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Abstract: Fatty acid β-oxidation (FAO) and oxidative 
phosphorylation (OXPHOS) are mitochondrial redox processes 
that generate ATP. The biogenesis of the respiratory Complex I, 
a 1 MDa multiprotein complex that is responsible for initiating 
OXPHOS, is mediated by assembly factors including the 
mitochondrial complex I assembly (MCIA) complex. However, the 
organisation and the role of the MCIA complex are still unclear. 
Here we show that ECSIT functions as the bridging node of the 
MCIA core complex. Furthermore, cryo-electron microscopy 
together with biochemical and biophysical experiments reveal that 
the C-terminal domain of ECSIT directly binds to the vestigial 
dehydrogenase domain of the FAO enzyme ACAD9 and induces 
its deflavination, switching ACAD9 from its role in FAO to an MCIA 
factor. These findings provide the structural basis for the MCIA 
complex architecture and suggest a unique molecular mechanism 
for coordinating the regulation of the FAO and OXPHOS 
pathways to ensure an efficient energy production. 

Introduction 

Mitochondria coordinate central functions in the cell and have 
a crucial role in energy metabolism. Fatty acid β-oxidation 
(FAO) and oxidative phosphorylation (OXPHOS) are 
mitochondrial enzymatic pathways responsible for coupling 
redox reactions to ATP production[1]. The OXPHOS system, 
composed of the respiratory chain components embedded in 
the mitochondrial inner membrane, includes five multimeric 
enzymes, the first of which is Complex I (CI or 
NADH:ubiquinone oxidoreductase)[2]. The redox reactions 
involved in ATP production generate reactive oxygen species 
(ROS), which have important roles in cell signalling and 
homeostasis but also cause oxidative damage to DNA, lipids 
and proteins including those in the respiratory chain itself. As 
the first enzyme of the respiratory chain, CI is the main source 

and target of ROS[3] and deficiencies in CI activity, which are 
often characterized by defects in the CI assembly process[4, 5], 
lead to the most common OXPHOS disorders in humans[6]. 
Mammalian CI is the largest (~1 MDa) membrane protein 
complex, composed of 44 different subunits encoded by the 
nuclear and the mitochondrial genome[7]. While the atomic 
structure of CI is known[7-9], the mechanisms of CI biogenesis 
involving the coordinated assembly of intermediate modules 
and insertion of cofactors to form a functional complex remain 
elusive [10, 11]. CI biogenesis is assisted by assembly factors 
that ultimately dissociate from the final holoenzyme[10].  
The mitochondrial CI assembly (MCIA) complex has been 
recently described and is believed to participate in the 
assembly of early CI intermediate modules[10, 11]. The MCIA 
complex itself is composed of three core subunits - NDUFAF1, 
ACAD9 and ECSIT - which seem to further associate with 
other membrane proteins such as TMEM126B, TIMMDC1, 
TMEM186 and COA1[11-17]. Knockdown of any of the core 
MCIA proteins in cultured cells leads to decreased levels of 
the other two partners and results in impaired CI assembly 
and activity[14, 17-20]. However, the molecular details underlying 
the activity of the MCIA complex are unclear, partly because 
as well as participating in CI maturation, the individual 
components of the MCIA complex are also involved in other 
cellular functions[21, 22]. Here, ECSIT, which is predicted to 
contain an ordered N-terminal domain followed by a 
disordered C-terminal region[21], was initially identified as a 
cytoplasmic and nuclear signalling protein[23, 24] while ACAD9 
was annotated as an acyl-CoA dehydrogenase (ACAD) 
enzyme due to its sequence homology with the very long 
chain acyl-CoA dehydrogenase VLCAD[14], which initiates the 
FAO pathway with the concurrent reduction of its FAD 
cofactor[25]. Although the biological relevance of ACAD9 
function as a FAO enzyme has been controversial[26, 27], 
recent findings suggest physical interactions between FAO 
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and OXPHOS proteins[28]. Molecular insights into the protein 
interactions linking these two pathways are thus crucial for 
understanding the pathogenesis of diseases entailing 
OXPHOS and FAO deficiencies, such as Alzheimer’s disease 
(AD), with considerable evidence indicating a strong 
association between CI activity and amyloid-beta (Aβ) 
toxicity[29]. Noteworthy, ECSIT has been identified as a 
molecular node interacting with enzymes producing Aβ[30, 31], 
implying a potential role in AD pathogenesis.  
In this study, we provide the molecular characterisation of 
ECSIT as an interacting node of the MCIA complex together 
with the 3D architecture of C-terminal ECSIT with ACAD9. We 
also report a novel deflavination mechanism mediated by 
ECSIT that antagonises ACAD9 enzymatic activity, switching 
ACAD9 from a role as an FAO enzyme to a CI assembly 
factor. Taken together, our results provide insights into MCIA 
complex biogenesis and suggest a possible mechanism for 
coordinating the regulation between OXPHOS and FAO 
protein complexes to ensure an efficient energy production.  

Results 

ECSIT is the bridging component of the MCIA complex 
We examined the interactions between three MCIA complex 
core components NDUFAF1, ACAD9 and ECSIT in cellulo by 
yeast two-hybrid (Y2H) (Fig. 1A) and mammalian cell 
bimolecular fluorescence complementation (BiFC) (Fig. 1B, 
C) assays. While mitochondrial ECSIT (residues 49-431), as 
well as individual N- and C-terminal fragments (ECSITNTD and 
ECSITCTD respectively, described below) were found to 
associate with NDUFAF1 (Fig. 1A), only ECSITCTD showed 
interaction with ACAD9 (Fig. 1B, C). No direct interaction 
between NDUFAF1 and ACAD9 was observed (Fig. 1A), as 
confirmed by in vitro interaction analysis with recombinant 
purified proteins (Fig. 1D).  
The above observations suggest that ECSIT carries 
independent interaction sites for NDUFAF1 and ACAD9 (Fig. 
1E). We therefore attempted to further examine the interaction 
of ECSIT with either ACAD9 or NDUFAF1. Here, the tendency 
of mitochondrial ECSIT purified from recombinant bacteria to 
form soluble aggregates (Fig. S1) motivated us to apply 
ESPRIT (Expression of Soluble Proteins by Random 
Incremental Truncation) technology[32] in order to identify 
soluble and monodisperse ECSIT fragments (Fig. S2). 
Whereas all N-terminal fragments were insoluble, a C-
terminal fragment (ECSITCTD, residues 248-431) showed high 
expression and solubility (Fig. S2). Interestingly, this fragment 
corresponds to the isoform ECSIT-3[23], an alternative splicing 
variant that has been observed at the transcript level[24]. 
Analyses of purified ECSITCTD both by size-exclusion 
chromatography (SEC) coupled to multi-angle laser light 
scattering (SEC-MALLS) (Fig. S3) and by small-angle X-ray 
scattering (SAXS) (Fig. S4A, Table S1) yielded an 
approximate molecular mass of 46 kDa, suggesting that 
ECSITCTD is predominantly a dimer in solution. SAXS and 2D 
NMR data (Fig. S4A, B) indicated that these dimers are 
elongated and only partially folded, consistent with the 
prediction of a highly disordered domain. Native mass 
spectrometry (native MS) confirmed that ECSITCTD forms 

dimers and revealed that these may further associate into 
tetramers and higher-order multimers (Fig. S4C).  
Purified mature NDUFAF1 (residues 25-327) behaved as a 
monodisperse monomer in SEC-MALLS and SAXS 
experiments (Fig. S3, Table S1) whereas, in agreement with 
a previous study[25], recombinant, purified ACAD9 (residues 
38-621) was detected as a monodisperse homodimer by 
SEC-MALLS (Fig. S3). Negative-stain electron microscopy 
(ns-EM) (Fig. S5A, B) and SAXS analysis (Fig. S5B, Table 
S1) of ACAD9 revealed compact, rectangular envelopes (Fig. 
S5A) consistent with a previously reported homology model 
of the ACAD9 dimer[14]. This model is based on the crystal 
structure of VLCAD, with which ACAD9 shares 47% 
sequence identity (Fig. S5B-D). Notably, SEC-MALLS 
highlighted that VLCAD and ACAD9 share similar molecular 
weights but different elution profiles (Fig. S5C), suggesting 
that ACAD9 occupies a larger hydrodynamic volume. A SAXS 
structural comparison confirmed that VLCAD folds into a more 
close-packed conformation in solution (Fig. S5D, Table S1). 
 
ECSITCTD forms a stable complex with ACAD9 
In contrast to the interaction observed by Y2H (Fig. 1A), 
ECSITCTD did not bind NDUFAF1 in electrophoretic mobility 
shift assays (Fig. S6A), suggesting that the N-terminal 
domain of ECSIT is required for a high-affinity interaction with 
NDUFAF1. Conversely, we were able to reconstitute a 
complex between ECSITCTD and ACAD9 (ACAD9-ECSITCTD) 
in vitro that remained stably associated during SEC (Fig. 2A) 
and electrophoretic mobility shift assays (Fig. S6B). 
Moreover, differential scanning calorimetry experiments 
showed that the presence of ECSITCTD (which has a poorly 
defined melting profile) enhanced the thermostability of 
ACAD9 by >15 ºC (Fig. 2C). The stability of the ACAD9-
ECSITCTD interaction was further confirmed by the protection 
of ACAD9 from proteolytic cleavage upon ECSITCTD binding 
(Fig. 2F). However, SAXS analysis revealed a large 
molecular volume for the ACAD9-ECSITCTD complex, implying 
a dynamic assembly process (Fig. 2B). Consistent with this 
finding, NMR analysis of 15N-labelled ECSITCTD showed that 
the domain’s random coil region remains largely unperturbed 
upon the addition of ACAD9, although a number of shift 
perturbations in the HSQC spectrum (Fig. 2D, E) suggests 
that ACAD9 interacts with specific residues within the 
ECSITCTD fragment. NDUFAF1 was unable to co-elute with 
the ACAD9-ECSITCTD complex (Fig. S6C), consistent with the 
earlier observation that the N-terminal domain of ECSIT is 
required for a high-affinity interaction with NDUFAF1. 
 
Cryo-EM analysis of the ACAD9-ECSITCTD complex 
We next investigated the structure of the ACAD9-ECSITCTD 
complex by cryo-electron microscopy (cryo-EM) (Fig. S7). 
Analysis of the 2D class averages (Fig. 2G) showed a strongly 
preferred orientation and revealed that the complex 
possesses a defined core with visible secondary structural 
features. While this core clearly corresponds to the ACAD9 
dimer, consistent with the ns-EM map (Fig. S5B), some 
classes also show diffuse densities at the periphery of this 
core (Fig. 2G, white arrows), which we tentatively attribute to 
the largely unfolded parts of ECSITCTD. A standard image 
processing procedure aimed for higher resolution 
reconstruction would result in masking out these peripheral 
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densities while focusing on the compact core. Here however, 
we first chose not to use a mask in order to obtain low 
resolution information on the global shape of the ACAD9-
ECSITCTD complex and define the ECSITCTD binding site. 
Comparison of the resulting 3D reconstruction with the ns-EM 
map and the VLCAD-based homology model of ACAD9 
suggests that the extra densities that protrude out of the 
central ACAD9 dimer core may correspond to ordered 
segments of ECSITCTD (Fig. 2H, Fig. S5B). The fact that only 
a small proportion of the bound ECSITCTD is visible in the cryo-

EM density is compatible with the NMR data (Fig. 2D), 
indicating that the disorder of ECSITCTD is mostly retained 
upon ACAD9 binding. Analysis of the sample used for cryo-
EM by native MS confirmed the presence of ECSITCTD in the 
complex, revealing two major species of mass 197.5 kDa and 
219.45 kDa (Fig. S8B), in contrast to a mass of 132 kDa for 
the ACAD9 homodimer (Fig. S8A). These correspond to an 
ACAD9 dimer bound to 3 or 4 ECSITCTD monomers, 
respectively, suggesting that each ACAD9 monomer can bind 
either a monomer or dimer of ECSITCTD. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Identification of protein-protein interactions within the MCIA core complex. A. Y2H assays (NDUFAF1 as bait, different ECSIT and ACAD9 constructs 
as prey) indicate direct interactions between NDUFAF1 and mitochondrial (Mt, residues 49-431), N-terminal domain (NTD, residues 49-252) or C-terminal domain 
(CTD, residues 246-431) ECSIT constructs. No interaction is detected between NDUFAF1 and ACAD9. ECSIT and TRAF6 interaction was used as a positive 
control. B. BiFC assays in HEK293 human cells. Active reassembly of Venus (green signal) indicates that mitochondrial ECSIT (VC155-ECSITMt) and the ECSIT 
C-terminal domain (VC155-ECSITCTD) interact with ACAD9 (ACAD9-VN173). Red immunofluorescence from filamentous actin (LifeAct-RFP) was used as a cell 
marker. Overlapping signals (yellow) confirm cells with positive interacting partners. C. Quantification of the signal using the FITC (green spectrum) or CY3.5 (red 
spectrum) filter settings. D. SEC chromatogram showing that ACAD9 (*) elutes as single peak separated from NDUFAF1 (‡), which suggests the absence of 
interaction between ACAD9 and NDUFAF1, as observed in Y2H assays. E. Domain interaction organization of MCIA complex proteins. ECSIT-interacting interface 
regions with NDUFAF1 (I) and ACAD9 (II) respectively are shown in light grey. DH: dehydrogenase domain; vgDH: vestigial DH domain; CIA30: Complex I 
intermediate-associated protein 30 domain. 
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Figure 2. ECSITCTD forms a stable complex with ACAD9. A. SEC elution profile of the complex and loaded onto an SDS-PAGE (*), showing a small adjacent 
peak of unbound ECSITCTD. B. SAXS scattering curve for the complex, with the GNOM fitting curve in red. In the inset, normalized Kratky plot and close-up of the 
Guinier region used to estimate the radius of gyration (Rg in nm) of the complex. C. Thermal denaturation profiles of ECSITCTD, ACAD9 and their complex determined 
by differential scanning calorimetry. Estimated Tm values are indicated. A clear unfolding transition was not detected for ECSITCTD. D. 2D-NMR interaction 
experiments of 15N-labelled ECSITCTD and unlabelled ACAD9. Superimposed 1H-15N correlation spectra of free ECSITCTD and ECSITCTD in complex with ACAD9 are 
shown in blue and red, respectively, in the region 8.5-7.5 1H ppm in the proton dimension. This highlights chemical shift perturbations in 11 out of 60 detected peaks 
in the amide region, indicating that ACAD9 interacts specifically with a few residues of ECSITCTD. E. 15N-filtered DOSY-NMR measurements on 15N-ECSITCTD and 
ACAD9-15N-ECSITCTD complex. The exponential decay curves of ECSITCTD, in the absence and in the presence of ACAD9 are shown in blue and red respectively. 
The units on the y-axis are normalized values of the integrals of the signal measured in the amide proton region. The slower translational diffusion coefficient of 
ECSITCTD measured in the presence of ACAD9 is also consistent with ECSITCTD being part of an object larger than a single dimer (i.e. > 40 kDa in size). F. Enhanced 
trypsin resistance of ACAD9 in the presence of ECSITCTD. ACAD9 subjected to trypsin digestion in the absence of ECSITCTD shows a 45 kDa proteolytic fragment. 
In contrast, ACAD9 is protected from proteolysis in the presence of ECSITCTD, further confirming the formation of a stable complex between ACAD9 and ECSITCTD. 
All proteolytic fragments are resolved by SDS-PAGE. G. Selected cryo-EM 2D class averages of the ACAD9-ECSITCTD complex reveal a compact rectangular core 
with visible secondary structural features. Diffuse densities at defined locations on the ACAD9 core are indicated with arrowheads. Scale bar = 50 Å. H. Top and 
side views of the 15 Å resolution cryo-EM envelope of the ACAD9-ECSITCTD complex displayed at low thresholds. The VLCAD-based homology model of ACAD9 
is fitted in the density, with dehydrogenase domains and the C-terminal linker and vestigial domains shown in blue and gold respectively. Scale bar = 50 Å. 
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ECSIT recognises the vestigial dehydrogenase domain of 
ACAD9 
ACAD9 comprises an N-terminal dehydrogenase domain and 
a C-terminal region, which, based on homology with VLCAD, 
includes: (i) a solvent exposed linker (residues 445-482) 
showing low sequence conservation with VLCAD; (ii) a 
vestigial domain (residues 493-587) that appears to have 
arisen by duplication of the N-terminal domain but which has 
lost its catalytic activity[14, 33]; (iii) a C-terminal helix that 
stabilizes the homodimer (residues 588-621) (Fig. S9A). 
Previous studies postulated that the solvent exposed linker 
was responsible for the ability of ACAD9, but not VLCAD, to 
participate in Cl assembly[14, 34], raising the possibility that this 
region might interact with ECSIT. Interestingly however, the 
densities tentatively attributed to ECSITCTD in our cryo-EM map 
protrude from a different region of ACAD9 (Fig. 2H) formed by 
two structural elements within the vestigial dehydrogenase 
domain: a helix-turn-helix (residues 554-560) and a loop 
(residues 488-496)[14] (Fig. S9, regions 1 and 2 respectively). 
Interestingly, both regions are highly conserved across ACAD9 
orthologues and, independently, across VLCAD orthologues 
but are highly divergent between these two proteins (Fig. 
S9B).  
In order to test whether the helical stretch of ACAD9 (residues 
445-482) located nearby the vestigial domain in the homology 
model (Fig. S9A, highlighted in grey) is also important for 
binding ECSIT[14], we designed and purified a chimeric protein, 
hereafter named ACAD9VLCAD, by replacing this stretch by the 
equivalent region of VLCAD (Fig. S10A). SEC-SAXS analysis 
showed that the global conformation of ACAD9VLCAD is similar 
to ACAD9 (Table S1). However, the chimera is still able to co-
elute with ECSITCTD (Fig. S10C), in contrast to VLCAD (Fig. 
S11C), confirming that the identity of the residues within this 
region is not required for the interaction with ECSIT (Fig. S9A)  
 
ECSIT induces the deflavination of ACAD9  
To verify whether ECSITCTD affects the enzymatic activity of 
ACAD9, we analysed the acyl-CoA dehydrogenase activity of 
ACAD9 alone and in complex with ECSITCTD. While purified 
homodimeric ACAD9 bound the FAD cofactor as expected[35] 
(Fig. S12), its acyl-CoA dehydrogenase activity was heavily 
impaired when bound to ECSITCTD (Fig. 3A). In contrast, the 
acyl-CoA activity of VLCAD was not significantly altered in the 
presence of ECSITCTD, further confirming that ECSIT 
specifically interacts with ACAD9 (Fig. S11A, B). Intriguingly, 
chimeric ACAD9VLCAD showed a perturbed FAD oxidation state 
that correlates with a reduced enzymatic activity (Fig. S10A, 
B), suggesting that one or more specific residues within the 
helical region are important for catalytic efficiency. 
We then investigated the redox state of the FAD cofactor 
bound to the catalytic pocket of ACAD9, which typically shows 
a strong yellow colour when oxidized (Fig. 3B). Strikingly, the 
yellow colour was not observed during co-purification of 
ACAD9 with ECSITCTD (Fig. 3B). Subsequent quantification of 
FAD content by UV spectroscopy and liquid chromatography/ 
electrospray ionization (LC/ESI) MS measurements revealed 
the complete absence of FAD in ACAD9-ECSITCTD (Fig. 3C). 
In addition, complex reconstitution by co-incubating the 
purified proteins showed that FAD is actively released when 

ECSITCTD is added to ACAD9 (Fig. 3D). Furthermore, 
ECSITCTD prevents the reuptake of FAD by ACAD9 (Fig. 3A), 
indicating that ECSIT binding inhibits the reflavination of 
ACAD9. Finally, to obtain structural evidence for the 
unoccupied state of the FAD binding site, we refined the 
ACAD9-ECSITCTD cryo-EM reconstruction using a tight mask 
around the compact ACAD9 dimeric core to mitigate the 
contribution from the disordered ECSITCTD (Fig. S7). The 
resulting cryo-EM map at 7.8 Å resolution displayed clear 
secondary structural features consistent with the VLCAD-
based homology model, thus validating this procedure (Fig. 
3E). Moreover, the resulting map revealed that the FAD 
binding site is clearly empty in the ECSIT-bound state (Fig. 
3F), in contrast to other cryo-EM reconstructions of 
flavoproteins at similar resolution[36, 37] and to the crystal 
structure of FAD-bound VLCAD (PDB ID:3B96[34]) filtered to 
the resolution of our cryo-EM map (Fig. S13), corroborating the 
role of ECSIT in promoting ACAD9 deflavination and thereby, 
its loss of enzymatic activity. 

Discussion 

The mitochondrial Complex I assembly complex (MCIA) is 
required for the biogenesis of Complex I and is therefore 
crucial for the activation of the OXPHOS system[11]. FAO and 
OXPHOS are key pathways involved in cellular energetics[1]. 
Despite their functional relationship, evidence for a physical 
interaction between the two pathways is sparse[38]. 
Understanding how FAO and OXPHOS proteins interact and 
how defects in these two metabolic pathways contribute to 
mitochondrial disease pathogenesis is thus of potential 
importance for the development of new tailored therapeutic 
strategies. Here, we provide evidence that ECSIT, a protein 
involved in cytoplasmic and nuclear signalling pathways, acts 
as the central organising component of the MCIA complex (Fig. 
4). The modular nature of ECSIT, which is organised into N- 
and C-terminal binding domains, enables recruitment of its 
MCIA partners NDUFAF1 and ACAD9 using independent 
interaction interfaces. We show that the C-terminal region of 
ECSIT is largely disordered but forms a stable dimer and binds 
ACAD9 in the region of the latter’s vestigial dehydrogenase 
domain. Strikingly, interaction with ECSIT induces ACAD9 to 
eject its FAD cofactor from the catalytic site. Our cryo-EM 
analysis shows that ECSIT binds far from the ACAD9 FAD 
binding site. Therefore, the deflavination of ACAD9 
presumably occurs via an allosteric mechanism, triggering the 
shutdown of dehydrogenase activity. Furthermore, this 
interaction prevents ACAD9 from reassociating with FAD and 
resuming its catalytic activity. Thus, upon binding to ACAD9, 
ECSIT actively antagonizes the FAO pathway and redirects 
ACAD9 to function as a CI assembly factor. A similar 
phenomenon recently reported for ETF dehydrogenase 
holoenzyme, whereby the binding of the ETF regulatory protein 
LYRM5 induces the efficient removal of FAD[39], suggests that 
this negative regulatory mechanism may apply to diverse 
electron transfer flavoproteins.
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Figure 3. ECSIT induces the deflavination of ACAD9. A. Acyl-CoA dehydrogenase (ACAD) activity of ACAD9 (in green) and the ACAD9-ECSITCTD complex 
either in absence (red) or in presence (blue) of externally supplied FAD as determined by an ETF fluorescence reduction assay. After addition of the ACAD specific 
substrate palmitoyl-CoA (C16:0), there is a clear loss of ETF fluorescence in ACAD9 alone but not in complex with ECSITCTD, over 120 s of reaction measurement. 
The addition of an excess of FAD to the reaction mixture containing the ACAD9-ECSITCTD complex fails to rescue catalytic activity. B. UV visible spectra (FAD 
absorption region only) of free FAD (black), ACAD9 (magenta) and ACAD9-ECSITCTD (blue dotted line) in the FAD absorption region. The inset shows the coloured 
appearance of the different samples. C. ESI MS spectra recorded in the 780-790 m/z region showing free FAD standard as control (in black, observed m/z 786.17 
Da), FAD released from ACAD9 (in magenta, observed m/z 786.16 Da) and absence of FAD signal in the ACAD9-ECSITCTD complex (in blue). D. Release of FAD 
from the ACAD9 catalytic pocket upon reconstitution of the ACAD9-ECSITCTD complex. Chromatographic elution profiles of the ACAD9-ECSITCTD complex 
reconstituted upon mixing ACAD9 and ECSITCTD. A UV280nm peak at 21 mL (blue line, arrow) is visible, in contrast to the chromatography profile of the co-purified 
complex with a single elution peak (green). The higher absorbance at UV260nm (red line) suggests that it corresponds to the FAD released from the reconstituted 
complex. Inset, UV visible spectra of the peak contents confirming the presence of FAD. E. Slices through the top (left) and side (right) views of the cryo-EM 
reconstruction of the ACAD9-ECSITCTD complex core. Consistent with its 7.8 Å resolution, the cryo-EM map shows clear features corresponding to α-helices. The 
VLCAD-based homology model of ACAD9 is fitted into the cryo-EM map as a rigid body, which explains slight discrepancies between the map and the model, while 
highlighting their overall good agreement that reflects structural conservation between VLCAD and ACAD9. The dehydrogenase domains and the C-terminal linker 
and vestigial domains are shown in blue and gold respectively. F. The cryo-EM map is shown in the same orientations as in E but as an isosurface in order to better 
illustrate the lack of bound FAD (binding sites in the VLCAD-based homology model are indicated in red). Scale bar = 50 Å. A close-up view is shown in Fig. S13. 

 
 
That our structural and biophysical analysis reveals that 
ECSIT stabilizes the ACAD9 homodimer through the vestigial 
dehydrogenase domain in the absence of FAD, suggests that 
this domain was co-opted for protein interaction and may have 
evolved as a module for OXPHOS-related functionality. In 
contrast, the solvent exposed region previously thought to 
mediate ACAD9-ECSIT interactions is likely implicated in the 
catalytic function. Interestingly, however, this region connects 
the catalytic domain that binds FAD with the vestigial domain 
that binds ECSIT and might therefore participate in 
transmitting the allosteric signal from one binding site to the 
other or, as previously proposed, facilitate the association of 
ACAD9 with other MCIA membrane associated factors in the 
inner mitochondrial membrane[10, 11, 15, 17, 27, 35]. This could 

explain why we observe a perturbed oxidation state of FAD 
when we swapped the residues in the chimera while the 
binding to ECSIT is maintained. 
We previously showed that ECSIT interacts with enzymes 
producing Aβ (e.g. presenilin 2 and apolipoprotein E) and 
might be involved in AD pathogenesis[31]. Recent studies have 
shown decreased levels of ECSIT in AD patient brains, with 
increased ROS and defective mitochondria[40]. Our results 
suggest that a potential sequestering of ECSIT by Aβ 
enzymes would thus compromise both the assembly of CI and 
also the regulation of FAO, a reprogramming of pathways that 
could lead to altered metabolism in brain mitochondria and 
ultimately to neurodegeneration[41].

Conclusion 

The work presented here reveals a unique role for ECSIT as 
an assembly and regulatory component of the MCIA complex. 
Here, ECSIT would direct the core MCIA complex to the inner 
mitochondrial membrane via ACAD9 to allow the formation of 
the MCIA holocomplex and would subsequently stabilise a CI 
intermediate module by its interaction with NDUFAF1[11] (Fig. 
4). Furthermore, we suggest that the ECSIT-mediated 
regulation of the dual functions of ACAD9 permits crosstalk 
between the FAO and OXPHOS pathways that contributes to 
the coordination of the pathways to ensure efficient energy 
production. On the one hand, the formation of the MCIA 
complex facilitates the assembly of membrane intermediates 
as part of CI biogenesis, while on the other, the release of FAD 
makes ACAD9 quiescent in the initiation of the β-oxidation of 
fatty acids (Fig. 4). More generally, this work enhances our 
understanding of the control and regulation mechanisms 
responsible for mitochondrial energy metabolism and should 
foster future studies into the pathogenesis of diseases 
entailing OXPHOS and FAO deficiencies. Considering that 
dimeric ACAD9 is unstable without FAD (Fig. S12)[27] and a 
multifunctional FAO complex is intimately associated with 
OXPHOS supercomplexes or respirasomes[2, 42], deflavination 

might be an efficient metabolic switch at the crossroads of 
assembly and activation of these superstructures[43]. More 
generally, our work suggests that ECSIT may play the role of 
a molecular link in bioenergetics and therefore a potential 
biomarker for mitochondria-targeted diagnostics, particularly 
for diseases entailing OXPHOS and FAO deficiencies like AD. 

Experimental Section 

The experimental details and additional figures and tables can 
be found in the supplementary information. 
 
Data and materials availability: All data are available in the 
manuscript or in the supplementary information. SAXS data 
were deposited into SASBDB data bank (IDs: SASDHU4; 
SASDHV4; SASDHW4; SASDHX4; SASDHY4 and 
SASDHZ4). The cryo-EM map of the ACAD9 core of the 
ACAD9-ECSITCTD complex has been deposited to the EMDB 
with the following accession code: EMD-12055.  
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Figure 4. Proposed model of how deflavination of ACAD9 by ECSIT permits the coordinated regulation of the FAO and OXPHOS pathways. Clockwise 
from lower left. In the absence of ECSIT, ACAD9 acts as an acyl-CoA dehydrogenase enzyme in the first step of the fatty acid β-oxidation (FAO) pathway. To exert 
this function, ACAD9 needs the insertion of FAD prosthetic group into the catalytic pocket. Then, dehydrogenation of the acyl-CoA substrate into an enoyl-CoA 
intermediate metabolite is concomitant with the reduction of the FAD into FADH2 (solid blue lines). This allows the transfer of electrons to the FAD bound to electron 
transfer flavoprotein (ETF) and subsequently to the ETF-ubiquinone oxireductase (ETF-QO), ultimately allowing the electrons to reach the ubiquinone (UQ) pool in 
the respiratory chain (dashed blue lines). Lower left to lower right. ECSIT binding induces the ejection of FAD from ACAD9 and also inhibits the FAD reuptake step 
(dashed red lines), shutting down its dehydrogenase activity. This antagonizes the function of ACAD9 in FAO and results in its redeployment as a CI assembly 
factor. In parallel, the ability of ECSIT to recruit NDUFAF1 (dashed red line) allows formation of the entire MCIA holocomplex with the other membrane components 
TIMMDC1, TMEM186, TMEM126B and COA1. The latter is required for the assembly of a functional CI and subsequently for the activation of the respiratory chain 
as part of the OXPHOS system, implying the pumping of a proton gradient (H+, grey dashed lines) across the mitochondrial inner membrane that ultimately drives 
the generation of ATP (green dashed lines). For sake of clarity, only the binding of NDUFAF1-ECSIT to one of the ACAD9 monomers is shown. 
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Fatty acid oxidation (FAO) and oxidative phosphorylation (OXPHOS) are key mitochondrial pathways for cellular 
energetics. However, the crosstalk between them is unclear. Here we show that the molecular architecture of the 
mitochondrial Complex I assembly (MCIA) complex, required for Complex I biogenesis and thereby for activation 
of OXPHOS, implies an allosteric deflavination mechanism that shutdowns FAO. 
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