picked using crYOLO, motion-corrected with
MotionCor2, and the CTF was estimated with
CTFFind4.1.13. Further processing was performed in Relion3.
For initial 3D classification to clean the dataset, particles
were binned to a pixel size of 2.511 Å. After 3D refinement
with C1 symmetry applied to the whole complex, particles
were re-extracted at a pixel size of 0.837 Å. Two additional
rounds of CTF refinement and an intermediate step of
Bayesian polishing resulted in a 3D reconstruction with an
overall resolution of 3.41 Å. Further multibody refinement
with a soft mask around the peripheral arm, the PP domain
with the cCA and bridge domain, or the PD domain
resulted in final resolutions of 2.99 Å, 3.06 Å, or 3.17 Å, re-
spectively. To separate the closed and open conformations,
particles were aligned to the peripheral arm with a local
mask applied during 3D refinement, and then 3D-classified
with a soft mask applied to the membrane arm with a value
of T¼ 20 and without particle alignment. Particle classes
were further refined with a global mask, resulting in a reso-
lution of 3.53 Å for the closed conformation and 3.46 Å for
the open conformation. Final focused 3D refinement around
the PP, CA, bridge, and Q domain improved the resolution
to 3.48 Å and 3.46 Å.

Electron cryo-microscopy and image processing of
Polytomella sp. complex I
A solution of Polytomella complex I at a final concentration
of 1.3 mg/mL was applied onto glow-discharged (0.15 mA
for 45 s) C-flat 1.2/1.3 400 mesh copper grids (Science
Services GmbH) and frozen in liquid ethane with a Vitrobot
operating at 10�C and 70% with blot force 20 (6 s blotting
time). Electron micrographs were collected at 300 kV with a
Titan Krios G3i equipped with a K3 detector in electron
counting mode. Fifty-frame movies were recorded automati-
cally at a pixel size of 0.837 Å and an exposure rate of 15
electrons per pixel per second with EPU software. Movies
were motion-corrected with MotionCor2, and the CTF was
estimated with CTFFind4.1.13. Particles were picked using
crYOLO. Processing was performed in Relion3. For the first
two rounds of 3D classification to clean the dataset, particles
were binned to a pixel size of 2.511 Å. After 3D refinement
with C1 symmetry applied to the whole complex, particles
were re-extracted at a pixel size of 0.837 Å. Two rounds of
CTF refinement with an intermediate Bayesian polishing
step and a subsequent 3D reconstruction resulted in an
overall resolution of 3.11 Å. Additional multibody refine-
ments with a soft mask around the peripheral and
membrane arms resulted in final resolutions of 2.88 Å and
2.97 Å.

Model building
Initial models for the A. thaliana and Polytomella sp. com-
plex I were built using homology models for each individual
subunit created with the SWISS-MODEL server (Guex et al.,
2009). Homology models were then rigid-body fitted into
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the cryoEM density maps using USCF Chimera (Pettersen
et al., 2004), followed by manual building in Coot (Emsley
et al., 2010). Final models were refined using the phenix.-
real_space_refine tool in Phenix (Afonine et al., 2018).
Model quality statistics were taken from the phenix.valida-
tion_cryoem tool and are summarized in Supplemental
Tables S2 and S3. For structural comparison, models were
aligned using the Matchmaker tool of USCF Chimera.
Water-accessible cavities were simulated with the program
Hollow (Ho and Gruswitz, 2008) using an interior probe ra-
dius of 1.4 Å and a surface probe of 3.5 Å. Figures were
drawn with UCSF Chimera and ChimeraX (Goddard et al.,
2018).

Accession numbers
Proteomic data for Polytomella complex I are accessible via
the GelMap platform at https://gelmap.de/2062. All struc-
tural data were submitted to the Protein Data Bank (PDB,
https://www.rcsb.org/). For accession numbers, see
Supplemental Table S4–S7.

Supplemental data
Supplemental Figure S1. Purification of complex I from
Arabidopsis.
Supplemental Figure S2. Purification of complex I from
Polytomella.
Supplemental Figure S3. CryoEM of Arabidopsis complex I:
Particle classification and processing scheme.
Supplemental Figure S4. CryoEM of Arabidopsis complex I:
Orientation distribution and FSC curves.
Supplemental Figure S5. CryoEM of Polytomella complex I:
Particle classification and processing scheme.
Supplemental Figure S6. CryoEM of Polytomella complex I:
Orientation distribution and FSC curves.
Supplemental Figure S7. Unidentified helix density in
Arabidopsis complex I.
Supplemental Figure S8. Subunit composition of
Arabidopsis complex I, as revealed by 2D SDS/SDS PAGE.
Supplemental Figure S9. Cofactors and lipids in
Arabidopsis complex I.
Supplemental Figure S10. Subunit composition of
Polytomella complex I, as revealed by 2D SDS/SDS PAGE.
Supplemental Figure S11. Subunits of Polytomella complex
I identified by mass spectrometry.
Supplemental Figure S12. Complex I of Polytomella:
Peptides identified by coupled LC-ESI-MS/MS mass
spectrometry.
Supplemental Figure S13. Partially assembled peptides of
complex I subunits from Polytomella sp.
Supplemental Figure S14. Densities of Polytomella complex
I assigned by homolog subunits.
Supplemental Figure S15. Non-assigned densities of
Polytomella complex I.
Supplemental Figure S16. Cofactors and lipids of
Polytomella complex I.

Supplemental Figure S17. cCA/cCAL proteins of the heter-
otrimeric cCA domain in Arabidopsis.
Supplemental Figure S18. Structures of cCA and cCAL
subunits in Arabidopsis complex I.
Supplemental Figure S19. cCA/cCAL subunits in the heter-
otrimeric cCA domain of Polytomella.
Supplemental Figure S20. Structures of cCA and cCAL
subunits in Polytomella complex I.
Supplemental Figure S21. Arabidopsis and Polytomella mi-
tochondrial C1-FDX.
Supplemental Figure S22. Comparison of Arabidopsis C1-
FDX to Arabidopsis mitochondrial FDX1 and FDX2.
Supplemental Figure S23. Peptide loops in the quinone re-
duction site of Arabidopsis complex I.
Supplemental Table S1. Nomenclature of complex I subu-
nits in A. thaliana, C. reinhardtii, and other model species.
Supplemental Table S2. EM statistics for Arabidopsis thali-
ana complex I.
Supplemental Table S3. EM statistics for Polytomella sp.
complex I.
Supplemental Table S4. Arabidopsis thaliana complex I
map identifiers and statistics.
Supplemental Table S5. Polytomella complex I map identi-
fiers and statistics.
Supplemental Table S6. Arabidopsis thaliana complex I
model identifiers and quality statistics.
Supplemental Table S7. Polytomella complex I model iden-
tifiers and quality statistics.
Supplemental Movie S1. Three-dimensional cryoEM density
map of complex I from A. thaliana at around 2.9 Å
resolution.
Supplemental Movie S2. Three-dimensional cryoEM density
map of complex I from Polytomella sp. at around 2.9 Å
resolution.

Note: In our publication, the designations of mtACP-1 and
mtACP-2 are flipped with respect to the nomenclature
published by Meyer et al. 2007 (DOI 10.1007/s11103-007-
9156-9).
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