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STRUCTURAL BIOLOGY

Insights into complex | assembly: Function of NDUFAF1
and a link with cardiolipin remodeling

Jonathan Schiller'-2%, Eike Laube3t, llka Wittig?, Werner Kiihlbrandt3, Janet Vonck3¥,

Volker Zickermann'-2#

Respiratory complex | is a ~1-MDa proton pump in mitochonderia. Its structure has been revealed in great detail,
but the structural basis of its assembly, in humans involving at least 15 assembly factors, is essentially unknown.
We determined cryo—electron microscopy structures of assembly intermediates associated with assembly factor
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NDUFAF1 in a yeast model system. Subunits ND2 and NDUFC2 together with assembly factors NDUFAF1 and
CIA84 form the nucleation point of the NDUFAF1-dependent assembly pathway. Unexpectedly, the cardiolipin
remodeling enzyme tafazzin is an integral component of this core complex. In a later intermediate, all 12 sub-
units of the proximal proton pump module have assembled. NDUFAF1 locks the central ND3 subunit in an as-
sembly-competent conformation, and major rearrangements of central subunits are required for complex |

maturation.

INTRODUCTION

Mitochondrial NADH:ubiquinone oxidoreductase (respiratory
complex I) (NDUFAF1) is the largest membrane protein complex
of the respiratory chain, consisting of 44 different subunits in
mammals with an aggregate mass of ~1 MDa (1-3). The structure
of respiratory complex I has been determined by x-ray crystallogra-
phy and more recently by cryo—electron microscopy (cryo-EM) at
increasingly high resolution (2, 4, 5). Complex I has four functional
modules: the N module for NADH (reduced form of nicotinamide
adenine dinucleotide) oxidation, the Q module for ubiquinone (Q)
reduction, and the proximal and distal P modules, Pp and Pp, for
proton pumping.

The assembly of mammalian complex I is a convoluted process.
A loss of complex I assembly factors can result in severe human dis-
eases (6-8). Five major building blocks with a total of more than 15
different assembly factors have been identified (9-14). So far, little is
known about the structural basis of complex I assembly, apart from
cryo-EM structures of assembly intermediates associated with the
canonical factor NDUFAF2 (15) and the plant-specific factor
GLDH (L-galactono-1,4-lactone dehydrogenase) (16). A low-reso-
lution model for an ACAD9/ECSIT assembly factor dimer was re-
cently reported (17).

We here report the structures of complex I assembly intermedi-
ates linked to the assembly factor NDUFAF1. NDUFAF1 was first
described as CIA30 in the filamentous fungus Neurospora crassa
along with a second assembly factor called CIA84 (18). While
CIA84 is found only in fungi (19), the CIA30 ortholog in humans
has become known as NDUFAF1 (20). Consistent with a central
role of NDUFAFI in complex I assembly, mutations in the
NDUFAFI gene result in mitochondrial disease (21, 22). In
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humans, NDUFAF]I is a component of the early MCIA (mitochon-
drial complex I assembly) intermediate (10), which is the starting
point for the step-by-step assembly of the Pp module (10, 12, 13).
The structure of NDUFAFI and its role in assembly are unknown.

Taking advantage of our well-characterized and genetically ac-
cessible Yarrowia lipolytica yeast model system (23), we purified as-
sembly intermediates associated with NDUFAF1 and determined
their structures by cryo-EM. We show that NDUFAF1 locks the
ND3 subunit in a conformation that differs distinctly from the
native structure, preventing disruption of the assembly by uncon-
trolled positioning of the N-terminal ND3 helix. Unexpectedly,
we find that the transacylase tafazzin (24) is an integral component
of the early Pp module intermediate. Tafazzin is responsible for the
remodeling of cardiolipin (CL), the signature lipid of mitochondria
(25, 26). The remodeling is a stepwise process that typically results
in CL with a higher proportion of unsaturated acyl chains. After for-
mation of monolysocardiolipin (MLCL) by a specific lipase, tafazzin
mediates transfer of a new acyl chain from a donor lipid. CL inter-
acts tightly with membrane proteins including complex I (27) and is
critical for the formation and stability of supercomplexes (28-30). It
is thought to play a role in cristae formation (31) and to relieve
packing stress in the crowded inner mitochondrial membrane
(32). Tafazzin dysfunction causes Barth syndrome, an X-linked
disease characterized by cardiac and skeletal myopathy, neutrope-
nia, and abnormal growth (24, 30). Tafazzin is related to glyceroli-
pid acyltransferases and shares a motif comprising a histidine and
an aspartate residue (HisX,Asp) that is essential for the catalytic ac-
tivity of this protein family (33-35). So far, only homology models
based on acyltransferase structures have been reported (36), but no
experimental structure of tafazzin is known.

RESULTS AND DISCUSSION

Impact of NDUFAF1 deletion on complex | assembly

We deleted the gene for assembly factor NDUFAF1 in Y. lipolytica
by homologous recombination. The complex I content of mito-
chondrial membranes as assessed by NADH:hexaammineruthe-
nium activity decreased to 14%, and ubiquinone reductase
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activity was below the detection limit, indicating that the ndufafIA
strain did not assemble functional complex I (table S1). After com-
plementation with the NDUFAF]I gene on a plasmid, complex I ex-
pression was similar to that in the parental strain. This applied also
to a variant coding for NDUFAF1 carrying a Twin-Strep-tag exten-
sion (37) for affinity purification.

To find out whether incomplete precursors of complex I assem-
ble in the absence of NDUFAF1, we performed a complexome pro-
filing analysis (10) of intact mitochondria of the deletion strain (fig.
S1). The wild-type control contained assembly intermediates of the
Pp and Pp modules, but their identification was compromised by
low abundance and the known difficulties in detecting some of
the hydrophobic components in the Pp module (38). Nevertheless,
it was clear that the ndufafIA strain was able to assemble the Pp,
module, whereas all other modules were virtually absent (fig.
S1B). The absence of Pp module intermediates agrees with studies
on mammalian complex I assembly, demonstrating that NDUFAF1
is essential for formation of the MCIA complex (12, 39). The
absence of N and Q module assembly intermediates in the Y. lipo-
Iytica deletion strain further indicates that their assembly is tightly
controlled by the presence of the Pp module, while the P, module is
assembled independently. The underlying regulatory mechanism is
unknown and may include translational control and/or proteolytic
degradation of peripheral arm intermediates that cannot be pro-
cessed further. This control appears to be less stringent in the fila-
mentous fungus N. crassa, as assembly of the peripheral arm
including the N and Q modules was still observed in a NDUFAF1
knockout strain (18).

Single-particle cryo-EM (see below) indicated that tafazzin was
associated with an assembly intermediate of the Pp module. Our
structure-guided manual analysis was consistent with a migration
behavior of tafazzin, both as a monomer and as a component of
higher-molecular weight complexes in the mass range of complex
I assembly intermediates. Comigration with assembly factor CIA84
was evident. By contrast, in the ndufafl A mutant, only the tafazzin
monomer was detected.

Purification and cryo-EM structure determination of
assembly intermediates

We purified complex I assembly intermediates by affinity chroma-
tography, making use of a Twin-Strep-tag extension (37) of assem-
bly factor NDUFAF1. Cryo-EM analysis resulted in maps for two
complex I assembly intermediates of clearly different shape and
size (Fig. 1, figs. S2 and S3, and table S2). The map of the smaller
intermediate had a resolution of 3.1 A. In addition to the central
complex I subunit ND2 and accessory subunit NDUFC2, it con-
tained the assembly factor NDUFAFI and the C-terminal half of
assembly factor CIA84, which were both built with AlphaFold pre-
dictions (40) as templates. In the remaining map density, we iden-
tified a polypeptide stretch that we were able to assign to the
acyltransferase tafazzin. The tafazzin structure was subsequently
built manually in Coot.

The map of the larger intermediate permitted straightforward
assignment of density for the complete Pp module of complex
I. Further focused three-dimensional (3D) classifications (fig. S2)
delivered maps for three different variants of the larger intermediate
with resolutions ranging between 2.9 and 3.2 A—one with both
NDUFAF1 and CIA84, one with NDUFAF1 only, and one
without assembly factors. Although the complexome profiling
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analysis (fig. S1) indicated comigration of tafazzin and CIA84,
none of the variants showed binding of tafazzin.

In agreement with what is known about complex I assembly in
mammals (10, 12, 13), the intermediate containing ND2 and
NDUFC2 is the seed complex of the NDUFAF1-dependent assem-
bly pathway, while the intermediate with the complete Pp module is
a more advanced stage. We here use the terms early and late Pp
module intermediate to describe these complexes.

Structure of the early P, module intermediate

The transmembrane domain of the early Pp module intermediate
contains the central subunit ND2 with its 14 transmembrane
helices (TMHs) and the accessory subunit NDUFC2 with two
TMHs (Fig. 1A and movie S1). Assembly factors NDUFAF1 and
CIA84 and the acyltransferase tafazzin are located on the matrix
side of the complex.

The structures of ND2 and NDUFC2 in the intermediate are vir-
tually identical to those in mature complex I (15, 41). Some density
is missing for the 22-residue loop connecting TMH6 and seven of
ND2 on the intermembrane space (IMS) side, and TMHS is slightly
displaced.

The central domain of the 27-kDa NDUFAF1 folds into a curved
sandwich of two six-stranded [ sheets. The N-terminal part of
NDUFAF1 forms a short a helix on the membrane surface next
to the C-terminal ends of TMH9 and TMHI3 of ND2.
NDUFAF1 further interacts with the loops connecting TMH5
and TMHS6 as well as TMH11 and TMH12 in ND2.

CIA84 is a large protein with 852 residues and a mass of ~97
kDa. Its C-terminal end forms the core of the early Pp module in-
termediate, binding to both ND2 and NDUFC2 as well as
NDUFAF1 and tafazzin (Figs. 1A and 2). In the cryo-EM map,
density for the N-terminal 430 residues is missing and is weak for
the next ~220 residues, suggesting that this part of CIA84 is flexible.
Its C-terminal half is folded into 10 tandem repeats of antiparallel a
helices. The last two helices are connected by a long loop and are
approximately orthogonal to each other. The complete sequence
as analyzed with the program HHpred (42) indicated structural sim-
ilarity with pentatricopeptide repeat (PPR) proteins, but a search
using the Pfam (43) and PPR databases (44) did not return any
hits for PPR sequence motifs in CIA84.

CIA84 interacts with ND2 loops connecting TMH3 and TMH4,
TMHI11 and TMH12, and TMH13 and TMH14 (Fig. 2C). These
loops are folded as in mature complex I, apart from a small shift
of the TMH12-13 loop that forms a P sheet with accessory
subunit NDUFB4 in mature complex I. The long loop between
the two C-terminal helices of CIA84 contacts the loop connecting
the two TMHs of NDUFC2 and is involved in binding the head
group of a lauryl maltose neopentyl glycol (LMNG) detergent mol-
ecule. CIA84 has an extensive interface with the p-sandwich domain
and the C-terminal loop of NDUFAFI1 and interacts closely with
tafazzin.

The AlphaFold structure prediction (40) for complete CIA84
matches the structure of the C-terminal half well (Fig. 2, A and B)
and suggests that the unresolved N-terminal part of the protein like-
wise has a tandem helix repeat fold. Clearly, CIA84 forms the core of
the assembly intermediate and supports binding of NDUFAF1 and
tafazzin. However, the function of the unresolved and most likely
flexible N-terminal region remains to be established.
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NDUFAF1

Fig. 1. Early and late P, module intermediates. (A) Side view (top) and matrix
view (below) of the early module Pp intermediate. (B) Side view of the late Pp
module intermediate. (C) Functional modules of complex I; N module (NADH ox-
idation), Q module (ubiquinone reduction), and Pp and P, modules (proximal and
distal modules for proton pumping) [Protein Data Bank (PDB): 6rfr]. See also
movies ST and S2.

NDUFAF1 is the only assembly factor of the Pp module that is
conserved in fungi, plants, and animals, while there are clear differ-
ences in the other assembly factors of the Pp module (45). In addi-
tion to NDUFAFI, the MCIA complex described for human
complex I assembly (10, 12, 13) also contains ACAD9, ECSIT,
and COA1l. TMEM126B and TMEM186 are added in subsequent
assembly steps. Assembly factor ECSIT (46) of mammalian
complex I was predicted to include a PPR motif (47) and is
thought to interact tightly with NDUFAF1 (17). The AlphaFold pre-
diction for ECSIT (40) shows an N-terminal tandem helix repeat
domain and thus suggests a possible structural similarity to
CIA84. However, mammalian complex I has an additional large ac-
cessory subunit, NDUFA10, attached to the matrix side of ND2
(48). In human cell culture, it has been shown that NDUFA10
can coexist in an assembly intermediate with NDUFAF1 and
ECSIT (13). Comparison of the structures shows that the binding
site of NDUFA10 overlaps with that of CIA84 in the Y. lipolytica
assembly intermediates (fig. S4), making it very unlikely that
ECSIT binds there. In contrast, NDUFA10 and NDUFAF1 have
complementary surfaces and no overlap (fig. S4), strongly suggest-
ing that the binding site of NDUFAF1 on ND2 is conserved.

The early P module intermediate contains the CL
remodeling enzyme tafazzin

Tafazzin is evidently an integral part of the early Pp module inter-
mediate, sharing an extensive interface with CIA84, interacting
tightly with the C-terminal loop of NDUFAF1, and binding to
both ND2 and NDUFC2 (Fig. 1A). Note that tafazzin is bound to
the matrix side of the inner mitochondrial membrane, in contrast to
earlier reports proposing that the lipid target of tafazzin resides in
the IMS-facing leaflet (49). The topology observed in our cryo-EM
maps is consistent with the synthesis (50) and deacylation (51) of
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Fig. 2. Structure and interactions of CIA84. (A and B) Overlay of the cryo-EM
structure of the early Pp module intermediate (compare Fig. 1) with the AlphaFold
structure prediction for Y. lipolytica CIA84 (wheat) in two different orientations. (C)
Interactions of CIA84 with ND2 and tafazzin. (D) In the late P, module intermediate
of complex |, CIA84 interacts with the C terminus of subunit ND4L, which under-
goes substantial rearrangements after release of CIA84 and upon the maturation
complex I.

CL taking place on the matrix side of the inner mitochondrial
membrane.

The tafazzin core is a B sheet, surrounded by a helices and con-
necting loops. The active site containing residues His”® and Asp®!
(33, 34) is in a central position and in a cavity facing the membrane
(Fig. 3). The histidine residue of the canonical HisX,Asp motif de-
protonates the sn2 hydroxyl group of the lysophospholipid, aided by
the aspartate to enable a nucleophilic attack on the ester bond of the
acyl donor. Phospholipids at the active site of acyltransferases are
coordinated by the positively charged side chains of arginines or
lysines (52, 53). Tafazzin contains two fully conserved arginine res-
idues, Arg'®! and Arg'*° (fig. S5), both located in the substrate cleft,
~14 A apart where they are well placed for coordinating the two
phosphates of (ML)CL (Fig. 3). Mutation of Arg®* in human tafaz-
zin, corresponding to Arg'®" in Y. lipolytica, causes Barth syndrome
(54). Mutation of the strictly conserved Ser”! (78 in Y. lipolytica)
close to the catalytically active histidine also results in Barth syn-
drome, most likely by interference with the active site. Further path-
ogenic mutations (55) involve conserved residues that cluster
around the active site such as Phe'*® and Val'>® (fig. S6 and
movie S3).

Helix 2 of tafazzin is on the membrane surface (Fig. 3). Although
it is very hydrophobic in most species (fig. S5) and has been previ-
ously modeled as a TMH (56), an AlphaFold model of human ta-
fazzin shows the same orientation of helix 2 as observed in Y.
lipolytica (Fig. 3 and fig. S6), which is indicative of its attachment
to the membrane surface. This interaction orients the active site op-
timally for substrate transfer from the lipid phase of the membrane
(Fig. 3). The region between the membrane anchor and NDUFC2
contains a number of nonprotein densities in the detergent micelle
that we interpreted as a phosphatidylcholine (PC) and a MLCL mol-
ecule, i.e., the two substrates of the tafazzin transacylation reaction.
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Tafazzin

Fig. 3. The acyltransferase tafazzin in the early P, module intermediate. (A
and B) Tafazzin assumes two alternative conformations in the complex | assembly
intermediate. Residues 101 to 110 and 119 to 124 of the cryo-EM structure are
shown in orange; residues 111 to 118 are not resolved. The map indicates that
the conformation suggested by the AlphaFold model (residues 101 to 124 are
shown in purple) is present in a small proportion of tafazzin molecules. Residues
mentioned in the text are indicated. MLCL and PC sandwiched between tafazzin
and NDUFC2 are shown in pale green and cyan, respectively; MLCL interacting with
NDUFC2 is pink. The membrane surface is shown as a gray bar. NDUFAF1 and
CIA84 are removed for clarity. (C) Close-up of the active site.

An LMNG molecule is located next to MLCL at the interface of the
NDUFC2 loop and CIA84, while another MLCL binds on the other
side of NDUFC2 at its interface with ND2 (Fig. 4A). No MLCL mol-
ecules are found in the structure of the late Pp module intermediate
and in the mature complex I (15, 41). In the early Pp module inter-
mediate, the binding site at the NDUFC2/ND2 interface appears to
be specific for MLCL, as there is no space for the fourth acyl chain
(Fig. 4A). In the late Pp module intermediate and in mature
complex I, the binding site is disturbed by subunit NUXM and
phosphatidylinositol is bound instead [Protein Data Bank (PDB):
7071] (Fig. 4C) (15, 41). However, the MLCL binding site close to
tafazzin would easily accommodate CL (Fig. 4A). CL may not bind
in this site because MLCL is enriched in the membrane environ-
ment of the early Pp module intermediate. Alternatively, the catalyt-
ic activity of tafazzin drives the conversion of CL to MLCL during
the purification process.

A membrane attachment by a surface helix was also found in the
related bacterial acyltransferase PlsC (52). In the PIsC crystal struc-
ture (PDB: 5kym), a number of lipids were bound to the membrane
in a comparable position to the lipids bound to tafazzin (Fig. 4, A
and B).

For the fold at the opening of the substrate binding site of tafaz-
zin to the membrane, the map gives evidence for a mixture of dif-
ferent conformations. For residues 112 to 118, there is no density in
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the cryo-EM map, indicating that this stretch is flexible. In Alpha-
Fold predictions for tafazzin from different species, including Y. lip-
olytica and Homo sapiens, this region folds into an a helix (residues
114 to 123) that follows a  strand (residues 103 to 105) and a short
helix (residues 107 to 110). The map shows density for the end of
the a helix at the membrane surface, but unexpectedly, the fold of
residues 104 to 111 is different and forms an extended polypeptide
structure including an ~45° angle with the predicted p strand
(Fig. 3). Weak density extending from Thr'%* suggests that the con-
formation predicted by AlphaFold is actually present in a small pro-
portion of tafazzin molecules. The flexible region contains a
conserved stretch of amino acids Asp/Asn-Ile/Val-Cys-Phe/Tyr, in-
cluding the fully conserved cysteine, Cys''® (fig. S5). Cys''® moves
by ~18 A between both conformations (Fig. 3). In the cryo-EM
structure, it is located near the substrate cleft, but the side chain is
buried between the conserved Arg?** and Trp>®®. In the AlphaFold
model, it is part of the short helix, near the membrane surface and
exposed in the cleft, not far from Arg!?!, Arg!'?°, and His”®. The
polypeptide structure in this vicinity, notably at the two phenylala-
nines, Phe''? and Phe'?° (fig. S5), is highly conserved. Typically,
acyltransferases rely on acyl chains covalently attached to the
sulfur atom of phosphopantetheine groups of either an acyl
carrier protein (ACP) or coenzyme A (CoA), but uniquely in this
family, tafazzin is known to be independent of both CoA and
ACP (57). Tt is tempting to speculate that the conserved Cys'!* on
a flexible loop takes the role of an acyl carrier and binds an acyl
chain from PC to deliver it to the active site for transfer to MLCL.

It has long been known that CL is essential for complex I activity
(58), and recent molecular dynamics simulations suggest a central
role of this lipid in redox-coupled proton translocation (59). Bio-
chemical experiments have shown that 10 CL molecules are
tightly bound in mammalian complex I (60). We have modeled
six CL-binding sites in the cryo-EM structure of complex I of Y. lip-
olytica (movie S4) (15), and five CL binding sites were identified in
the structure of human complex I (61). Several of the resolved CL
molecules are buried in the protein structure. Thus, it is plausible
that CL in its mature configuration is necessary for complex I as-
sembly. The interaction of tafazzin with an assembly intermediate
might ensure that CL is present where and when it is needed. Con-
sistent with this, in the structure of the late Pp module intermediate,
we find two CL molecules in the same binding site as in mature
complex I (Fig. 4, D and E). Decreased complex I assembly in a ta-
fazzin-deficient human cell line has been reported recently (62).
However, a direct interaction of tafazzin with assembly intermedi-
ates of human complex I was not observed in a complexome profil-
ing study (13), and our structure does not give evidence for
conserved contact sites between tafazzin and proteins of the mam-
malian MCIA complex. In Drosophila, a correlation between the as-
sembly of oxidative phosphorylation enzyme complexes and CL
remodeling was demonstrated (32). However, this effect was not
specific for respiratory complex I. In mitochondria of the yeast Sac-
charomyces cerevisiae, which does not have respiratory complex I,
tafazzin has been found to form assemblies with other mitochondri-
al complexes, such as adenosine 5'-triphosphate synthase and the
adenine nucleotide carrier (63). Together, there is mounting evi-
dence that the assembly of mitochondrial protein complexes and
the remodeling of CL by tafazzin are tightly linked. Our structure
shows the structural basis of this functional relationship in an
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Fig. 4. Lipid binding during assembly and in mature complex I. (A) In the early
Pp module intermediate, MLCL (light green) and PC (light blue) are bound at the
tafazzin/ND2 interface, an LMNG (yellow) between NDUFC2 and CIA84, and a
second MLCL (chartreuse) at the NDUFC2/ND2 interface. (B) In the crystal structure
of the bacterial acyltransferase PIsC (PDB: 5kym), four PC molecules (purple) and
an acyl chain (green) are bound to the N-terminal helices. The catalytic His and Asp
residues are shown as sticks in (A) and (B). (C) The late P, module intermediate has
lost the tafazzin-associated lipids and the LMNG; subunit NUXM is bound near
NDUFC2, and LMNG is replaced by a smaller phosphatidylinositol molecule (char-
treuse). (D) In the late Pp module intermediate, two CL molecules (cyan) are bound
between NUXM and NDUFA3 as in mature complex | (PDB: 7071) (E).

aerobic yeast. Future work will reveal the extent to which this can be
generalized to other organisms.

Structure of the late P, module intermediate: TMHs of
central subunits are rearranged during assembly

While the three variants of the late Pp module intermediate differ in
the binding of assembly factors, the complete set of subunits of the
Pp module is present throughout; i.e., central subunits ND1, ND3,
ND4L, and ND6 plus six accessory subunits and lipids were added
to ND2 and NDUFC2 of the early Pp module intermediate (Fig. 1B
and movie S2). Our structure indicates that, in Y. lipolytica, the hy-
drophobic ND1 subunit is directly attached to the nascent Pp
module, whereas in mammals, ND1 is first linked to the Q
module, and the resulting Pp-a module is attached to the Pp-b
module lacking ND1 (13). In this respect, the assembly of the Pp
module in Y. lipolytica differs from that in mammals and resembles
the pathway described in plants more closely (14).

In the two variants that include assembly factors, their interac-
tions with ND2 and NDUFC2 are unchanged as compared with the
early Pp module intermediate. Whereas the TMH6- loop on the IMS
side of ND2 was disordered in the early Pp module intermediate, it
interacts with accessory subunit NDUFS5 and is now folded as in
the mature complex. In contrast to ND2, other central subunits
differ considerably when compared to their structures in mature
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complex I (movie S5). This is particularly notable for subunit
ND3, which consists of three TMHs with a special topology
(Fig. 5). In mature complex I, TMH1 and TMH?2 are more than
35 A apart and located on different sides of the membrane arm.
TMHINP? binds to the ND1 subunit, and the TMH1-2 loop runs
along the interface between P and Q modules (Figs. 5B and 6B).
In the late Pp module intermediate, TMH2 and TMH3 are in
their final positions, but the TMH1-2 loop runs in the opposite di-
rection (Fig. 5) and is locked in a binding cleft of NDUFAFI (see
below). TMHINP? is shifted by ~40 A toward the distal end of the
membrane arm and is located near subunit ND4L (Fig. 6A and
movie S5). Notably, this position overlaps with that of TMH4NP¢
in mature complex 1. As a result, TMH4NP® is displaced by 10 to
12 A in the assembly intermediate, with a major rearrangement of
its TMH3-4 loop on the matrix side and the loop following TMH4
on the IMS side (Fig. 5). The C-terminal end of ND4L is bound by
CIA84 in a position distinctly different from that in the mature
complex (Fig. 2D). Switching NDA4L to its mature conformation re-
quires rearrangement of the TMH3-4 loop of ND6. The absence of
TMHINP? from its final position near ND1 in the late P, module
intermediate relates to a considerable distortion of ND1. The am-
phipathic surface helix al of NDI is shifted to a position where it
would clash with TMH1NP3, and the loops on the matrix side are
disordered (Fig. 6B and movie S5). These loops form the interface
with the Q module in mature complex I and include the TMH5-6
loop that is thought to play a key role in coupling redox chemistry to
proton translocation (41). Folding of this ND1 region might occur

A Late P, module intermediate

‘ % g it Ol
N@ﬁ%ﬁﬂ

Mature complex

Fig. 5. Topology of subunit ND3 and helix rearrangements upon assembly.
Late Pp module intermediate (A) and membrane arm section of mature complex
| (B) viewed from the matrix side. Assembly factors, accessory subunits except
NDUFA11, and matrix arm are removed for clarity. TMH1 and TMH2 of ND3 are
connected by a long loop on the matrix side. In both the late P, module interme-
diate and mature complex |, the two helices are more than 35 A apart. During mat-
uration of complex I, TMH1NP3 moves from a site close to ND4L over a distance of
~40 A to its final position next to subunit ND1. The position of TMH1NP3 in the late
Pr module intermediate is assumed by TMH4NP® in the mature complex. This re-
arrangement occurs in concert with binding of the P, module as TMH16NP° and
TMH1NPUFATT get in close proximity to the position of TMH4NDS in the assembly
intermediate.
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Fig. 6. The TMH1-2 loop of ND3 binds to assembly factor NDUFAF1 in the late
Pp module intermediate. Middle: Overlay of the late P, module intermediate
(colors as in Fig. 1; accessory subunits and CIA84 are omitted for clarity) with
the Pp module of mature complex | (gray; PDB: 7071). The considerable displace-
ments of TMH1NP3 and TMH4NP® are indicated by yellow and orange arrows. (A) In
the assembly intermediate, TMH1NP3 binds close to subunit ND4L. In mature
complex |, this helix position is occupied by TMH4NP®, (B) Rearrangements of
ND1. During assembly, TMH1N?3 moves by more than 40 A to its position near
ND1 in the fully assembled complex. TMH1 and TMH2 and surface helix a1 of
ND1 undergo major rearrangements. NDUFS2 and NDUFS7 are central subunits
of the Q module. (C) In the assembly intermediate, the TMH1-2 loop of subunit
ND3 binds tightly to the assembly factor NDUFAF1. Cys*® of ND3 is buried in
the binding cleft. (D) NDUFAF1 closely resembles CBM11. An overlay of both struc-
tures (CBM11, brown; PDB: 6r3m) reveals that the binding cleft of CBM11 for car-
bohydrates matches the binding cleft of NDUFAF1 for the TMH1-2 loop of ND3
(compare fig. S9).

through binding of TMH1NP3 and/or of the Q module, during later
steps of complex I assembly.

The question arises as to what could trigger the helix rearrange-
ment. A comparison with mature complex I shows that TMH16 of
central subunit ND5 and TMH1 of accessory subunit NDUFAL11 in
the P, module would collide with TMH4NP® in the position
assumed in the late Pp intermediate (Fig. 5). Joining of the Pp
and Pp modules thus requires the ND6 helix to move to its final po-
sition occupied by TMHI1NP?, We therefore propose that addition
of the P, module and rearrangements in the Pp module are concert-
ed processes. In mammalian complex I, assembly of an intermediate
comprising Pp and Q modules was observed while NDUFAF1 was
still bound (13). This would allow a safe transfer of the TMH1-2
loop of ND3 to its final position at the interface between the two
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modules. However, assuming that NDUFAF1 is similarly posi-
tioned on the Pp module in mammals, it would clash with the
long N-terminal extension of NDUFS2, which could therefore
only adopt its final structure on the membrane arm after release
of the assembly factor (fig. S7). Moreover, our structure suggests
a major clash with the position of accessory subunits NDUFA6
and ACPM1 on the Q module of mature complex I (fig. S7),
which would explain why these subunits are added at a later stage
after NDUFAF1 detaches (13).

NDUFAF1 locks the long matrix loop of ND3 in a

binding cleft

In mature complex I, the long TMH1-2 loop of ND3 lines the inter-
face of Pp and Q modules (Fig. 6B). Modifications of a conserved
cysteine residue in this loop (Cys40NP? in Y. lipolytica) (64) have
a strong impact on complex I activity (65), and locking loop move-
ments by an engineered disulfide bond disengages the proton
pumps (66). In the late Pp module intermediate, the TMH1-2
loop of ND3 is embedded in a binding cleft of NDUFAF1
(Fig. 6C). The architecture of the binding cleft at the concave side
of the B-sandwich structure closely resembles that for carbohydrate
chains in carbohydrate-binding domain family 11 (CBM11) pro-
teins (Fig. 6D and fig. S9) (67). The observed structural conserva-
tion is consistent with a previous proposal (45). None of the four
critical tyrosine residues involved in carbohydrate binding (67)
are conserved in NDUFAF], but one of them (Tyr53) is replaced
by Phe80FAF!, and an aromatic residue is conserved at this position
in NDUFAFI (figs. S9 and S10). Only Gly79¥AF! and Gly160FAF!
are strictly conserved in the binding cleft of NDUFAF1, and both
residues are located in loops that form its narrowest part. In the
first loop of residues 77 to 80, Phe80FAF! is close to the conserved
Cys40NP3 and binds to a short hydrophobic segment of the TMH1-
2 loop of ND3. The strictly conserved Glu39™P? forms an ion pair
with Arg84FAF! (Fig. 6C). The arginine residue is not conserved in
mammals (fig. S10); however, in human and mouse NDUFAF]I, an
arginine residue is conserved two positions downstream, which may
also engage in a salt bridge with the ND3 loop.

Our structure of the late Pp module intermediate provides a clear
picture of the function of NDUFAF1. Because neither the ND1
subunit nor the Q module is present immediately after addition
of the ND3 subunit, the long matrix loop and the preceding
TMHL]1 of this subunit cannot be directly incorporated into the
nascent structure. Thus, NDUFAF1 might support the initial at-
tachment of ND3 and stabilizes a conformation of ND3 that is
clearly different from mature complex I. Fixing the long TMH1-2
loop of ND3 prevents the adjacent TMH1 from moving freely
during assembly, as this might otherwise interfere with the addition
of new subunits or trap the loop/helix in an incorrect position
without the possibility for later correction. The alkylation of a con-
served cysteine residue in the TMH1-2 loop of ND3 in catalytically
inactive complex I causes irreversible loss of Q reductase activity
(65). Thus, another benefit of securing the loop in the binding
cleft of an assembly factor might be the protection of Cys40NP3
from unwanted modifications during assembly. The conversion of
a binding cleft for carbohydrate chains into one for a peptide loop
follows a well-known evolutionary phenomenon whereby structural
scaffolds can assume unexpected new functions.

Note that, while the loss of CIA84 has no impact on ND3 or ND6
in the late Pp module intermediate, density for TMH1NP? and
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TMH4NP® is weak in the variant lacking all assembly factors (fig.
S8). Because a strep-tag on NDUFAF1 was used for purification,
detachment of this assembly factor must have occurred after affinity
chromatography and may thus be an artefact of sample preparation.
Nevertheless, this observation supports our conclusion that
NDUFAF1 is necessary and sufficient for the positioning of
TMHINP? and consequently also of TMH4NP® in the late Pp
intermediate.

Dysfunction of NDUFAFI interferes with complex I assembly,
and patients carrying mutations in the NDUFAFI gene suffer
from hypertrophic cardiomyopathy (22) and cardioencephalomy-
opathy (21). An overlay of the AlphaFold model of human
NDUFAF1 with our structure indicates that the pathogenic muta-
tions cluster on {3 strands 6 and 9 of the outer leaflet of the 3-sand-
wich structure and in an adjacent loop (fig. S6, B and D). None of
these positions are in direct contact with the binding site for the
ND3 loop. We can therefore assume that these disease-related mu-
tations interfere with the structure of the assembly factor.

Accessory subunits in the late P, module intermediate

The Pp module contains seven accessory subunits: apart from
NDUFC?2 that is already present in the early Pp module intermedi-
ate NDUFA1, NDUFA2, NDUFA8, NDUFA13, NDUFS5, and
NUXM (the latter is missing in metazoans). Five of them are in-
volved in the formation of a prominent structure on the IMS side
of the protein complex. This IMS domain contains a binding cavity
for the C-terminal end of the NDUFB5 subunit, which, in mature
complex I, forms a staple along the IMS side surface from ND4L to
the Pp domain, with its N-terminal TMH at the interface of ND4
and ND5 (Fig. 7). This suggests that the recruitment of NDUFB5 to
its binding cavity plays a role in joining the Pp and P, modules. The
only accessory subunit not fully folded in the late Pp intermediate is
NDUFA13, which consists of a long, bent helix with its C terminus
in the IMS followed by a transmembrane stretch. The N-terminal 30
residues are disordered in the assembly intermediate; in the mature
complex, they form an extended loop that runs along the surface of
the central subunit NDUFS2 of the Q module to 65 A above the
membrane surface (Fig. 7). Thus, NDUFA13 may play a role in
joining the P and Q modules.

In summary, our work provides the first detailed insights into
the intricate assembly of respiratory complex I (Fig. 8), a protein
complex of central importance for cellular energy metabolism.
The assembly factor NDUFAFI locks the central ND3 subunit in
an assembly-competent conformation that prevents uncontrolled
positioning of the N-terminal ND3 helix during assembly of the
proximal proton pump module. The pronounced rearrangement
of ND3 into its final conformation is associated with structural
changes in central subunits ND6, ND4L, and ND1 and presumably
occurs in concert with the merging of the two building blocks (Pp
and Pp) that constitute the membrane arm of complex
I. Unexpectedly, our cryo-EM structures reveal a link between the
assembly of complex I and the remodeling of CL, a key lipid of the
inner mitochondrial membrane. Our structure shows how the
transacylase tafazzin interacts with the inner mitochondrial mem-
brane, allows conclusions to be drawn about the mechanism of
transacylation, and will be the basis for a molecular understanding
of pathogenic mutations causing Barth syndrome.
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MATERIALS AND METHODS

Mass spectrometry

Detailed description of material and methods together with raw
data from mass spectrometry and complexome data have been de-
posited to the ProteomeXchange Consortium via the Proteomics
Identification Database partner repository (68) with the dataset
identifier (ID) PXD033522.

Gene deletion

The ndufafIA strain was generated by homolog recombination as
described (69). YALIO_D14564g with 1-kb flanks on both sides
was amplified, and the coding region was exchanged for the ura3
gene by Gibson assembly (70). This construct was used to delete
the gene from the haploid GB20 (mus51A, NUGM-Htg2, NDH2i,
lys11', leu2’, ura3 and MatB) strain (23). Substitution by the ura3
marker was confirmed by polymerase chain reaction, and absence
of the protein was confirmed by complexome profiling (fig. S1).

Purification of NDUFAF1 complexes

For purification, we complemented the ndufafIA strain in trans
with the ndufafl gene carrying an extension coding for a C-terminal
Twin-Strep-tag (37) appended to a AEAAAKEAAAKA linker (71).
NDUFAF1 was purified using a Strep-Tactin XT column (IBA Life-
sciences, Germany) essentially following instructions provided by
the manufacturer. Mitochondrial membranes (1 to 2 g of membrane
protein) were solubilized using 1 g of dodecyl maltoside per 1 g of
mitochondrial protein for 15 min on ice, followed by ultracentrifu-
gation. The clear supernatant was applied to the Strep-Tactin XT
column and subsequent wash and elution steps were carried out
using 0.025% LMNG in all buffers. Combined elution fractions
were concentrated and applied to a Superose 6 Increase 10/300
column (Cytiva, Germany). A broad peak containing assemblies
of high molecular mass was collected and concentrated, while the
well-separated NDUFAF1 monomer peak was discarded. The
buffer used for size exclusion contained 20 mM tris-HCI, 100
mM NaCl, 1 mM EDTA, and 0.002% LMNG at a pH of 7.5.

Sequence analysis and alignments
Sequences were aligned using the Clustal Omega algorithm (72) and
are displayed using the Jalview software (73).

Sample vitrification and cryo-EM data acquisition

Three microliters of purified sample was applied onto freshly glow-
discharged (15 mA for 45 s in a PELCO easiGlow system) C-flat 1.2/
1.3 300-mesh copper grids (Science Services GmbH) at a final con-
centration of 1.2 mg/ml. Samples were blotted for 4.5 s with a blot
force of 20 (595 Whatman paper) at 4°C in 100% humidity and
plunge-frozen in liquid ethane by using a FEI Vitrobot Mark IV.
Cryo-EM data were collected automatically using EPU software
(Thermo Fisher Scientific) on a Titan Krios G3i microscope oper-
ating at 300 kV and equipped with a K3 detector operating in elec-
tron counting mode. Movies were acquired at a nominal
magnification of x105,000, resulting in a pixel size of 0.837 A.
Each movie was recorded for 3 s and subdivided into 60 frames.
Electron flux rate was set to 14 e~ per pixel per second at the detec-
tor, resulting in an accumulated exposure of 60 e~/A? at the speci-
men. An energy filter slit width of 30 eV was used, and a 70-um C2
and 100-um objective aperture were inserted during acquisition. A
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%’ NDUFA13

Fig. 7. Accessory subunits of the late P, module intermediate. The intermedi-
ate consisting of the assembly factors NDUFAF1 and CIA84; the core subunits ND1,
ND2, ND3, ND4L, and ND6; and the accessory subunits NDUFA1, NDUFA3,
NDUFAS8, NDUFA13, NDUFC2, NDUFS5, and NUXM is shown in side views (A and
B) and from the IMS (C). (D) In mature complex |, NDUFB5 and NDUFA13 interlock
the Pp module with the P, module and the Q module, respectively. (E) In mature
complex |, the P, module subunit NDUFBS5 binds in a preformed pocket to the IMS
side of the P, module.

total of 6229 movies at a defocus range of —1 to —3 um were
collected.

Image processing

Image processing was performed in RELION4 (74), unless other-
wise specified. Dose-fractionated movies were motion-corrected
with RELION's implementation of the MotionCor2 algorithm
(75), and contrast transfer function (CTF) parameters were estimat-
ed using CTFFIND4.1 (76). Micrographs with an estimated CTF
resolution worse than 7 A were removed, and 2,048,808 particles
were picked from 6218 micrographs by using crYOLO 1.7.3 (77).
After 2D classification in cryoSPARC v3.3.1 (78), 235,444 particles
were subjected to an ab initio reconstruction, which revealed the
presence of two major particle populations, representing two dis-
tinct complexes of different size and shape. Ab initio reconstruc-
tions of these complexes were further refined by heterogeneous
refinement, and each reconstruction was used as a reference for
two separate 3D classifications in RELION, after removal of junk
particles by 2D classification. A second round of 3D classification
was performed, using the two ab initio reconstructions as references
simultaneously. After CTF refinement and Bayesian polishing,
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Fig. 8. NDUFAF1-dependent complex | assembly. Assembly factors NDUFAF1
(cyan) and CIA84 (purple) form the core of the early P, module intermediate.
The central subunit ND3 (yellow) consists of three TMHs with an unusually long
loop connecting TMH1 and TMH2. NDUFAF1 locks this loop in a binding cleft
and forces the adjacent TMH1NP3 into a position that is occupied by TMH4 of
ND6 (orange) in mature complex I. Docking of the P, module to the late Pp
module intermediate is concerted with the transitions of ND6, ND3, and ND1 to
their conformations in the fully assembled complex. NDUFB5 and NDUFA13 inter-
lock the Pp module with the Py and Q modules. Assembly of the N module is me-
diated by the assembly factor NDUFAF2 (75).

particles of the smaller complex (early Pp module assembly inter-
mediate) were refined and reconstructed in cryoSPARC by nonuni-
form refinement, resulting in a map resolution of 3.2 A. Particles of
the larger complex (late Pp module intermediate) was heteroge-
neous with respect to bound assembly factors on the matrix side.
Two further 3D classifications without image alignment and with
masks around the binding site separated the particles into three
Pp module assembly intermediates. One did not have any bound
assembly factors, a second intermediate bound NDUFAF1, and a
third intermediate bound both NDUFAF1 and CIA84. After non-
uniform refinement in cryoSPARC, the map resolution improved to
3.0, 3.3, and 3.2 A, respectively. Resolutions were estimated accord-
ing to the Fourier shell correlation 0.143 cutoff criterion of two in-
dependently refined half maps (79). As a final step, three cycles of
density modification with phenix.resolve_cryo_em (80) were
carried out with all four maps, by using in each case the unsharp-
ened map, two unfiltered half-maps, and an estimate of the protein
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mass as inputs. A detailed overview of the processing workflow is
shown in fig. S2.

Model building
The acyltransferase tafazzin was identified in the early Pp module
intermediate by modeling a polyalanine chain into the map
density and then placing matching amino acids into residue-specific
map features. This delivered short sequence fragments (e.g.,
YPFWR), which were used as query sequences for protein BLAST
(81) searches in the protein database of Y. lipolytica, which indicated
a hit for the acyltransferase tafazzin (UniProt entry: Q6CBZ7). The
tafazzin sequence matched the map density perfectly, and 94% of
the amino acids were modeled.

Models were built in Coot (82), using the cryo-EM structure of
Y. lipolytica complex I (PDB ID: 7071) as a template for the complex
I subunits and AlphaFold predictions for CIA84 and NDUFAF1,
while tafazzin was built manually. The structures were rebuilt in
Coot and refined using phenix.real_space_refine (83). Refinement
and validation statistics are summarized in table S2. Figures were
made with UCSF ChimeraX (84).

Supplementary Materials
This PDF file includes:

Figs. ST to S11

Tables S1 and S2

Other Supplementary Material for this
manuscript includes the following:
Movies S1 to S5
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