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Thelast steps of cellular respiration—an essential metabolic processin
plants—are carried out by mitochondrial oxidative phosphorylation. This
process involves a chain of multi-subunit membrane protein complexes
(complexes I-V) that form higher-order assemblies called supercomplexes.
Although supercomplexes are the most physiologically relevant form of
the oxidative phosphorylation complexes, their functions and structures
remain mostly unknown. Here we present the cryogenic electron
microscopy structure of the supercomplex I + I, from Vigna radiata (mung
bean). The structure contains the full subunit complement of complex|,
including a newly assigned, plant-specific subunit. It also shows differences
in the mitochondrial processing peptidase domain of complex I, relative to
apreviously determined supercomplex with complex V. The supercomplex

interface, while reminiscent of that in other organisms, is plant specific,
with amajorinterface involving complex Ill,’s mitochondrial processing
peptidase domain and no participation of complex I's bridge domain. The
complexIstructure suggests that the bridge domain sets the angle between
the enzyme’s two arms, limiting large-scale conformational changes.
Moreover, complex I's catalytic loops and its response in active-to-deactive
assays suggest that, in V. radiata, the resting complex adoptsa
non-canonical state and can sample deactive- or open-like conformations
eveninthe presence of substrate. This study widens our understanding of
the possible conformations and behaviour of complex I and supercomplex
I +1IL,. Further studies of complex I and its supercomplexes in diverse
organisms are needed to determine the universal and clade-specific
mechanisms of respiration.

Cellular respiration is an essential metabolic process in plants. The
last steps of respiration are carried out by oxidative phosphorylation
(OXPHOS) inthe inner mitochondrial membrane (IMM). Inits canonical
form, OXPHOS involves four multi-subunit protein complexes of the
electron transport chain (complexes I-1V, CI-CIV) as well as the mito-
chondrial ATP synthase (complex V). Complexes -1V transfer electrons
from NADH or succinate to molecular oxygen through the electron
carriers quinone and cytochrome c and establish an electrochemical

protongradient across the IMM. This proton gradient is then dissipated
by complex V, producing ATP'. OXPHOS complexes can exist indepen-
dently, but more frequently assemble into stoichiometric higher-order
assemblies called supercomplexes, whose functions have remained
unclear®”. In plants, between 50% and 90% of Cl has been found associ-
ated with CIIl, (SC1+II1,) after detergent extraction from the IMM and
native-gel electrophoresis, which probably underestimates the extent
of supercomplex associations in vivo®. Therefore, to fully understand
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the physiological functions of CI-the main entry point of electrons
into OXPHOS—we must study it in the context of its supercomplexes.
The biochemical and structural analysis of SC1+11l, is a crucial step
towards understanding respiratory supercomplexes in plants.
Recently, multiple cryogenic electron microscopy (cryoEM) struc-
tures have been obtained for plant Clor Cl fragments’ . Additionally,
structures for SCI + 11, from Ovis aries (ovine) and Tetrahymena ther-
mophilaare available', While these structures aid our understanding
of plant SC1+1Il,, they are not sufficient. Forinstance, all structures of
plantClareincomplete, missing subunit NDUA11 as well as density for
transmembrane helices (TMHs) in core subunits Nad5 and Nadé6. Addi-
tionally, several densities have remained unassigned, including that
foraputative new subunit whose identity could not be determined’™.
Moreover, sequences involved in SCI+ I, formationin O. ariesand T.
thermophila (for example, from NDUB4 and NDUB9) are missing in
the plant homologues, and there are substantial differencesin the SC
I+l interfaces between ovine and T. thermophila SCI1 + 111,. Therefore,
these structures cannot directly be used to make predictions about the
plantSCinterface(s). Furthermore, although reconstructions of plant
SCI1+ 111, are available from subtomogram averages from Asparagus
officinalis’ and negative-stain electron microscopy from Arabidopsis
thaliana", their resolutions are too low to make detailed assessments.
In this Article, we present a high-resolution structure of SCI+1II,
from Vigna radiata (mungbean) fromabiochemically active prepara-
tion. This structure contains the full complement of subunits for plant
Clincluding NDUA11(B14.7), previously missing fragments from Nad5
and Nadé, and a newly assigned CI subunit (NDUP9). Moreover, CIII,
contains a different isoform of mitochondrial processing peptidase
(MPP)-a subunit from the one observedinisolated Clll,and SCIIL, + IV
(ref.15). Cland Clll, interact at three sites that do not involve the bridge
domain of CI. Contrary to a previous hypothesis from A. thaliana’s
Cl (ref. 11), our analysis suggests that the opening of the complex is
more likely due to sample degradation than to a regulatory process.
Moreover, an examination of Cl's large-scale structure, catalyticloops
and active-to-deactive (A/D) response suggests that V. radiata Cl's rest-
ing conformation is an intermediate, non-canonical state and that Cl
samples similar states in both the absence and presence of substrate.

Structure of V. radiataSC1 + IlIlI,shows complete
Cland differencesin CIII,

We isolated mitochondria from etiolated mung bean hypocotyls. We
then extracted protein complexes from the mitochondrial membranes
using the gentle detergent digitoninand stabilized them using amphi-
pathic polymers (Extended Data Fig. 1a,b). Using a sucrose gradient,
we partially purified respiratory complexes and supercomplexes
(Extended Data Fig. 1c,d). We pooled, buffer-exchanged and concen-
trated the fractions containing SC 1+ IlI, (Extended Data Fig. 1c,d) and
used this partially purified sample to blot cryoEM grids, as previously
described”". We further purified SC1+ 111, using size-exclusion chro-
matography (SEC) (Extended Data Fig. 1e,f). The final biochemical
sample showed the expected NADH-cyt c oxidoreductase activity,
whichwasinhibited by Cland ClIl, inhibitors piericidin Aand antimycin
A, respectively (Fig. 1a).

Our cryoEM image processing resulted in two initial recon-
structions of SC I + 111, containing the full complement of subunits
(‘bridged’ SC1+1I1,) at 3.3 A and 3.6 A resolution (class 1and class 2,
respectively) (Extended Data Fig. 2 and Extended Data Tables1and 2).
Three-dimensional variability analysis (3DVA) of all bridged SC1+1ll,
particles demonstrated that most variability in the bridged particles
stemmed fromthe flexible interface between Cland Clll, (Supplemen-
tary Movies1and 2), resulting in an overall lower-quality map for ClIL, in
both classes (Extended DataFig.2). To overcome the inherent flexibility
of the particles, we performed focused refinements on the bridged SC
I +11l,class1particles using masks around CI's bridge domain, CI's ‘heel’,
CI's N-module, CI's distal pump (P,) module and ClII, (Extended Data

Fig.3 and Extended Data Table 1). Further improvement to the CIIl, map
quality was achieved by subsequent focused refinement around the
MPP domains (Extended DataFig. 3 and Extended Data Table1). These
focused refined maps were combined into acomposite map with nomi-
nal resolution of 3.2-3.6 A (Fig. 1b, Extended Data Fig. 3 and Extended
Data Table1).Inaddition to the bridged classes, less populated classes
were identified for SC I + 111, missing the ferredoxin bridge and other
subunits (‘bridge-less’ SC1 +1l1,) and for Cl alone (Extended Data Fig.
2 and Extended Data Table 2). The bridge-less particles could be clas-
sified into four classes, further discussed below. The reconstruction
ofisolated Cllacked clear density for the bridge, NDUA11 and TMHs in
Nad4-Nadé, and showed poor density for the P;module, consistent with
previously published structures of plant Cl (refs. 10, 11). This suggests
that, in plants, Clll, may be needed to stabilize intact Cl after extraction
fromthe membrane. How the assembly and integrity of each complex
may affect that of the other has been studied inmammals', but remains
to befully investigated in plants.

We built the atomic model for V. radiata SC 1 +1II, (Fig. 1b-e)
on the basis of previously published structures of plant Cl and ClIII,
(refs. 9,11, 15). The improved density of the map relative to previous
reconstructions for V. radiata Cl fragment and Clll, allowed us to deter-
mine several additional C-to-U RNA editing sites in Nadl, Nad2, Nad3,
Nad4,Nad4L,Nad5,Nad6, NDUS2 and NDUS3 (refs. 9,15,17) (Extended
Data Table 3). The SC 1 +1ll, map also contained density for subunits
or regions of subunits at the interface between Cl and ClIl, that were
previously missing in other Cl structures. These were the accessory
subunit NDUA11 (B14.7), the C-terminus of core subunit Nad5, the
fourthtransmembrane helix (TMH4) of core subunit Nad6 and the loop
between Nad6é’s TMH3 and TMH4 (Fig. 1c and Extended Data Fig. 4).
This confirmed that NDUA11 is a bona fide Cl subunit in plants and
established that Nad5’s C-terminus contains two TMHs, as in yeast'®.
The positions of Nad6’s TMH4 and TMH3-4 loop have functional impli-
cations discussed below. Additionally, the map contained an extended
L-shaped density for asubunitin the vicinity of NDUA11 that remained
unidentified in previous plant Cl reconstructions’™. This L-shaped
density extends into the interface between Cl and ClIl,, providing
inter-complex contacts not seen in other species (Fig. 1c). Using the
density to obtain a preliminary amino acid sequence followed by a
BLAST search, we were able to assign the subunit as the product of
V. radiata gene LOC106767179 (homologue of A. thaliana Atig67785).
This corresponds to a Cl-subunit candidate as determined by mass
spectrometry studies'” that was initially erroneously assigned as
NDUBS (ref. 22) and later renamed P4 (ref. 23). However, given that the
alga Chlamydomonas reinhardtii and Polytomella sp. contain estab-
lished complex I subunits P4-P8 (refs. 11, 24), to avoid confusion we
propose to call this subunit NDUP9. This subunit appears to be plant
specific, as standard BLAST searches returned only plant species.
Overall, this SC 1+ III, map provides the full complement of plant CI
subunits (14 core and 34 accessory; Extended Data Table 3).

The SCI+ 11l map also revealed differences in CIll,’s MPP domain
compared with the previously available structures from V. radiata’s
supercomplex IIl, + IV (SC 111, + IV) and ClII, alone®. Plants contain
multiple isoforms of MPP-a (Extended Data Fig. 5a). We previously
determined thatin SCIII, + IVboth MPP-a subunits correspond to gene
LOC106774328 (ref.15). In contrast, in SC I + 111, the MPP-a subunit in
the ClII, protomer closest to Clwas a differentisoform (corresponding
togene LOC106765382), as revealed by the better fit of this protein to
the density of SCI+ 111, (Extended Data Fig. 5b). For MPP-ain the other
protomer of SC1+Ill,, the density is ambiguous, with some positions
more closely fitting the LOC106765382 sequence and some positions
more closely fitting the LOC106774328 sequence. This suggests that
the density might represent the average of a mixed population, or
that databases may be mis-annotated. The main differences between
isoforms arein the N-terminus, including ashortregion that interacts
with CI (see below). The functional relevance of these differences in
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Fig.1|Structure of V. radiata’s SCI + IIl,.a, NADH-cyt c oxidoreductase activity
of amphipol-stabilized isolated SC1+Il, in the absence or presence of Cl or ClIl,
inhibitors (20 pM piericidin Aand 1 pM antimycin A, respectively). Values are
averages of three or four independent measurements from a single purified
sample of SCI +111,; error bars display the coefficient of variance calculated as

the sum of the coefficients of variation of each experimentally determined value
(pathlength, extinction coefficient and activity) multiplied by the average.

b, CryoEM density map of SC 1 + 11, coloured by subunit. The approximate
locations of the mitochondrial matrix and intermembrane space (IMS) are shown
withblacklines. ¢, Atomic model improvement versus previously available
structures of plant Cl. Improved or new subunits shown in coloured cartoons
over Clsemi-transparent surface. Cter, C-terminus. d,e, SC1+11l,shown from

the matrix (d) or the plane of the membrane (e). Complex I (CI) in blue surface,
complexll, (Clll) in green surface.

MPP-a remains to be explored. We also observed differences in MPP-f3.
While the MPP-Bisoforms were the same as those in SCIIL, + 1V, the helix
containing the catalytic glutamate (Glu217) was partially disordered
inboth protomersin SCI + I, (Extended DataFig. 5d,e). This leads to
aninability to coordinate the catalytic Zn** (Extended Data Fig. 5d,e),
whichwould render the MPP domain non-functional. Whether this loss
isabiologically relevant consequence of SCI + III, formation remains to
be determined. Alternatively, the loss of Zn* could be a consequence of
our purification procedure, which was slightly different from that used
to obtain the SCIIL, + IVsample inwhich Zn** was seenin the MPP active
sites”. It will be interesting to compare these findings on V. radiata SC
1+ 1II, with those from other plant species.

V.radiataSCI + Ill, interfaces differ from those of
other organisms

The mungbean SCI + I1l, map showed three interfaces between Cland
ClIl,: (1) a matrix site formed between NDUB9 (CI), MPP-3 (ClIl,) and
MPP-«a (ClIL,), (2) an IMS site formed between NDUP9 (CI), NDUA11
(CI) and QCR6 (CIIL,) and (3) a membrane site between NDUA11 (CI)
and QCRS (ClIL,) (Fig. 2a—e). Contrary to T. thermophila’s SC1 + 111,
where the Cl bridge domain provides an extensive SC interface®, V.
radiata’s Clbridge domaindid not directly participate in the formation
of this supercomplex (Extended Data Fig. 6a,b). The MPP domain of
Clll, provided the largest interface, mainly through hydrophobic and
electrostaticinteractions between MPP-f3 and NDUB9 (Fig. 2c). MPP-a
alsointeracts with NDUB9 via three amino acids in MPP-a’s N-terminal
extension, two of which differ between the MPP-a isoforms. When
comparing MPP-a’s N-terminal extension from the SCI + I, structure
(LOC106765382) with thatin SCIII, + IV (LOC106774328), we observed
that the loops occupy roughly the same position (Extended Data Fig.
5¢). Moreover, the aspartate residue that is positioned to form a salt
bridge with B9-Arg64 is conserved in both MPP-a isoforms. Given

the structural similarity, the conservation of the aspartate and the
minimal contribution of MPP-a to this interface, it is unlikely that this
loop of MPP-a would suffice to differentially regulate the formation
of SC1+1Il, versus SCIIIL, + IV. Nevertheless, the hypothesis that CIII,
with different MPP-a isoforms is selectively incorporated into differ-
ent CIIl, supercomplexes remains to be experimentally tested. In the
IMS, NDUP9 and NDUAL11 contacted QCR6 (Fig. 2d). While NDUP9 and
QCR6 showed mostly hydrophobicinteractions, those between QCR6
and NDUAI11 were more electrostatic in nature. Lastly, the membrane
site was asmallinterface of acouple of residues on NDUA1land QCR8
(Fig. 2e). Asin the O. aries and T. thermophila SC 1 + 111, interactions,
these three sites in V. radiata were linked from the IMS to the matrix
via QCR8'’s participation in MPP-f’s anchoring -sheet.

Although the mung bean SC1 +III, interfaces were reminiscent
of those seen in O. aries and T. thermophila (for example, involving
NDUB9, NDUA11 and QCRS8 in all three organisms), the specific pro-
tein and amino acid interactions were different (Extended Data Fig.
6c-h). SC interactions through NDUP9 appear to be plant specific.
Furthermore, superpositions of V. radiata, T. thermophila and O. aries
SCI1+1ll, showed that the angle of approach between Cl and ClIII, dif-
fered between organisms, as seen in the subtomogram averages’. A
comparison of the CI:ClllL, interactions and orientation with other
plant species will determine whether the interfaces observed here are
common across plant families.

V.radiata Cl shows anon-canonical A/D response

Inseveral organisms, Cl has been seen to adopt multiple conformations
based on the hinging betweenits membrane and peripheral arms'$>25,
Analogous conformations have been seen for Clin the mammalian SC
1+1Il,, where it can adopt a distinct ‘closed’ state and an ensemble of
‘open’ states™. These large-scale changes are accompanied by confor-
mational changes in loops in the vicinity of the quinone-binding site

Nature Plants | Volume 9 | January 2023 | 157-168

159


http://www.nature.com/natureplants

Article

https://doi.org/10.1038/s41477-022-01306-8

Fig.2|SCI + Ill,interfacesin V. radiata.a,b, V.radiata SC1+ Ill, matrix (a),
membrane and intermembrane space (IMS) interfaces (b). Interacting subunits
shown as coloured cartoons over semi-transparent complex I (CI) surface (blue)
or complex Ill, surface (green). Inset in b shows interface viewed from the IMS.
c-e, V. radiatainteraction details for matrix (c), IMS (d) and membrane (e)
interfaces. Subunits shown as coloured cartoons with key residues as sticks
coloured by atom. Some structural elements are hidden for clarity.

(Nad1TMHS5-6, NDUFS2 31-2loop, and NDUFS7 a1-2 loop and a2-81) and
atthe interface between CI's arms (Nad3 TMH2-3 and Nad6 TMH3-4)
(refs. 18,25-28). Furthermore, in some organisms CI can undergo an
A/D transition”, This is an off-pathway transition that places Clina
catalyticallyincompetent state whenin the absence of substrate, pro-
tecting againstischaemic reperfusioninjuryinmammals®*~*. Given that
the A/D transition also occurs through conformational changes, it has
remained controversial whether CI's open and closed conformations
correspond to intermediate states in CI's catalytic cycle or toits active
and deactivestates®* ¥, Inplants, the presence of the A/D transition has
notyetbeeninvestigated. Therefore, we examined the large-scale and
loop conformations of V. radiata’s Clinthe SCI + lll, structure, as well as
Cl'sability toundergo the A/D transitioninmitochondrialmembranes.

Large-scale changes of CI within SCI + III,

Our cryoEM image processing identified six distinct three-dimensional
classes: twomajor classes of the bridged SC1 + I, described above (-72%
of supercomplex particles) and four minor bridge-less classes (-28% of
supercomplexparticles) varyinginconformationand composition (Fig.3
and Extended Data Fig. 2). The bridged classes showed only a small
difference in their overall Cl conformations (Fig. 3a,b and Extended
Data Movies 1and 2). In contrast, the bridge-less classes showed a
progressive increase in the angle between ClI’s peripheral and mem-
brane arms and a decrease in the curvature of CI's membrane arm,
bothbetweenthemselves as wellas compared with the bridged classes
(Fig. 3c-f). The bridge-less classes not only lost the bridge-domain
subunits (NDUFX, NDUA6 and NDUABI-a) but also progressively lost
density for subunits or subunit segments at the interface between CI
and ClII, (NDUA11 subunit, NDUP9’s C terminus, Nad5’s two C-terminal
helices, Nad6’s TMH4, Nad6é’s TMH3-4 loop, QCRé6’s C-terminus and
QCRS8'stransmembrane helix) (Fig. 3g). Given theimportance of some
ofthese subunits for catalysis, itis unlikely that the bridge-less SC1 + 111,
classesare functional, or that the loss of the bridge is aregulatory pro-
cess as previously suggested for A. thaliana Cl (ref. 11). In our view,

bridge-less classes are more likely the product of progressive degra-
dation during sample purification and/or cryoEM grid preparation.

We also compared the angle between CI’'s arms in O. aries and V.
radiataSCI +1l,. Although V. radiata’s bridged SC1 + Ill, was more closed
(smaller angle between the arms) thanbridge-less SC1 +111,, it was still
more open than the most open O. aries SC1 + 111, (Fig. 3h,i). Therefore,
itisunclear fromthe angle alone whether V. radiata’s bridged SC1+1Il,
should be considered to have Clin an‘open’ or a ‘closed’ state.

Conformational changes to Clloops

To obtain more clarity on the state of Clin V. radiata’s SC1+1ll,, we
compared the features of its quinone and interface loops to those of CI
inpreviously observed states, for example, openand closed classesin
O.aries™, the deactive state in Mus musculus®* and Yarrowia lipolytica
Clin turnover and deactive states'®.

Broadly speaking, it has been seen in multiple organisms that
loops become orderedinthe closed or turnover states and disordered
inthe openand deactive states. Nevertheless, the V. radiataloops did
not fully coincide with any single previously observed state (Fig. 4a-e
and Extended Data Fig. 7a,b). Inthe quinone-binding region, V. radiata’s
Nadl TMHS5-6 loop was ordered in what resembled the ‘down’ confor-
mation of the closed class of ovine Cl, also seen in the yeast turnover
and deactive states (Fig. 4a). However, not all key glutamate residues
(V.radiataNad1-Glu207, Glu209 and Glu219) were within appropriate
distance toformsaltbridges with key arginine residuesin S7 (V. radiata
S7 Arglll and Argl15) as seen in the ovine closed, yeast turnover and
otherstructures'®***, V. radiata’s Nad1 TMH5-6 loop was not equivalent
tothe ordered loop in the recently observed ‘open-ready’ state of the
Escherichia coli Cl either”, as V. radiata’s Nad1-Glu211 pointed away
from the S2 $1-2 loop. Furthermore, key residue S7 Arglll was in an
‘unflipped’ position similar to the ovine closed and the yeast in turno-
ver or deactive states, but witha 3-strand for residues S7-Pro81-Leu86
typical of the ovine open and the yeast deactive states (Fig. 4b). The S2
B1-2loop was disordered, inaccordance with the ovine open class and
the murine deactive state, but not the yeast deactive state (Fig. 4c). As
fortheloops at the interface between Cl'sarms, the Nad3 TMH1-2loop
was disordered across its entire length, resembling the murine deac-
tive state (Fig.4d). V. radiata’s Nad6 TMH3-4 loop was ordered, but the
Nad6 TMH3 showed the characteristic T bulge seen in the open and
deactive mammalian structures as well asin the deactive and turnover
yeast structures (Fig. 4e). Importantly, V. radiataNad6’s TMH4 was in
a ‘distal’ position at the interface between Nad4L's TMH1 and Nad5’s
TMH16 (Fig. 4f). This is -14 A away from the position of Nadé6 TMH4 in
the ovine open/closed classes, ~16 A away from the murine deactive
state and -25 A away from the tilted Nad6 TMH4 in the ovine ‘deactive’
state (which lacks density for NDUFA11 and ND5 and is thus more
similar to what has been called ‘state 3’ CI, that is, in initial stages of
degradation?®®). Rather, V. radiataNad6 TMH4’s position most closely
resembled that in Thermus thermophilus with or without substrates®*°
as well as that in E. coli in open, open-ready or closed structures®,
with similarities to the Tetrahymena thermophila structure' and the
Y. lipolytica deactive state™® (Fig. 4f).

These findings indicate that the loop conformations in our
V.radiatastructurecannotbeneatly correlated with previously described
Clopen or closed states, nor are they fully equivalent to the deactive
statein mammals or yeast. Nevertheless, the presence of the tbulgein
Nadé6’s TMH3, which rotates hydrophobicresiduesinto CI's hydrophilic
axis and interrupts the water wire thought to be required for proton
pumping”**, suggests that our structure contains Clin aresting state.

A/D transition

To our knowledge, the existence of the A/D transition has not been
previously investigated in plants. Therefore, we tested the ability of V.
radiata Clto undergo the A/D transition using a standard assay withiso-
lated mitochondrial membranes®**"**2 In this assay, Clis deactivated
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Bridged
class1, 2

Fig. 3 | Large-scale conformational changes of complex 1 within V. radiata SC
1 + 1II,. a-c, Bridged (a,b) and bridge-less classes of SC1+1lI, viewed from the
side (a) or the matrix (b,c). Bridge class 1in grey, class 2 in lighter grey. Bridge-
less class1through class 4 in progressively lighter shades of blue. The asterisk
indicates the presence of NDUA11in bridge-less class 1. d-f, Differences between
bridged and bridge-less classes of SC 1+ IIl, viewed from the side (d), matrix (e) or
the back of Cl from the plane of the membrane (f). Bridged SC1 + IlI, class 1shown
ingrey aligned with bridge-less class 4 in light blue. Rotations are indicated with

Bridge-less
class1, 2, 3,

respect tod. The opening of the peripheral arm and the straightening of the
membrane arm are represented with lines and arrows. g, Cl and ClIl, subunits
and fragments that are lost in the bridge-less class 4 shown in coloured cartoons
over light-blue surface of class 4 map. h,i, Comparison of V. radiata bridge class 1
(grey) and the most open SC 1+ 11I, class from O. aries (PDB: 6QC4) (ref. 12) (light
orange) viewed from the matrix (h) or the back (i). The positions of complex I,
(ClIL,) and CI's subunit NDUFV1 (V1) are shown for orientation.

by incubating the membranes at 37 °C in the absence of substrate,
leading to the disordering of the active site and potential large-scale
opening of the structure”. Then, N-ethylmaleimide (NEM) is added
to ‘trap’ Clin the deactive conformation by modifying a conserved
cysteineinNad3’s TMH1-2loop (Cys44 in V. radiata), whichis exposed
in the deactive state butinaccessible in the active state. Hence, NEM
modification preventsre-activation of Cl, leading to areductionin the
observed NADH oxidation rate. The detrimental effects of NEM canbe
minimized by pre-activating the complex with alow concentration of
NADH (substrate) before incubation with NEM.

We compared V. radiata’s response to the A/D assay with that
of mammalian mitochondrial membranes isolated from Sus scrofa
(pig), whose Cl is known to undergo a ‘classic’ A/D transition®’. As
expected, exposure of porcine mitochondrial membrane to 2 mM
NEM decreased Cl rates, both for thermally deactivated and for ‘as
isolated’ (not deactivated) membranes. The NEM effect was partially
rescued by pre-activation with 5 uMNADH in both cases. Moreover, the
inhibitory effect of NEM was higher in deactivated membranes than
in non-deactivated membranes, as expected (Fig. 4g and Extended
DataFig.7c).

We performed similar assays with V. radiata mitochondrial mem-
branes. To preclude the effects of plants’ mitochondrial alternative

NADH dehydrogenases, we used the NADH analogue deaminoNADH
(dNADH), which canbe used as a substrate by Cl but not by the alterna-
tive dehydrogenases**® (Extended Data Fig. 7d). Although V. radiata
membranes were also susceptible to NEM, their susceptibility did not
show major changes upon thermal deactivation (Fig. 4h and Extended
DataFig.7d). Thisis consistent with the incubation without substrates
at an increased temperature not leading to increased exposure of
Nad3’s THM1-2 loop. Additionally, V. radiata’s susceptibility to NEM
did not change upon pre-activation with 5 UM dNADH (Fig. 4h and
Extended DataFig.7d). Thatis, plant Clwas just as susceptible to NEM
whether the enzyme had recently turned over or not. This suggests that
plant Cldoes not enter biochemically distinct states equivalent to the
A and D states seen in mammalian CI, possibly owing to the presence
of the bridge domain.

Overall, V. radiata’s Cl in SC 1 + 111, exhibited non-canonical char-
acteristics in terms of its large-scale structure, its catalytic loops and
itsbehaviour in the standard A/D assay.

Discussion

Here we present the cryoEM structure of active SCI + 111, purified from
V. radiata mitochondria, together with a functional examination of the
A/D transition in isolated mitochondrial membranes.
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M. musculus deactive (dark orange), PDB: 6G72 (ref. 25). e, Nad6 TMH3-4 loop;
Thermus thermophilus native (light teal), PDB: 4HEA®*. f, Position of Nad6 TMH4
across organisms and conditions. Structures aligned by Nadé. The V. radiata
Nad5 TMH16 and Nad4L TMH1 shown for orientation (grey cartoon). Structure:
V. radiata (green, this study), T. thermophilus native (light teal, PDB: 4HEA®*),
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6ZK0%), 0. aries native open (yellow, PDB: 6ZKP*), M. musculus deactive (red,
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inS. scrofa (g) and V. radiata (h) mitochondrial membranes. Membranes were
treated with2 mM NEM asiisolated (orange, green) or after thermal deactivation
(light orange, light green), in the presence or absence of pre-activation with

5 UM NADH (S. scrofa) or 5 uM dNADH (V. radiata). Values are the percentage

of average activities (NEM/no NEM) determined from four to ten independent
measurements on single samples of isolated S. scrofa or V. radiata mitochondrial
membranes shown in Extended Data Fig. 7. Error bars equal the coefficient of
variation for the ratio calculated as the sum of the coefficient of variation of the
individual rates multiplied by the value of the ratio. Statistical significance of the
difference between the ratios was determined using a two tailed z-test. *P < 0.05
(P=0.02for deactivated S. scrofa). NS, not statistically significant (P> 0.05).

The SCI+111,assembly protected several Cl subunits at the inter-
face with ClIl,. Therefore, our reconstruction contained the full struc-
ture of Cl, including accessory subunit NDUA11, additional TMHs of
core subunits Nad5 and Nadé, as well as a newly assigned, probably
plant-specific Cl subunit NDUP9 (Fig. 1and Extended Data Figs. 1-3).
Our structure also contained a different isoform of MPP-c.in one CIII,
protomer relative to that seen in SCIII, + IV (corresponding to genes
LOC106765382 and LOC106774328, respectively; Extended DataFig. 5).
Thisimplies that Clll, supercomplexes may be differentially assembled
depending on the MPP-a isoform present. Furthermore, the lack of
catalytic Zn*" inboth MPP-f subunits suggests that ClIl,’s MPP function
isnotactive when Clll, is assembled in SC1 + I11,. To our knowledge, the
potential functional differences of MPP-o.or MPP-B isoforms have not
been investigated. In potato, MPP-al is more highly expressed at the
messenger RNA level across several mature plant tissues than MPP-a2,
without substantial tissue-specific variation under standard condi-
tions**%, Additionally, in A. thaliana, MPP-a2 (At3g16480) is dually
targeted to chloroplasts and mitochondria*®. Standard sequence align-
ments between the V. radiata and A. thaliana MPP-« isoforms did not
conclusively reveal the homology relationships between the isoforms.
The hypotheses that MPP isoforms sort ClIl, into different supercom-
plexes, that Clll,’s MPP is active in SCII, + IV but not in SC I + Il and
that supercomplexes are differentially assembled in certain tissues,
stresses or developmental stages remain to be experimentally tested.

As expected fromlow-resolution tomographic comparisons’ and
sequence alignments, the details of the SC 1 +1ll, interface are plant
specific (Fig. 2). The maininterface in V. radiata is on the matrix side,
between MPP-f3 and NDUFB9, which might restrict the flexibility and
function of the MPP domain. A key feature of the SCI + Il interface in
plantsis the participation of the new Clsubunit, NDUP9. The functional
analysis of NDUP9 mutants will illuminate the physiological roles of
SC I +11l, and supercompex formation in general, as has begun to be
investigated with NDUFX and NDUA11 mutants®.

Specific details notwithstanding, the broad arrangement of the
complexes inSCI+Ill,is conserved between plants, mammals', alveo-
lates” and yeast’. This suggests that this supercomplex arrangement
provides evolutionary advantages, potentially through the stabili-
zation of subunits or through the balancing of electron flux to limit
reactive oxygen species formation. For instance, by ensuring that CI
and ClIl, are in vicinity to each other, the formation of SC1 + 11, could
preclude the generation of local differences in the quinone-to-quinol
ratio, especially between mitochondrial cristae, which could otherwise
promote the production of reactive oxygen species in regions where
the poolisover reduced™.

Likein other organisms, our cryoEM processing yielded multiple
classes for SC1+1Il, (refs. 11,12, 25, 26). However, rather than differ-
ing mainly in the angle of CI, they also differed in the compositional
integrity of Cl and increased flexibility of ClIl, (Fig. 3 and Extended
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DataFig.2).Four ofthe six classes displayed loss of the bridge domain
(‘bridge-less’ SC1+1l1,). This was accompanied by loss or disordering
ofaccessory and core subunits (NDUA11 lost; NDUP9, QCR6 and QCRS,
Nad5and Nadé partially disordered) aswell as by increasesinthe angle
between Cl's arms and between Cl and ClIl,. The two ‘bridged’ classes
contained good density for the bridge domain and differed only slightly
intheangle between the Clarms. These findings imply that the bridge
restrains the flexibility of Cl in plants, limiting the angle and range of
motion of the arms and helping maintain the enzyme’s compositional
integrity. Furthermore, NDUA11, Nad5’s C-terminus and Nad6’s TMH4
are critical for catalysis, and their loss and increased flexibility have
been noted in structures of mammalian Clin the initial stages of deg-
radation (‘class/state 3') (refs. 25,28, 51, 52). Therefore, in our view, the
loss of the bridge and associated subunits and the concomitantincrease
inCl'sanglein the bridge-less classes more likely reflect a progressive
degradation of the sample during preparation than a regulatory mecha-
nism for Cl (ref. 11). Our view is in line with recent functional analyses
of A. thalianaknockout lines of NDUFX (one of the bridge subunits)*,
which lack SC I + 11,. Despite the lack of the bridge and of SC I +1Il,,
these mutants do not exhibit growth or developmental defects under
standard conditions, which would be expected if the bridge domain
regulated CI's activity. Moreover, given that the NDUFX mutants par-
tiallyaccumulate Cl at the CI*assembly-intermediate stage rather than
in bridge-less supercomplexes, it is also unlikely that our bridge-less
particles originated from assembly defects*. Instead, the Cl bridge
probably plays a structural role in keeping CI's arms in a permissive
state for SC 1+ Il formation*. Further experiments on the role of the
bridge in Classembly and supercomplex formation are needed.

Although the bridged classes appeared ‘closed’ (smaller angle)
relative to the bridge-less classes, they were more open than the most
openmammalian SCI +1ll, class (Fig. 3). This implies that the open and
closed denominations and angles are relative, and supports the view
that the opening and closing of the structure may simply reflect the
organism-specific inherent flexibility of the complex™®. The fact that
the bridge domain in plants limits CI's conformational flexibility and
that plant Cl cannot adopt more openstates without losing the bridge
suggests that changesinthe angle between the arms are not part of Cl's
conserved catalytic mechanism. Moreover, our structure shows that
openingand closing of the angle is not necessary for the ordering or dis-
ordering of the catalytically relevantloops in plants. Thisisin line with
the observations from T. thermophila’s Cl (ref.13), which also contains a
bridge domain, as well as from Chaetomium thermophilum’s Cl (ref. 38),
which does not contain a ferredoxin bridge but does have additional
bridging interactions via an extension on NDUAS. It also agrees with
recent structures of E. coli Cl under different conditions, which show
differences in the rotation of the PA but not in the angle between the
arms”. Nonetheless, it remains to be examined whether the angle of
V. radiata’s (as well as T. thermophila’s and C. thermophilum’s) Cl
changes under turnover conditions. Regardless, itisincreasingly clear
that the distinctions between Cl states should focus on the conforma-
tion of the relevant loops and helices rather than on the large-scale
angles between the arms, as recently suggested by others®*,

Our examination of CI's catalyticloops revealed that V. radiata’s Cl
(isolated in the absence of substrates) contained a mixture of features
previously seen in open/closed and turnover/native/deactive states
without neatly aligning with any single state (Fig. 4 and Extended Data
Fig.7). The quinone-binding site appeared inasemi-ordered state with
theNad1TMH1-2loopinadown position. However, only one glutamate
(Glu219) inNad1 TMH1-2 was within salt-bridging distance to key argi-
nine residues in the S7 1-2 loop (Argll5), even though Arglll faced
towards the Nad1 TMHI1-2. The rest of the quinone site loops (S7 a2-1
loop and S2 a1-2 loop) were reminiscent of Cl in deactive and open
states™”°. Among the ‘interface’ loops, the highly disordered Nad1
TMH1-2 loop was reminiscent of the deactive murine state and Nadé6
contained attbulge typical of deactive but also some substrate-bound

structures'®*?°, The position of Nad6's TMH4 was ‘distal’, thatis, tucked
inbetween Nad5and Nad4L, reminiscent of non-mammalian structures
in multiple conditions, and very different from the position in mam-
malian deactive structures''$22%3% Together, this suggests that the
resting conformation of the enzymeisinan ‘intermediate’ state relative
to the previously observed statesin other organisms.

The non-canonical loop configuration is in line with our results
from the A/D assays, where V. radiata membranes were susceptible
to NEM inhibition, but their susceptibility (that is, the accessibility of
the Nad3 TMH1-2 loop) did not change upon either incubation without
substrateat37 °C (‘deactivation’) or pre-activation with substrate (Fig. 4
and Extended Data Fig. 7). This implies that plant CI's loops may sam-
ple arange of conformations along the catalytic continuum both in
the absence and presence of substrate. Thus, plants may have alower
energeticbarrier between the states along Cl’s catalytic pathway,and a
lack of open/closed and active/deactive states, at least as currently bio-
chemically defined. Although small thermodynamic barriers between
the Aand D states have previously been shown for yeast* and proposed
foramousestrainthatharboursaP25L mutationinNad6 TMH2 (ref. 41),
these cases are not equivalent to our observations. In yeast and the
P25L mouse, Clinthe absence of substrate rapidly converts to astable
D state, with an almost complete susceptibility to NEM and protec-
tion offered by pre-activation, although not to the same level as wild
type. In contrast, V. radiata Cl in isolated membranes was ~40% in a
non-susceptible ‘A-like” state, with no protection by pre-activation.
Therefore, plants add to the repertoire of observations that must be
consideredin open/closed, active/deactive discussions.

Overall, we found that V. radiata Cl within SC I + 11l showed an
intermediate loop configuration, a non-canonical A/D transition and
very limited differencesin the angle between CI'sarmsin the presence
ofthe bridge domain. Our current definitions and assays for Cl struc-
ture and function may need updating in light of studies of organisms
beyond traditional heterotrophic model systems. It will be interesting
to continue examining the A/D transition and reverse electron transfer
in plants using mitochondrial membranes, submitochondrial particles
and reconstituted proteoliposomes*® from V. radiata and other plant
species. It will also be important to study the structure of plant Clin
supercomplexes under cycling conditions, to examine whether an
opening and closing of CI's arms is present. The further study of CI
and its supercomplexes in plants and in diverse organisms across the
tree of life will allow for a more nuanced understanding of enzyme’s
mechanism, including both universal and clade-specific features.

Concluding statement

This workis published together with astudy on the cryo-EM structure
of supercomplex | + 111, from Arabidopsis thaliana at 2 A resolution®.
No experimental dataor manuscript versions were exchanged between
the groups before the papers were accepted, such that theindependent
studies would better complement and validate one another.

Methods

Mitochondrial purification

V.radiataseeds were incubatedin1% (v/v) bleach for 20 minandrinsed
until water achieved a neutral pH. Seeds were thenimbibed with 6 mM
CaCl,solution for approximately 24 hin the dark. Seeds were sown on
plastic trays layered between damp cheesecloth to a final density of
0.1gcm™and sprouted inthe dark at 20 °C for 5 days. Seeds were given
2 lof water onday1of sowing and an additional 0.5 | of water on day 2.
On day 5, etiolated sprouts were harvested by separating hypocotyls
fromroots and cotyledons by hand. Hypocotyls were further processed
for mitochondrial purification as previously described””. In short,
hypocotyls were homogenized in Waring blender withhomogenization
buffer (0.4 Msucrose,1 mMEDTA, 25 mM MOPS-KOH, 10 mM tricine, 1%
w/vPVP-40,8 mM cysteine and 0.1% w-v BSA, pH 7.8), filtered through
several layers of Miracloth and centrifuged for 10 min at 1,000 g at
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4 °C. The resulting supernatant was centrifuged again for 30 min at
12,000 g at 4 °C. The pellets were resuspended in wash buffer (0.4 M
sucrose,1mMEDTA, 25 mM MOPS-KOH and 0.1% w/v BSA, pH7.2) and
centrifuged at 1,000 g for 5 min at 4 °C. Supernatant was centrifuged
for 45 min at12,000 g at 4 °C. The pellets were resuspended in wash
buffer and loaded onto sucrose step gradients (35%, 55% and 75% w/v)
and centrifuged for 60 minat 72,000 gat4 °C.Sucrose gradients were
fractionated with BioComp Piston Gradient Fractionator connected
to Gilson F203B fraction collector following absorbance at 280 nm.
Relevant mitochondrial fractions were pooled and diluted 1:5 v/v in
dilution buffer (10 mM MOPS-KOH and 1 mM EDTA, pH 7.2). The sam-
ple was centrifuged for 20 min at 16,000 g and 4 °C. The pellet was
resuspendedin final resuspension buffer 20 mM HEPES, 50 mM NaCl,
1mMEDTA and10% v/v glycerol, pH7.5) and centrifuged for 20 minat
16,000 gat4 °C.The supernatant was removed, and the pellet (purified
mitochondria) was aliquoted, frozen and stored at —80 °C.

Mitochondrial membrane wash

All steps were carried out at 4 °C with pre-chilled materials. Fro-
zen V. radiata mitochondrial pellets were thawed, resuspended in
double-distilled water at 5 ml g™ of pellet and homogenized with a
Dounce glass homogenizer. Potassium chloride was added to the
homogenate to afinal concentration of 0.15 M and homogenized again.
The homogenate was centrifuged at 45,000 g for 90 min. Pellets were
resuspended and homogenized againin Buffer M (20 mM Tris, 50 mM
NaCl,1 mMEDTA, 10% v/v glycerol, 10 U mI" DNase I, 2 mM dithiothrei-
tol and 0.002% phenylmethylsulfonyl fluoride (PMSF, pH 7.4). The
homogenate was then centrifuged at 45,000 gfor 90 minat4 °C. Pellets
were resuspended in 3 ml Buffer M per gram of starting material and
homogenized again. The protein concentration of the homogenate
was determined with a Pierce BCA assay kit and was diluted to a final
concentration of 20 mg mI™in 30% (v/v) glycerol for storage at—80 °C.

SCI + III, purification

V. radiata washed mitochondrial membranes were thawed on ice.
Membrane complexes were extracted by tumbling for 60 min at 4 °C
with digitonin ata 4:1 (w/w) ratio and 1% (w/v) concentration in Buffer
MX (30 mM HEPES, 150 mM potassium acetate, 10% v/v glycerol,1 mM
EDTA and 0.002% PMSF). The extract was then centrifuged at 25,500
gfor30 minat4 °Cand amphipathic polymer A8-35 was added to the
supernatant stepwise to afinal concentration of 0.5% (w/v) while tum-
bling for 40 min. Sample was then transferred to dialysis membranes
with12,000-14,000 Da cut-off and dialysed in dialysis buffer (30 mM
HEPES, 150 mM potassium acetate, 1 mM EDTA, 5% glycerol (v/v) and
200 pMy-cyclodextrin,at pH7.7) for 3 hat 4 °C. The dialysis membrane
was then transferred to second dialysis buffer (30 mM HEPES, 150 mM
potassium acetate, 1 mM EDTA, 5% glycerol (v/v) and 0.04% (w/v) Bio-
Rad Bio-beadsSM-2, at pH7.7) and dialysed overnight (-16 h) at4 °C. The
sample was recovered from the dialysis membrane and concentrated
with centrifugal protein concentrators with 100,000 Da molecular
weight cut-off. The concentrate was loaded onto 20-45% (w/v) linear
sucrose gradients (in 15 mM HEPES and 20 mMKCl, pH 7.8) produced
using the factory settings of a BioComp Instruments gradient maker,
and centrifuged for 23 h at 243,500 gat 4 °C. The gradients were then
fractionated using a BioComp Piston Gradient Fractionator connected
to Gilson F203B fraction collector following absorbance at 280 nm.
Throughout the purification, the NADH-dehydrogenase activity of
SCI1+11l, was measured spectroscopically with a ferricyanide (FeCy)
activity assay adapted from ref. 54 as previously described®”. See
details in next section.

For cryoEM grid preparation, relevant fractions of the sucrose
gradient were pooled, buffer-exchanged to remove the sucrose and
concentrated to final protein concentration of 1.5 mg ml™. Toremove
the sucrose, the pooled fractions were diluted into 30 mM HEPES,
150 mM potassium acetate, 1 mM EDTA and 0.002% PMSF, pH 7.7 and

concentrated using centrifugal protein concentrators of molecular
weight cut-off 100,000 Da. The dilution and concentration steps were
repeated several rounds until the estimated final concentration of
sucrose was <1% (w/v).

For full biochemical purification of SCI + 111, the sample was con-
centrated to afinal volume of 200 pl and subjected to SEC. The sample
was injected onto a Superose 6 10-300 column using a BioRad NGC
system and BioFrac Fraction Collector. Absorbance at 280 nm and
420 nmwas monitored for collection of relevant fractions. Selected SEC
fractions were pooled and concentrated using centrifugal concentra-
torswith 30,000 Da cut-off. Protein concentration was measured with
a Pierce BCA assay kit and diluted to ~0.185 mg ml™ in Buffer MX (see
above) and 30% (v/v) glycerol. The sample was aliquoted and stored
inliquid nitrogen.

NADH-dehydrogenase in-gel activity assay with blue-native
polyacrylamide gel electrophoresis (BN-PAGE)
Sample aliquots were mixed with 5-8 pl of loading dye (5% (w/v) Bril-
liant Blue G, 0.5 M amino cupric acid and 50% (v/v) glycerol), loaded
onto hand-cast3-12% Tris-glycine PAGE gelsand runat 4 °C. The anode
buffer was 25 mM Tris and 192 mM glycine at pH 8.3. The dark-blue cath-
odebuffer was 25 mM Tris, 192 mM glycine and 0.02% Coomassie-blue
G-250 (w/v); the light-blue cathode buffer was identical to dark-blue
buffer except that it contained 0.002% Coomassie-blue G-250 (w/v).
Gelswere runat constant voltage in dark-blue buffer for 30 minat150V,
thenswitched tolight-blue buffer and run foranadditional2 hat 200 V.
The in-gel NADH-dehydrogenase activity assay was performed
on the basis of ref. 55. The gels were incubated in 10 ml of reaction
buffer (1.5 mg ml™ nitrotetrazoleum blue in 10 mM Tris—HCI pH 7.4
and 150 pM NADH), rocked at room temperature for ~-10 min while
purple bands (indicating NADH-dehydrogenase activity) developed.
Once bands were sufficiently developed, the reaction was quenched
using a solution of 50% (v/v) methanol and 10% (v/v) acetic acid. After
imaging, the gel was stained with Coomassie stain (0.1% w/v Coomassie
Brilliant Blue R250,10% v/v glacial acetic acid and 50% v/v methanol).

Spectroscopicactivity assays

Assays were performed using 96-well plates in a Molecular Devices
Spectramax M2 spectrophotometer. The following specialized rea-
gents and manufacturers were used as needed: NADH (MilliporeSigma),
dNADH (nicotinamide hypoxanthine dinucleotide, MilliporeSigma) cyt
cpurified from equine heart (MilliporeSigma), FeCy (MilliporeSigma)
decylubiquinone (DQ; Santa Cruz Biotechnology), antimycin A (Mil-
liporeSigma), piericidin A (Cayman Chemicals), superoxide dismutase
(MilliporeSigma) and KCN (Honeywell). NADH oxidation was measured
at 340 nm; cyt c reduction was measured at 550 nm. The path length
of our reaction in the 96-well plates, and the extinction coefficients
of NADH and cyt c used in activity calculations were experimentally
determined (see below). An extinction coefficient of 5.4 mM™ cm™ was
used for NADH and dNADH; an extinction coefficient of 6.5 mM™ cm™
was used for reduced-oxidized cytochrome c. The pathlength of our
assay was 0.531 cm. Measurements of initial rates were done in repli-
cates (detailed below), averaged and background corrected. Figures
show averages and standard error from the mean.

Experimental determination of cytochrome c and NADH extinction
coefficient. To experimentally determine the extinction coefficient of
cytochrome c, we performed standard curves for oxidized and reduced
equine cytochrome c. Lyophilized cyt ¢ was diluted in 20 mM HEPES,
pH 7.4,50 mM NaCl and 10% glycerol (v/v) to a stock concentration of
25 mM. Working concentrations were made by diluting the stock into
20 mM HEPES, pH 7.4, 50 mM NaCl and 10% glycerol (v/v) buffer over
arange of 25-125 uM. To oxidize or reduce cytochrome ¢, 400 uM
potassium FeCy or 2 mM sodium dithionite were added to the work-
ing concentrations of cytochrome c. To ensure the oxidation state of
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cytochrome c at each working concentration, we obtained spectral
scans for350-600 nmevery 2 nm, inspected the traces and calculated
the Assonm/Asesnm Fatio. An Asso nm/Asesnm Fatio >9.0 was considered fully
reduced. With these fully reduced and oxidized cytochrome csamples,
we measured absorbance at 550 nm to create standard curves for
reduced and oxidized cytochrome c. Measurements of standard curve
were done in three replicates with five cytochrome c concentrations,
averaged and background corrected. The standard deviation was
used to calculate the error. By measuring the slope, we determined
an extinction coefficient of 12.7 mM™ for reduced cytochrome c and
6.2 mM™for oxidized cytochrome c at 550 nm. We then subtracted the
absorbance of oxidized cytochrome cfromthat of reduced cytochrome
cand plotted a standard curve to obtain an extinction coefficient for
reduced-oxidized cytochrome c at 550 nm of 6.5 mM™. Given the
cuvette path length (1 cm), this corresponds to an extinction coef-
ficientof 6.5mM™cm™.

NADH’s extinction coefficient at 340 nm was experimentally
determined measuring the A,,, ., of reduced NADH at different con-
centrations in 20 mM HEPES, pH 7.4, 50 mM NaCl and 10% glycerol
(v/v). Measurements of standard curve were done in three replicates
with five NADH concentrations over al0-100 pM range, averaged and
background corrected. The standard deviation was used the calculate
the error. We determined an extinction coefficient for reduced NADH
at 340 nm of 5.4 mM™. Given the cuvette path length (1cm), this cor-
responds to an extinction coefficient of 5.4 mM™cm™.

We calculated the path length of 200 pl of our reaction buffer
(20 mM HEPES, pH 7.4, 50 mM NaCl and 10% glycerol (v/v)) in 96-well
plates using the Spectramax M2 spectrophotometer’s PathCheck
function per the manufacturer’s instructions. Briefly, the PathCheck
function was used to determine the path length of 200 pl of our buffer
ina96-well plate, normalized by aPathCheck reference reading of 1 ml
of buffer in alcm cuvette, both at 550 nm. Another Ay, reading was
done for the 96-well plate without PathCheck. The plate path length
was calculated as Asso nm no pathcheck/ Asso nm wwith Patncheck)- Measurements of
pathlength were donein three replicates, and the standard deviation
was used to calculate the error. We determined the path length of 200 pl
of our reaction buffer tobe 0.531 cm.

After determining the above, the coefficients of variance of the
activity measurements, extinction coefficients and path length were
used to calculate the coefficient of variance of the activity assay. The
absolute error was calculated by multiplying the average specific activ-
ity and the coefficient of variance of the activity assay.

NADH-FeCy assay (Cl). Protein sample was added to1 ml master mix
ofreaction buffer (20 mM Tris-HCI, 50 mM NaCland1 mMFeCy, pH 7.4)
and thoroughly mixed by vortexing. The reaction was initiated by the
addition of NADH to a final concentration of 200 puM. The wells were
mixed by pipetting and plate stirring for 5 s beforerecording every 4 s
for 3 min. Measurements were done in four replicates.

NADH-cytochrome c assay (SC I+1Il,). The reaction master mix
consisted of 20 mM HEPES, pH 7.4, 50 mM NaCl, 10% glycerol (v/v),
50 U ml™ superoxide dismutase, 100 pM DQ, 4 uM KCN, 100 pM of
the corresponding cyt ¢, and the relevant respiratory inhibitor (1 pM
antimycin Aand 20 pM piericidin A, both dissolved in DMSO).SCI + 111,
samples were added to the corresponding mix at 7.6 pg mi™ (5 nM),
mixed by tumbling and aliquoted into the 96-well plate to a total vol-
ume of 200 pl. Each reaction was initiated by addition of 10 uM NADH
and briefly mixed by pipetting before recording every 5s for 10 min.
Measurements were done in three to four replicates.

A/D transition (CI). Thereaction master mix consisted of 20 mM HEPES,
50 mMNacCl,10%glycerol (v/v), 0.1% BSA (w/v), 0.1% CHAPS (w/v), 0.1%
digitonin (w/v) and 100 pM DQ, pH 7.4. Washed mitochondrial mem-
branesfrom V. radiataor S. scrofawere added to the corresponding mix

at40 pg ml™, mixed by tumbling and aliquoted into the 96-well plate to
atotal volume of 200 pl. For the deactivated condition for V. radiata,
the plate wasincubated at 37 °C for 20 min, after which 15 uM piericidin
A (or equivalentamount of DMSO) and 5 puM deaminoNADH (dNADH;
orequivalent amount of buffer) were added to the corresponding wells
and mixed by pipetting. Ten seconds after this addition,2 mM NEM or
water was added to the corresponding wells and mixed by pipetting.
After NEM addition, the plate was incubated at room temperature
(25 °C) for 15 min and covered from light. The reactions were started
immediately after by the addition of 100 phM NADH or 100 puM dNADH
in corresponding wells and briefly mixed by pipetting before recording
every 4 sfor 5 min. The as-isolated condition assay used a similar set-up,
exceptthatno 20 minincubationat 37 °C was applied. Measurements
weredoneinfourreplicates. For S. scrofamembranes, equivalent condi-
tionswere used, except that piericidin Aand dNADH were notemployed.
Measurements were done in 6-12 replicates.

CryoEM grid preparation and data collection
Thesampleforgrid preparation was aheterogeneous sample, namely
pooled, concentrated, buffer-exchanged fractions from the sucrose
gradient: ~1.5 mg ml™ protein in 30 mM HEPES, 150 mM potassium
acetate,1mMEDTA and 0.002% (v/v) PMSF, pH 7.7. Digitonin was added
to the sample as a last step at a final concentration of 0.2% (w/v) digi-
tonin. Quantifoil 1.2/1.3 mesh copper grids were glow-discharged for
60 sat30 mAbeforesample application. Sample (4 pl) was applied to
eachgridat10 °Cand 90% humidity and incubated onthe grid for20 s
before blotting for 4 s and plunge-freezing into liquid ethane using a
Leica EM GP2 plunge freezer.

Atotal of 21,815 high-quality movies were collected using SerialEM
v3.8.50n a 200 kV Glacios microscope equipped with a Quantum K3
detector, at a nominal magnification of 56,818 (0.44 A per pixel in
super-resolutionmode). A dose of 20 electrons A2 s with 3 sexposure
was fractionated into 75 frames for each movie.

CryoEMimage processing

Raw super-resolution movies were binned two-fold, resulting ina pixel
size 0f 0.88 A. These movies were motion-corrected using cryoSPARC’s
patch-based motion correction, followed by per-micrograph contrast
transfer function estimation using CTFFIND4.1, bothimplemented in
cryoSPARC’®. Particles were initially picked using cryoSPARC’s manual
picker, which was then used to train the Topaz” implementationincry-
0oSPARC, with three iterations. This was followed by 2D classification,
3D ab initio reconstruction and 3D refinement in cryoSPARC. On the
last Topaziteration, 593,080 particles were extracted, downsampled
two-fold (pixel size of 1.76 A) with 300 pixel® boxes and extensively
2D-classified toyield 278,675 particles corresponding to SCI + 1112 and
58,798 particles corresponding to Cl alone. These particle sets were
then re-extracted without down sampling (pixel size of 0.88 A) with 600
pixel’boxes and used in several rounds of ab initio multi-model genera-
tion in cryoSPARC for classification of the particles. These rounds of
ab initio model generation removed additional poor-quality particle
images and resulted in six classes of SC I +1II, particles (two classes
with the ferredoxin bridge and four without) and a single class of CI
alone particles).

Foreachclass of particles, aninitialhomogeneous refinement with
Clsymmetry was performed followed by iterative rounds of refinement
with per-particle defocus, higher-order aberrations and per-particle
scale. Finally, a round of non-uniform refinement*® was performed,
resulting in the final maps for each class. The aligned, scaled and cor-
rected particles from the most closed bridged SC I +1lI, class (class
1; 123,461 particles) were used in a series of local refinements with
masking around distinct parts of the complex. These local maps were
combined into acomposite map using the Phenix combine maps tool”.
Allsoftware suites used for data processing and refinement except for

cryoSPARC were accessed through the SBGrid consortium®.
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Model building and refinement

Models for V. radiata Cl peripheral arm and proximal pumping (P;)
module and ClIlI, were used as templates®”. For CI’s distal pumping
(P4) module and bridge domains, the A. thaliana models” were used as
starting models after sequence correctioninto V. radiatahomologues.
These models were fit into the highest-resolution focused refinement
maps for separate atomic model building of Cl and CllII, in Coot®".
Real-space refinement of the model was done in Phenix*’, and group
atomic displacement parameters were refined in reciprocal space.
Visualization figures were produced in ChimeraX®>®,

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Raw cryoEM micrographs used in this study are available on the
Electron Microscopy Public Image Archive (EMPIAR) database with
accession code EMPAIR-11225. The composite map, focused refine-
ments, and model for V. radiata’s bridged SC I+lll, are available on
the Electron Microscopy Database (EMDB) and the Protein Data Bank
(PDB) with accession codes EMD-27934 for the composite SC I+1Il,
bridged class1map and PDB-8E73 for the structural model. Additional
maps are available on EMDB with accession codes: EMD-29088 (Cl
bridge focused); EMD-29089 (Cl heel focused); EMD-29090 (Cl distal
pump domain focused); EMD-29091 (ClIl, focused); EMD-29092 (CI
N-module focused); EMD-29093 (ClIl, proximal MPP domain focused);
EMD-29094 (CII12 distal MPP domain focused); EMD-29095 (SC I+IIl,
bridged class 2); EMDB-28798 (bridge-less SC I+lIl, classes 1); EMDB-
29191 (bridge-less SCI+I1l, classes 2); EMDB-29190 (bridge-less SCI+1Il,
classes 3); EMDB-29203 (bridge-less SC I+lll, classes 4); and EMDB-
28799 (Clalone). Source data are provided with this paper.
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D6 TMH3-4 loop

Extended Data Fig. 4 | Density for the Cl subunits or subunit fragments that were improved in this atomic model compared to previous structures of plant CI.
Subunits shown in coloured cartoons over semi-transparent density in grey.
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Extended Data Fig. 5| MPP-a isoformin V. radiataSCI1 + 1ll,. (a) Sequence
alignment of MPP-acisoforms annotated in V. radiata proteome. Isoform
modelled into SCI+ 111, (LOC106765382) in blue, Isoform modelled into SC
111, + IV (corresponding to LOC106774328) in gray. Transparent brown box,
signal sequence. Transparent orange box, interface residues with CI's NDUB9.
Residues that differ marked in red font. Transparent yellow box, gly-rich loop
involved in MPP substrate recognition. (b) Key regions of map-to-model fit of
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in protomer proximal to CI (d) and distal to Cl (e). Note the lack of density for a
putative Zn*".
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a V. radiata T. thermophila

Cl

Extended DataFig. 6 | Inter-species comparison of SCI + IIl,. (a-b) Comparison of ferredoxin bridge (yellow surface) in V. radiata (a) and T. thermophila (b) (PDB
7TGH",). Supercomplexes aligned by CllI,. Cland ClII, coloured asin (a). (c-h) Inter-species comparison of SC 1 + Il interfaces in V. radiata (c,f), O. aries (d,g PDB
6QC5",)) and T. thermophila (e,h). The main interacting subunits are shown in cartoon. (c-e) Matrix interfaces involving MPP-a («) and MPP-$3 (B), aligned by MPP-f3.
(f-h) Membrane and inter-membrane space interfaces, aligned by NDUA11. Note that V. radiata QCR?7 is shown for comparison but does not participate in the interface.
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Extended Data Fig. 7 | Further detail on V. radiata Clloops and active-to- of 2mM NEM, 20 pM piericidin A, pre-activation with 5 pM NADH or 5 uM
deactive (A/D) transition. (a-b) Summary of Cl loop conformations. (a) Key dNADH, and thermal deactivation is shown for 4-12 repeats. Data are shown as
loops, helices and B-strands discussed in text shown in coloured cartoon over individual values and mean + standard deviation. Statistical analysis with one-
SCI+1ll,transparent surface. The inset (dashed square) is shown in detail in way ANOVA with Sidak’s multiple comparisons test.**, p < 0.01; ***, p < 0.0001.
(b). Configuration of each loop, as well as key residues and features are marked. Datais representative of two fully characterized (NADH and dNADH) V. radiata

(c-d) Activity rates for the A/D transition in porcine (S. scrofa, pig symbol) (c) and mitochondrial membrane isolations.
V. radiata (plant symbol) membranes (d). Activity in the presence or absence
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Extended Data Table 1| Cryo-EM data collection, refinement and validation statistics for bridged SC I+1ll, class 1's
composite map and focused refinements

Bridged SC I+I111,
Class 1 (composite)

(EMDB-27934)

(PDB 8E73)
Data collection and
processing
Magnification 56,818
Voltage (kV) 200
Electron exposure (e—/A?%) 60
Defocus range (um) 0.38-2.76
Pixel size (A) 0.88
Symmetry imposed Cl
Initial particle images (no.) 593,080
Final particle images (no.) 123,461
Map resolution (A) 3.2
FSC threshold 0.143
Map resolution range (A) 1056-3.2
Refinement
Initial model used (PDB 7AR8, 7JRG
code)
Model resolution (A) 3.3
FSC threshold 0.5
Model resolution range (A) 74-3.3
Map sharpening B factor (A?) 69
Model composition
Non-hydrogen atoms 97,742
Protein residues 12,158
Ligands 46
B factors (A?)
Protein 36.12
Ligand 38.45
R.m.s. deviations
Bond lengths (A) 0.003
Bond angles (°) 0.555
Validation
MolProbity score 1.78
Clashscore 9.95
Poor rotamers (%) 0.00
Ramachandran plot
Favored (%) 96.21
Allowed (%) 3.78
Disallowed (%) 0.02
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Extended Data Table 2 | Cryo-EM data collection, refinement and validation statistics for bridged and bridge-less SC 1 +1Il,

classes, and complex |

Bridged Bridge-less Bridge-less Bridge-less Complex I

SC I+I1l, SC I+III, SC I+, SC I+III,

Classl Class2 Class3 Class4
Data collection and
processing
Magnification 56,818 56,818 56,818 56,818 56,818
Voltage (kV) 200 200 200 200 200
Electron exposure (e—/A%) 60 60 60 60 60
Defocus range (pum) 0.38-2.76 0.38-2.76 0.38-2.76 0.38-2.76 0.38-2.76
Pixel size (A) 0.88 0.88 0.88 0.88 0.88
Symmetry imposed C1 C1 C1 C1 Cl
Initial particle images (no.) 593,080 593,080 593,080 593,080 593,080
Final particle images (no.) 123,461 16,937 21,033 18,173 58,798
Map resolution (A) 33 5.4 4.6 4.9 3.8

FSC threshold 0.143

Map resolution range (A) 1056-3.3 1056-5.4 1056-4.6 1056-4.9 1056-3.8
EMDB accession code 27934 29191 29190 29203 28799
PDB accession code 8E73
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Extended Data Table 3| SC I+11l, model details by subunit

V. radiata

name A. thaliana name
COMPLEX |

#, Perohoral arm coro subunits

1NDUST
2 NDuV1 o
3 NDUV2 24Da
4 NDUS2 Nad7/49 kDa
5 NDUS3. Nad9/30 kDa
6 NDS7
7 NDsB TYKY
Peripheral arm accessory subunits
8 NDUAZ B8
9 NDUAT2 B172
10 NDUS4, 18kDa
11 NDUSG 13kDa
12 NDUAS B13
13 NDUAG B4
14 NDUAT stase
15 NDUAD
oD SoAPa (mACP2)
Membrane arm core subunits
17 Nadt Nadt
18 Nad2 Nad2
16 Nad3 Nad3
20 NaddL. Nadal
21 Nads Nads
22 Nad4 Necs
23 Nads.
Membrane arm -lcussury subunits
24 CA1 Gam
25 A2 Commachz
26 CAL2 Gamma CA-iko 2
27 NDUAT MWF
28 NDUA3 9
29NDUABD  PGIV
30 NDUAT 1 B147
31NDUAI3a  B166
32 NDS5 15kDa
33 NDUBB ASHI
31 NDUBIOL DS
35 NDUP2 P
36 NDUP4 TBD (At1g67785)
37 NDUX1 TBD (Al4g16450)
38 NDUC2 Bl45h
39 NDUB2 AGGG
40 NDUB3 B12
41 NDUB4 B15
42 NDUBG B17
43 NDUB7 818
44 NDUB9 B22
45 NDUB11
46 NDUP1 P1/11kDa
47NDUABT-b  SDAP-b (mIACP-1)
Erde sccessary subunits
48 NDUF

COMPLEX lli2
Protomer 1

MPP-beta MPP-beta
MPP-alpha  MPP-alpha
coB O

cver

UCR1 UCRI / Rieske
Qcre QCR6/QCRH
Qcr? QCR7/QCRB
Qcrs QCR8/QCRQ
Qcre Qcr

Qcr10 UCRY
Protomer 2

MPP-beta MPP-beta

MPP-alpha  MPP-alpha
cos o

cver cver
UCR1 UCRI / Rieske
Qcre QCR6/QCRH
QcR? QCR7/QCRE
Qcrs QCR8/QCRQ
Qcre

Qcr10 UCRY

C1
(also DUAS and NDUAB -5 tllo n penpheral am)

Module 1D
N AOA1S3TQBS
N AOAISIVTV2
N AOA1S3UT69
Q E9KZNG
Q E9KZM7
Q AOA1S3UBJS
Q AOA1SIVGSE
N AOA1SITVCT
N AOAISIVNK7
N AOAISIUWT
N AOAISIVYF3
Q AOA1S3U023
Qibridge  AAISIWIKD
AOA1SIUVCT
AOAIS3VBWT
QUbridge  AOATS3VXST
Pp E9KZLO
Pp E9KZKY
Pp QoxPB4
Pp E9KZNG
Pp E9KZMS
Pd E9KZLE
EoKzL1
AOA1S3VTO0
AOA1S3US44
cA AOA1S3UI4Y
Pp AOA1SITUST
Pp AOA1SITCKO
Pp ADAISIVVNG
Pp AOA1SITLYS
Pp AOAISIUYWO
Pp AOA1SITQ33
Pp AOA1SIUJI5
Py AOAISIVGT1
AOA1SITGE7
Pp AOA1SIUND4
Pp AOA1S3VITS
AOA1S3UPLE
Pd AOA1SITFGB
Pd AOAIS3UVVO
Pd AOA1S3ULL3
Pp AOA1SITTD?
Pd AOA1S3V288
Pd AOAIS3UIE
P AOA1S3V2Z3
AOA1S3U2B9
n AOAISITW3S

AOAISIVXNT

Total est. MW (kDa) - C1

matrix LOC106759431
matrix LOC106765382
membrane  E9KZI
membrane / ! AOA1S3UHP8
membrane / I AOA1S3TBA9
[ AOA1SIVHCO
S3UJ1
amrane 1 AOAS3UBSS
membrane  AOA1S3TQD2
membrane  UPIOOOFCFOBEC
matrix LOC106750431
matrix LOC106774328
membrane
membrane / I AOA1S3UHPS
membrane / I AOA1S3TB49
s AOA1S3VHCO
matrix AOA1S3USJT
membrane / n AOA1S3USSS

membrane  AOA1S3TQD2
membrane  UPIOOOFCFOSEC
Total est. MW (kDa) - Clli2

Total est. MW (kDa) - SC 141112

Chain, Tota
residu

x comimoow>

<on-povozz

w

Atomic
lues  residues.

746 58744
491 59488
25127248

394 11-16,25-394
190 2-186
21356213

222 42222

98 4-93
156 27-154
146 26-141
103 31-101
169 13137
132 992, 118132
127 19127
396 48-377
128 43127
325 3325
488 1-488
118 128, 56-117
199
205 1-196
495 10-495
6731663
2703233
273 2-111,116-264
256 44-253
65 3.61

116 34-115

158 36-157

1030

527 41218, 224-527
510 56-340,344-509

7211680
811437

527 40218, 224-521

506 51-340,344-509

393 4-387

307 64306
271 76-148

7211600
8111039
486

1516

% Atomic Ligands

S21% Fodst 2 Fazs2
87.6% Feds4, FM:

88.4% Fe2s2

96.2%

97.4%

74.2% Feas4

81,5% Fedsd x2

3.4%
70.7% Phosphopantetheine

77.2% Fe

91.5%
88.4%

98.2% Heme b x2
79.2% Heme ¢1
27.3%

206%

91.7%
20.1%

97.7% Heme b x2
79.2% Heme ¢1
26.9%

02.8%

04.3%

97.2%

81.9%

35.8%

Comments.

New RNA edits assigned: S13L, S28L
New RNA edits assigned: S5, S123F, S131F, S389F

Preliminary assigment (Maldonado et a, 2020) (chain B) confirmed

New RNA edits assigned: S72F, S225F

New RNA edits assigned: L75F, $134L, S267L, S270F, T3211, P416S, A433L, P470L
New RNA edits assigned: 2L, P27L, P72L, ST7F, P8aL, S92F, S106F

New RNA edits assigned: PaL, R19W, S60L.

Includes TMH3-4 and TMH4

| 2020) (chain A) confirmed. New RNA edits assigned: D49F

Now RNA odis assigned: S10F, P16L, P26L. P36L. PESL. PESL, RSGW, T1z1l, S1Z3F, R126C,P139L, L145F, P146F, S220F, H262Y, S279F, P286L, 52901, 03261, P336L, PI36L, P34SL, LS7TF, SIBTF, SIBIF, SIBAF, PAO2L, PAS2L, SA58F, PATEL

Includes 2« C-terminal h

available; new RNA

Previously missing from plant CI structures (Klusch 2021, Soufari 2020)

Uniprot likely mis-annotated as a 399 protein

Newly assigned (this work). Previously chain B in Maldonado et al, 2020
NDUX1 incorrectly assigned as MNLL in Kiusch 2021 and Soufari 2020 (see Meyer et al, 2022)

Preliminary assigment (Maldonado et a, 2020) (chain C) confirmed

Includes pre-sequences

NozZne2
Isoform in protomer interacting with CI's NDUB9
New RNA edits assigned: P362S

Found in Uniparc database but not Uniprot

NoZn+2
Isoform in protomer distal to CI
New RNA edits assigned: P362S.

Found in Uniparc database but not Uniprot

426 pre-sequence residues.

521, P81L, S91F, P125L, S133F, P169L, P180L, R185C, F210R, L226F, S242L, P279S, S288F, T292M, P325L., PAGTL, P37L
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Data collection  CryoEM data was collected using SerialEM v3.8.5, spectroscopic data was collected using SoftMax 7
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classes 1-4) and EMDB-28799 (Cl by itself).
Other publicly available structural models that were used in figure preparation were PDB codes: 6G72, 6ZKP, 4HEA, 7071, 7TGH, 6ZKO, 6KZS, 6QC4 and 6QC5
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Sample size No sample-size calculations were performed, sample size was chosen based on the practical considerations of sample availability and
experimental design

Data exclusions  Two instances of clear outliers were removed from the data. These observations were not included as they likely derived from experimental
error such as the introduction of bubbles into the reaction resulting in light scattering and thus underestimating the measured rates.

Replication Each experiment was replicated across multiple instances (i.e., different days and mitochondrial aliquots). All attempts at replication were
successful. Supercomplex purification has been performed 26 times to date. The activity of the isolated complexes was measured 7 times.
Characterization of the A-to-D transition was performed for S. scrofa mitochondria 7 times and for V. radiata mitochondria using NADH 12
times and with dNADH twice.

Randomization  This is not relevant to our activity measurements as we were comparing the activity of biochemical isolates. Each isolate was derived from
thousands of individual mung beans over multiple pooled preparations of mitochondria and approximately 6.0x10712 individual
supercomplexes (200 pL at 5 nM) were used in each measurement. Thus each batch of material was considered equivalent and the
experiments did not feature experimental groups and did not have covariates.

Randomization was performed during cryoEM data processing as part of gold-standard refinement (separation of particles into two randomly
assigned halves).

Blinding Investigators were not blinded to the sample allocations because all the samples were considered equivalent and conditions were
predetermined and analysed identically.
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Research sample

Sampling strategy

Data collection

Timing

Data exclusions

Non-participation

Randomization

State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic
information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For
studies involving existing datasets, please describe the dataset and source.

Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and
what criteria were used to decide that no further sampling was needed.

Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper,
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample
cohort.

If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the
rationale behind them, indicating whether exclusion criteria were pre-established.

State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no
participants dropped out/declined participation.

If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description

Research sample

Sampling strategy

Data collection

Timing and spatial scale

Data exclusions

Reproducibility

Randomization

Blinding

Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested,
hierarchical), nature and number of experimental units and replicates.

Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,
describe the data and its source.

Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Describe the data collection procedure, including who recorded the data and how.

Indicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which
the data are taken

If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your study.

Did the study involve field work? D Yes D No

Field work, collection and transport

Field conditions

Location

Access & import/export

Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).

Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
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Access & import/export [compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,
the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies IZI |:| ChlIP-seq
Eukaryotic cell lines IZI |:| Flow cytometry
Palaeontology and archaeology IZI |:| MRI-based neuroimaging

Animals and other organisms
Clinical data
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