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SUMMARY

Apoptosis-inducing factor 1 (AIFM1) is a flavoprotein essential for mitochondrial function and biogenesis. Its

interaction with MIA40/CHCHD4, the central component of the mitochondrial disulfide relay, accounts for

some, but not all, aspects of AIFM1 function. We provide a high-confidence AIFM1 interactome that eluci-

dates functional partners within themitochondrial intermembrane space.We found that AIFM1 binding to ad-

enylate kinase 2 (AK2), an essential enzyme that maintains cellular adenine nucleotide pools, depends on the

AK2 C-terminal domain. High-resolution cryoelectron microscopy (cryo-EM) and biochemical analyses

showed that both MIA40 and AK2A bind the AIFM1 C-terminal β-sheet domain. Their binding enhances

NADH oxidoreductase activity by locking an active dimer conformation and, in the case of MIA40, affecting

the cofactor-binding site. The AIFM1-AK2A interaction is important duringmitochondrial respiration because

AIFM1 serves as a recruiting hub within the IMS, regulating mitochondrial bioenergetic output by creating

hotspots of metabolic enzymes.

INTRODUCTION

Apoptosis-inducing factor mitochondrial 1 (AIFM1) is a NADH-

binding flavin adenine dinucleotide (FAD)-dependent oxidore-

ductase in the mitochondrial intermembrane space (IMS). It

plays key roles in mitochondrial function, respiratory chain

maintenance, redox control, and non-caspase-dependent

cell death.1–5 Disease-causing AIFM1 mutations in humans

and AIFM1 knockdown or knockout (KO) in mice impair mito-

chondrial bioenergetics, causing neurological disorders,

muscle atrophy, and cardiomyopathy.4,6–11 AIFM1 contributes

to the biogenesis of the respiratory chain complex,10–15 partly

through interacting with the mitochondrial disulfide relay sys-

tem.3,4,16–21 It facilitates the import and the activity of MIA40

(also CHCHD4), a key factor for mitochondrial protein import

and folding.13–15,22–24 AIFM1 loss alters MIA40-dependent ox-

idative folding, while MIA40 overexpression can partially

compensate.13–15

AIFM1 senses IMS NADH levels. Its oxidoreductase activity is

facilitated by two Rossman fold FAD- and NADH-binding do-

mains (Figure 1A).25 Upon NADH binding, an air-stable FADH2-

NAD+ charge-transfer complex (CTC) forms,26–28 inducing

AIFM1 dimerization and the release of a C-terminal regulatory

segment termed C-loop.26,29–31 The NAD-binding residues

H454 and F310 of AIFM1 re-arrange to allosterically transmit

NADH-dependent structural changes to the AIFM1 dimerization

interface, promoting dimerization. The concurrent re-arrange-

ment of aromatic side chains to form an ‘‘aromatic tunnel’’ trans-

mits structural changes to the C-terminal domain. Ultimately, the

‘‘β-hairpin’’ releases the C-loop to open a binding site of electron

acceptors and a second NADHmolecule.29,31NADH levels in the

IMS under non-stress conditions have been suggested to drive

2550 Molecular Cell 85, 2550–2566, July 3, 2025 © 2025 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

ll
OPEN ACCESS





AIFM1 dimerization, whereas NADH deficiency, e.g., during star-

vation, may favor monomeric AIFM1.1,15,30

AIFM1 dimerization is required for MIA40 import and binding

and is thus critical for MIA40 function.13,15,23,32 The unstructured

N-terminal region of MIA40 mediates the interaction with

AIFM1.13,15 A recent crystal structure revealed the interaction

of aMIA40 β-hairpin (amino acids, aa 3–15) with the AIFM1C-ter-

minal region (aa 491–510 and 562–611) by parallel β-strand com-

plementation.32 These results suggest that C-loop displacement

is required to establish the MIA40-binding site.

Given the pleiotropic effects of pathogenic AIFM1 mutations

on oxidative phosphorylation (OXPHOS),1,4,20,33 we reasoned

that AIFM1 deficiency may cause metabolic phenotypes by

impacting other binding partners. Here, we provide a high-

confidence AIFM1 interactome that identified adenylate kin-

ase 2 isoform A (AK2A) and mitochondrial contact site and

cristae organizing system (MICOS) complex components.

Although MICOS establishes and maintains mitochondrial

morphology, AK2 controls the adenine nucleotide balance in

the IMS, which is essential for mitochondrial ADP/ATP carrier

function (SLC25A4-A6).34–37 In organs with high energy de-

mand such as the heart, AK2 accounts for almost half of the

cellular AK activity, emphasizing its critical role in respira-

tion.38,39 AK2 loss leads to impaired mitochondrial func-

tion,40,41 hampers induction of the endoplasmic reticulum un-

folded protein response,40 and sensitizes cells to induction of

apoptosis.42–44 AK2 KO in mice is embryonic lethal (E7.5),45

whereas human patients suffer from an autosomal recessive

form of severe combined immunodeficiency named reticular

dysgenesis.46,47

Single-particle cryoelectron microscopy (cryo-EM) revealed

that MIA40 and AK2A bind the same site in AIFM1, enhancing

dimer stability and NADH oxidase activity of AIFM1 at physio-

logical NADH concentrations. The AIFM1-AK2A interaction

likely supports metabolic adaptation from fermentative to respi-

ratory carbon sources by positioning AK2A near ADP/ATP

carriers.

RESULTS

AK2 and MICOS components are AIFM1 interaction

partners

We employed complementary approaches to obtain a high-con-

fidence interactome of AIFM1 (Figure 1B). First, we performed na-

tive immunoprecipitation (IP) fromHEK293 cells stably expressing

C-terminally HA-tagged AIFM1, followed by quantitative label-

free proteomic analysis. We performed three independent experi-

ments with four biological replicates each and identified 66 pro-

teins with IMS localization or domains facing the IMS as potential

interaction partners of AIFM1 (Figures 1B, 1C, and S1A). We then

employed a similar but SILAC (stable isotope labeling with aa in

cell culture)-based approach, which allows quantification of pro-

tein enrichment (Figures 1B, 1D, and S1B), and identified 27 po-

tential interaction partners of AIFM1. We complemented these

analyses by an unbiased in vitro protein-protein profiling usingmi-

crochips containing purified recombinant human proteins and in-

cubated them with purified AIFM1 (soluble AIFM1 lacking the

transmembrane domain25). Antibody detection of AIFM1 revealed

three proteins that fulfilled our stringent selection criteria for a po-

tential interaction with AIFM1 (Figures 1B, 1E, and S1C).

By integrating these datasets, we retrieved MIA40, AK2, and

MICOS components (MIC27 in all three, MIC19 and MIC60 in

two approaches) as common AIFM1 interactors. MIA40 was pre-

viously identified to interact with AIFM1.13–15,22 We verified inter-

action partners by IP of AIFM1-HA (Figure 1F) and endogenous

AIFM1 (Figure 1G). Reciprocal myc-AK2 andmyc-MIC27 IPs con-

firmed their interaction (Figure 1H). Together with the identifica-

tion of AK2 andMICOS components as AIFM1 interactors, we es-

tablished a possible link to energy metabolism and the formation

and maintenance of mitochondrial morphology (Figure 1I).

The C-terminal region in the isoform AK2A is important

for AIFM1 interaction

In gel filtration experiments, we found almost all cellular AIFM1

as well as MIA40 in complexes with an apparent molecular

Figure 1. A high-confidence interactome of AIFM1 reveals AK2 and MICOS components as interaction partners

(A) Domain layout of AIFM1. The two Rossman folds for FAD and NADH binding encompass aa 129–170, 203–261, and 403–479, and 171–202 and 265–399,

respectively. The C-loop includes aa 509–559 and the β-hairpin aa 190–202.

(B) Approaches to determine a high-confidence AIFM1 interactome. Three approaches were employed: native immunoprecipitation (IP) of AIFM1-HA followed by

label-free proteomics, a SILAC-labeling-based approach, and a native protein-protein profiling microarray approach.

(C) Interaction partners of AIFM1-HA from native label-free co-immunoprecipitation (coIP) experiments. The experiment was reproduced three times with 4

biological replicates rendering the results as indicative for 12 coIP experiments. Fold enrichment in the AIFM1-HA IP was plotted for significant hits of the ex-

perimental repeats. A hit is significantly enriched in all three experimental repeats and localizes to mitochondrial inner (IMM) membranes, outer (OMM) mem-

branes, or IMS. N = 12 biological replicates, an unpaired one-sample two-sided Student’s t test was applied (p < 0.2, log2 enrichment > 3).

(D) Interaction partners of AIFM1-HA from native SILAC-based coIP experiments. The experiment was reproduced with inverted isotope labeling. Proteins were

counted as hits if at least two peptides per protein were enriched more than 2-fold and the proteins have a localization in the IMS, IMM, or OMM. N = 2 biological

replicates.

(E) Identification of AIFM1 interaction partners by protein-protein microarray (Data S1). 12 putative AIFM1-interacting partners localizing to IMM, OMM, and IMS

were detected; 3 of them were common candidates in at least three out of four replicates. N = 4 biological replicates (2 with 50 and 2 with 100 ng/μl).

(F) Test for interaction with identified hits by AIFM1-HA-IP. Immunoblot analyses were performed against AK2, MIA40, and HA, and, as a non-interacting control,

the IMS protein CPOX. PonS, ponceau staining; asterisk, antibody chains.

(G) Test for interaction with identified hits by IP of endogenous AIFM1. Immunoblot analyses were performed against AK2, MIC27, MIA40, and AIFM1. Asterisk,

antibody chains.

(H) IP of myc-tagged AK2 and MIC27 to test for interaction with AIFM1. HEK293 cells were transiently transfected with plasmids expressing myc-AK2 or myc-

MIC27. Cells were lysed under native conditions, and myc-AK2 and myc-MIC27 were precipitated using myc-antibody beads. Immunoblot analyses were

performed against AK2, MIC27, and AIFM1. Asterisk, antibody chains.

(I) MICOS subunits and AK2 are confirmed high-confidence interaction partners of AIFM1, linking AIFM1 to cellular metabolism and mitochondrial morphology.

ll
OPEN ACCESS Article

2552 Molecular Cell 85, 2550–2566, July 3, 2025



D translated H.s. AK2 isoforms

I-V VI
3' UTR

STOP

I-V VI
3' UTR

STOP

VIII
AK2 isoform B

AK2 isoform A

complex 
fractions

monomer
fractions

loa
d MW separationloa

d

[kDa]

66
35

35
66

MW separation

complex 
fractions

monomer
fractions

AIFM1
+ AK2A

AIFM1
+ AK2B

presence of NADH absence of NADH

-0.4

-0.3

-0.2

-0.1

0.0
0 50

time in min

-12.0

-8.0

-4.0

0.0
0 0.25 0.5 0.75 1.0

molar ratio

-1
kc

al
 m

ol
 o

f i
nj

ec
ta

nt
   

  µ
ca

l/s

AIFM1 
+ AK2A

K  = 437 nMd

n = 0.46

0
time in min

0 0.25 0.5 0.75 1.0
molar ratio

AIFM1 
+ AK2B

K  = n. d.d

n = n. d.

G in vitro reconstitution

H isothermal titration calorimetry

F complex reconstitution in intact cells 

A

B

CKDLVMFI*

S*
232 aa

239 aa

C

CCC

CC

10 20 30 40 5010 20 30 40

232 237

bi
ts

4
3
2
1

7 10 IMMS

K

A

C
V

P

D

K
R
S

R

M

E

Q
I

G

D

Q
E
K

E

A

DKR
V

L

K

I
L

F

E

I
V

L

D

F
T

H

A
V

4 15

C

N

DRIIF
CRQE

DLVM

conserved C-terminusconserved N-terminus

MIA40

AK2A

I model

1 
% MW separationco
nt

ro
l

1 2 3 4 5 6
Western Blot

7 8 9 101112131415

75

20
AIFM1
MIA40

[kDa]

HEK293
WT

670 158 44 17 [kDa]
A AIFM1-MIA40 complex 

Proteomics

B complex proteome 

E

AK2

75

75
ctr

l
loa

d
co

mple
x

mon
om

er

[kDa]

AIFM1

1 2 3 4
Western Blot

[%]- 1 7 7

75
mock

mock

AK2A

AK2A

AK2B

AK2B

AK225

TCE

1 2 3
Western Blot

[%]20 20

complex

moc
k
AK2A

AK2B

20
AIFM175

[kDa]

HEK293
AK2 KO

25
25

[%]- 1 7 3

25

AIFM1-AK2 complexC

1 
% MW separationco
nt

ro
l

1 2 3 4 5 6
Western Blot

7 8 9 101112131415

75

25

AIFM1
AK2

75

25

AIFM1
AK2

75

25 AK2
[kDa]

HEK293T
WT

HEK293T
AIFM1 KO

+ mock
HEK293T

AIFM1 KO
+ AIFM1-HA

670 158 44 17 [kDa]

transcript protein

complex 
fractions

monomer
fractions

75

20
AIFM1
MIA40

HEK293
AIFM1 KO

+ mock

Coomassie

C40 C42 C92 C232

1 2 3 4 5 6
Western Blot

7

AK2
37

25

mmPEG24
ctr

l
tot

al
tot

al complex monomer

[kDa]

37

25

AK2A
AK2B
unmod.

same panel
with markings

Coomassie

AIFM1

AK2

0

1

2

3

4

5

6
7

-7 -4 -1
log  ratio AIFM1 KO vs WT, [n=4] 2

-lo
g

 p
-v

al
ue

10

p<0.05, f.c. >8

MIA40
UQCRB

COX7B
enriched in

AIFM1 complexes

(legend on next page)

ll
OPEN ACCESSArticle

Molecular Cell 85, 2550–2566, July 3, 2025 2553



weight (MW) between 100 and 200 kDa (Figure 2A, Salscheider

et al.15). Deletion of AIFM1 resulted in a shift of MIA40 to lower

MW fractions (Figure 2A, Salscheider et al.15). Because we ex-

pected a similar MW shift for other AIFM1-interacting partners,

we subjected the highMWAIFM1 complex fractions to proteomic

analysis (Figure 2A). AIFM1, MIA40, UQCRB, COX7B, and AK2

were detected in the AIFM1 complex fractions in the wild-type

(WT) but not the AIFM1 KO cell lysates (Figure 2B). Importantly,

this complementary approach supports a stable AIFM1-AK2

complex that persists during gel filtration. We further confirmed

this complex in WT, AIFM1 KO, and AIFM1 KO cells comple-

mented with AIFM1-HA using gel filtration and immunoblotting

(Figures 2C and S2A). This complex persists upon cycloheximide

treatment for 4 h, indicating that it is stable and long-lived, similar

to the AIFM1-MIA40 complex (Figure S2B).

Of note, gel filtration is unsuitable for investigating MICOS-

AIFM1 interactions because the >700 kDa MW of a mature

MICOS-AIFM1 complex would prevent the detection of the rela-

tively small shift upon loss of AIFM1. Given the impact of AIFM1

deletion on cellular metabolism and the robust identification of

AK2 as an AIFM1 interaction partner, we performed a detailed

mechanistic analysis of the AIFM1-AK2 interaction.

AK2 isoforms AK2A and AK2B differ only in their C-terminal

residues. Although AK2A is 239 aa in length, AK2B ends at

S232 (Figure 2D). The enzymatically active domains do not differ

and, consequently, the purified proteins have similar activities

(Figure S3). To experimentally distinguish AK2 isoforms, we

made use of a cysteine in AK2A (C232) that is absent in AK2B

and performed a thiol shift assay of the endogenous AK2 comi-

grating with AIFM1 during gel filtration. The covalent attachment

of the maleimide mmPEG24 to free cysteines is detectable as a

shift on SDS-PAGE.We detected only AK2A in the highMW frac-

tions upon gel filtration (Figure 2E). Accordingly, in AK2 KO cells

expressing AK2A or AK2B, only AK2A, but not AK2B, interacted

with AIFM1, as demonstrated by gel filtration (Figure 2F).

We next tested the direct interaction between AIFM1 and AK2

isoforms in vitro using recombinant purified AK2A and B and

AIFM1 (Figures S3 and S4). Gel filtration showed a NADH-de-

pendent comigration of AK2A, but not AK2B, with AIFM1, sug-

gesting an NADH- and dimerization-dependent interaction sim-

ilar to AIFM1-MIA4013,15,32,48 (Figure 2G and S4). We assessed

binding between purified AK2 and AIFM1 using isothermal calo-

rimetry (ITC), confirming that only AK2A interacts with AIFM1

(Figure 2H), showing a Kd of 437 nM and a binding stoichiometry

of 0.46, indicative of one AK2A and two AIFM1 molecules per

complex. The binding is slightly weaker compared with MIA40

(Kd = 180 nM) but adhered to the same stoichiometry.15 Collec-

tively, our findings show that AK2A interacts with AIFM1 and that

the last seven aa, forming a conserved region among AK2A ho-

mologs, mediate this interaction (conserved are, in particular,

K233, D234, V236, and F238; Figure 2I).

Structures of the AIFM1-AK2A and AIFM1-MIA40

complexes reveal a shared binding site

Wesolved three structures of human soluble AIFM1 (aa 103–613)

by cryo-EM: the dimer (1) without interactors (termed ‘‘AIFM1

dimer’’), (2) bound to AK2A, or (3) to MIA40 (Figure S5). We ob-

tained reconstructions for the AIFM1 dimer and AIFM1-AK2A

and AIFM-MIA40 complexes at global resolutions of 2.8, 2.6,

and 2.4 Å, respectively (Figures S6–S9; Table 1). We built atomic

Figure 2. Using its conserved C terminus, the isoform AK2A forms a stable complex with the AIFM1 dimer

(A) Proteomic analysis after complex separation by gel filtration, assessing proteins depleted of the AIFM1-MIA40 complex fractions in AIFM1 KO cells. En-

dogenous AIFM1 and endogenous MIA40 migrated in a complex with a size of around 150 kDa (as judged by comparison to protein markers: thyroglobulin,

670 kDa; γ-globulin, 158 kDa; ovalbumin, 44 kDa; and myoglobulin, 17 kDa). Absence of AIFM1 resulted in the migration of MIA40 at the height of monomeric

MIA40. Fractions of the complex region (light blue) were submitted to quantitative label-free proteomic analysis.

(B) Results of the gel-filtration-coupled proteomics experiment. As expected, MIA40 and AIFM1 are strongly depleted in AIFM1 KO cells at the height of the

complex. Applying stringent parameters (fold change > 8) results in the identification of three additional proteins that might potentially reside in the AIFM1-MIA40

complex, AK2, COX7B, and UQCRB. N = 4 biological replicates, an unpaired one-sample two-sided Student’s t test was applied (p < 0.05, fold change > 8).

(C) Gel filtration analysis ofWT, AIFM1 KO, and AIFM1 KO cells complemented with AIFM1-HAHEK293 cells. Themajority of the highly abundant AK2migrated at

its monomeric mass. About 5% of the protein was found reproducibly in the same fractions as the MIA40-AIFM1 complex (purple arrowhead). This higher

molecular weight fraction of AK2 disappeared upon loss of AIFM1 and reappeared after reintroduction of AIFM1-HA. For better representation, we often pooled in

subsequent experimentsmultiple samples that represented either the complex or themonomer into one common "complex" or "monomer" fraction, respectively.

(D) Human AK2 is present in multiple splice forms. Most prominent are AK2A and AK2B that, as proteins, only differ in the last 8 aa. The remainder of the proteins

contain the important sites for activity (P loop, lid, and NMP-binding domain) and also the structural disulfide bond. AK2B stops after 232 aa residues with S232,

whereas AK2A stops after 239 aa. Instead of S232, AK2A bears C232. This additional cysteine residue in AK2A (total of 4 cysteines) compared with AK2B

(3 cysteines) can aid in distinguishing these two very similar isoforms of the protein.

(E) Gel filtration assay of HEK293 cells coupled to thiol shift assay. Gel filtration fractions were subjected to thiol shift analysis and subsequently analyzed by SDS-

PAGE and immunoblotting. The treatment withmmPEG24modifies all 4 cysteines in AK2A and all 3 cysteines in AK2B. Themodification of one additional cysteine

in AK2A leads to slower migration of AK2A on SDS-PAGE. Themajority of cellular AK2 appears to be AK2B, but it is AK2A that comigrates with AIFM1 in the higher

MW complex. Complex and monomer fractions are presented.

(F) Gel filtration assay of HEK293 cells depleted of AK2 (AK2 knockout and AK2 KO) complemented with an empty vector (Mock), AK2A, or AK2B. Gel filtration

fractions of the region containing monomeric AK2 and the region containing AK2 in complex were separately pooled and analyzed by SDS-PAGE and im-

munoblotting. Only AK2A can be detected in the complex fraction.

(G) In vitro reconstitution of the AK2A-AIFM1 complex and analysis by gel filtration. Purified AIFM1 was incubated with purified AK2A or AK2B in the presence or

absence of NADH. Formation of a higher molecular weight (MW) complex of AIFM1 and AK2 is only detectable in the presence of NADH when AK2A is used.

Because NADH is required for dimerization of AIFM1, this implies that, as for the MIA40-AIFM1 complex, only the AIFM1 dimer can bind to AK2A.

(H) Isothermal titration calorimetry (ITC) analysis of AIFM1 together with AK2A or AK2B in the presence of NADH. AIFM1 and AK2A bind to each other with a Kd of

approximately 0.44 μM and stoichiometry between AIFM1 and AK2A of approximately 2 to 1. AK2B does not interact with AIFM1 in this experiment.

(I) The interaction sites in MIA40 and AK2A for their interaction with AIFM1. The interaction site in MIA40 spans roughly the first 15 aa and contains conserved

charged and aromatic aa. AK2A interacts with AIFM1 via the last 9 aa. Likewise, in this aa patch, conserved charged and aromatic/aliphatic aa are present.
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Table 1. Cryo-EM data collection and processing

AIFM1 dimer AIFM-AK2 AIFM1-MIA40

PDB 9GQY 9GR0 9GQZ

EMDB 51514 51516 51515

Data collection and processing

Microscope Titan Krios G4i Titan Krios G4i Titan Krios G3i

Voltage (keV) 300 300 300

Magnification 120,000 120,000 120,000

Pixel size at detector (Å/pixel) 0.46 0.58 0.654

Total electron exposure (e–/Å2) 50 50 50.82/50.57

Number of frames 468 468 48

Defocus range (μm) 0.7–1.7 0.7–1.7 0.6–2.6

Automation software EPU EPU EPU

Energy filter Selectris Selectris N/A

Micrographs collected (no.) 15,440 4,542 1,907/2,084

For each reconstruction

Final particles (no.) 227,866 307,496 291,656

Space group P1 P1 P1

Map sharpening B factor (Å2) 124.9 97.7 88.2

Resolution (global, Å)

FSC 0.5 (unmasked/masked) 3.1/2.91 2.87/2.72 2.98/2.68

FSC 0.143 (unmasked/masked) 2.79/2.75 2.6/2.56 2.37/2.34

FSC 0 (unmasked/masked) 2.76/2.72 2.57/2.54 2.34/2.30

Model composition

Chains 5 7 7

Atoms 7,068 (hydrogens: 0) 7,224 (hydrogens: 0) 7,336 (hydrogens: 0)

Residues protein: 887 nucleotide: 0 protein: 905 nucleotide: 0 protein: 915 nucleotide: 0

Water 12 24 17

Ligands FAD: 2; NAD: 2 FAD: 2; NAD: 2 FAD: 2; NAD: 2

Model refinement

Bonds (RMSD)

Length (Å) (# > 4σ) 0.005 (0) 0.003 (0) 0.002 (0)

Angles (◦) (# > 4σ) 0.591 (0) 0.527 (0) 0.499 (0)

MolProbity score 1.50 1.48 1.61

Ramachandran plot and validation

Clash score 4.39 4.30 6.35

Ramachandran plot (%)

Outliers 0.00 0.00 0.00

Allowed 4.10 3.92 3.88

Favored 95.90 96.08 96.12

Rama-Z (Ramachandran plot Z-score RMSD)

Whole (N = 893) −0.40 (0.28) −0.17 (0.28) 0.40 (0.28)

Helix (N = 247) 1.35 (0.35) 1.16 (0.35) 1.78 (0.34)

Sheet (N = 214) −0.33 (0.36) 0.63 (0.35) 0.09 (0.34)

Loop (N = 432) −1.00 (0.29) −1.30 (0.27) −0.42 (0.30)

Rotamer outliers (%) 0.28 0.00 0.00

Cβ outliers (%) NA NA NA

Peptide plane (%)

Cis proline/general 0.0/0.0 0.0/0.0 0.0/0.0

(Continued on next page)
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models of AIFM1 aa 128–611 (lacking aa 511–557 [AIFM1 dimer

or AIFM1-MIA40] or aa 511–549 [AIFM1-AK2A] due to flexibility),

as well as the interacting residues 232–239 of AK2A and 2–20 of

MIA40, into these maps. Despite using full-length AK2A and

MIA40, only these interacting parts were observed in our cryo-

EM reconstructions. High-resolution cryo-EM reconstructions

of both dimeric and complexed AIFM1 enabled a detailed anal-

ysis of the structural implications of MIA40 and AK2A binding

in solution.

AK2A and MIA40 bind the same β-sheet of the AIFM1 C-ter-

minal domain (aa 480–510 and 559–580) via parallel β-strand

complementation, adding one and two β-strands, respectively

(Figures 3A and 3B). In the crystal structures of the murine

and human AIFM1 dimers, aa 538–544 or 510–516, respec-

tively, occupied the same site.25,27,32 Unambiguous densities

corresponding to AK2A F238 or MIA40 F14 show the added

β-strands originating from these proteins rather than AIFM1

(Figures S10A and S10B). AK2A and MIA40 were unambigu-

ously built bound to both AIFM1 protomers, indicating that

two AK2A or MIA40 molecules can bind to one AIFM1 dimer

in solution. No reconstructions with only one binding site occu-

pied by either AK2A or MIA40 were obtained. MIA40 and AK2A

may stabilize the complex, resulting in an over-representation

of two MIA40 or AK2A molecules per AIFM1 dimer in the

best-resolved reconstructions.

Two sets of hydrophobic interactions stabilize AK2A and

MIA40 binding. On one side of the β-sheet, L235 and M237

of AK2A or I13 of MIA40 interact with V505 and V507 of

AIFM1. On the other side, a hydrophobic patch (AIFM1 Y347,

F508, and Y560) harbors V236 and F238 of AK2A or I12 and

F14 of MIA40 (Figure 3C). MIA40 Y3 stacks with F14 to stabilize

the second β-strand. In addition, conserved Lys and Asp resi-

dues of the complementing β-strand, i.e., AK2A K233/D234

and MIA40 K9/D10, form a possible hydrogen-bonding network

with S500, the backbone carbonyl of L502, and T504 side chain

of AIFM1 (Figure S10C). Although MIA40 adds two strands to

the AIFM1 β-sheet, AK2A adds only one but additionally binds

part of the C-loop (aa 550–558) that traverses the AK2A

β-strand, possibly forming hydrogen bonds between the back-

bone carbonyl of AIFM1 Q525 and the backbone amine of

AK2A V236 (Figure S10C). A similar C-loop conformation was

reported in a structure of a human AIFM1 dimer.29 Thus,

although the interaction site is identical for AK2A and MIA40,

other aspects of the interaction are divergent. This is also re-

flected by the differences in binding affinities of MIA40 and

AK2A toward AIFM1 (18015,48 vs. 437 nM [Figure 2H], respec-

tively) and agrees with in vitro and cellular competition experi-

ments showing replacement of AK2A from a preformed AIFM1-

AK2A complex by MIA40 but not vice versa (Figures 3D and

3E). Thus, when AIFM1 availability is limited, MIA40 may out-

compete AK2A for binding to AIFM1.

Structural changes in AIFM1 upon AK2A or MIA40

binding alter AIFM1 dimer stability and NADH oxidase

activity

We then assessed the structural variability between AIFM1 pro-

tomers within all complexes aligned to the N-terminal domain

near the dimer interface. The AIFM1 dimer and, in particular,

AIFM1-MIA40 show inter-protomer variability predominantly of

NAD binding and parts of the C-terminal domain, whereas little

displacement was seen when comparing AK2A-bound proto-

mers (Figure S11). Comparing the conformations of AIFM1 pro-

tomers between complexes, AIFM1-AK2A protomers closely re-

sembled AIFM1 dimer protomers (Figures S12A and S12B).

MIA40, however, induced up to 3 Å Cα RMSD (root-mean-

square deviation) variability compared with the AIFM1 dimer,

particularly of the NAD-binding domain, with the strongest dis-

placement of the α-helix contacting the C-terminal domain

(aa 345–359) (Figure S12C). The NAD-binding domain shifts to-

ward the N-terminal domain and dimer interface, also reflected

in the relative position of the NAD and FAD cofactors upon

MIA40 binding. However, in AIFM1-MIA40, the distance be-

tween the nicotinamide and isoalloxazine rings is reduced by ap-

prox. 0.2 Å. The position of the adenines differs by up to >2 Å

when comparing the AIFM1 dimer and the AIFM1-MIA40 com-

plex (Figure 4A). Thus, the tight interaction of MIA40 leads to a

compaction of AIFM1 that affects the active site via displace-

ment of the NAD-binding domain.

Table 1. Continued

AIFM1 dimer AIFM-AK2 AIFM1-MIA40

Twisted proline/general 0.0/0.0 0.0/0.0 0.0/0.0

CaBLAM outliers (%) 2.18 1.70 2.02

ADP (B-factors)

Iso/Aniso (#) 7,068/0 7,224/0 7,336/0

Protein (min/max/mean) 9.09/132.73/63.11 6.14/105.04/36.33 22.79/135.12/64.32

Nucleotide (min/max/mean) — — —

Ligand (min/max/mean) 18.37/80.80/37.07 8.74/40.20/21.01 31.78/68.66/46.21

Water (min/max/mean) 18.05/53.20/30.17 12.12/31.41/19.63 30.22/58.08/46.41

Occupancy

Mean 1.00 1.00 1.00

occ = 1 (%) 100.00 100.00 100.00

0 < occ < 1 (%) 0.00 0.00 0.00

occ > 1 (%) 0.00 0.00 0.00
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AIFM1 F310, E314, and K177 are key residues binding NAD

and FAD, in agreement with published structures of AIFM1

dimers.27,32 MIA40 binding propagates conformational changes

to the active site. Specifically, the α-helix containing E314 and

F310 (aa 310–326) moves closer to the cofactors by 0.2–0.6 Å

(Figures 4B and S13). The Cα distances between F310, E314,

and H454 to NAD, and between K177, E314, and the FAD isoal-

loxazine, are reduced in AIFM1-MIA40 as compared with the

AIFM1 dimer or AIFM1-AK2A (Figure 4B). E314 forms hydrogen

bonds with NAD and a salt bridge with K177, which then bonds

with the N5 atom of the FAD isoalloxazine ring (Figure S13D). De-

spite uncertainties in the side chain densities of K177 (probably

flexible) and E314 (degraded by beam-induced damage), our

AIFM1-MIA40 map suggests distinct conformations of E314

and K177 in the AIFM1 protomers of AIFM1-MIA40: one resem-

bles the AIFM1 dimer and AIFM1-AK2A structures, whereas the

other K177 side chain points away from the cofactors, releasing

interactions with E314 and the FAD isoalloxazine. The unclear

side chain density in this region indicates conformational varia-

bility, reducing local resolution. In one MIA40-bound protomer,

F310 and H454 show different conformations as compared

with the other AIFM1 protomers solved, which may affect cofac-

tor engagement.

Taken together, AK2A and MIA40 bind the same site but with

distinct binding modes and structural consequences. AK2A

adds one β-strand and binds part of the AIFM1 C-loop. AK2A

binding rigidifies the AIFM1 dimer, indicated by low inter-proto-

mer variability. MIA40 adds two β-strands and leads to a com-

paction of AIFM1, in particular the NAD-binding domain, leading

to a compacted active site and shorter distance between the nic-

otinamide of NAD and the isoalloxazine of FAD. Overall, MIA40

binding compacts the hydrogen-bonding network around the

cofactors, reducing the distance between FAD and NAD, which

may enhance charge transfer.

All our structures resemble reduced AIFM1, i.e., NAD+ bound

after CTC formation. Consequently, we observe the hallmark re-

orientation conformation of the ‘‘aromatic tunnel’’ side chains

(F310, Y347, W351, F482, Y492, F508, Y560, and W579) con-

necting the central cofactors and periphery of the C-terminal do-

main26 (Figures 4C and S14). Concurrently, a loop connecting

two C-terminal β-strands (aa 487–489) releases W198 of the

so-called β-clasp that is part of the regulatory β-hairpin (aa

190–202) (Figures 4C and S14B). Consequently, the C-loop is re-

leased, providing surface accessibility to the binding site of elec-

tron acceptors or a second NADH cofactor.29 We show that

AK2A and MIA40 extend the aromatic tunnel by one (AK2A

F238) or two (MIA40 F14, Y3) aromatic residues (Figures 3C,

4C, and S14B). Thereby, AK2A and MIA40 binding represent a

conformational lock of the NAD-bound conformation of the ‘‘ar-

omatic tunnel’’ and the released C-loop. Specifically, AK2A F238

and MIA40 F14 prevent re-arrangement of Y560 and, as a con-

sequence, W579 and Y492, to arrest the loop aa 487–489 in a

conformation that does not allow the stacking of P488 and

W196 that contributes to β-clasp and C-loop stabilization

(Figures 3C, 4C, and S14B).

We next assessed stability and redox properties of AIFM1-

AK2A and AIFM1-MIA40 complexes (Figure 4D). To this end,

we employed purifiedMIA40 or AK2A or derived AIFM1-interact-

ing peptides (Figure 4E). First, AK2A or MIA40 had a strong im-

pact on AIFM1 complex stability, in line with our structural obser-

vations (Figure 4F). Although NADH leads to rapid AIFM1

dimerization,15,48 dimers dissociated with a half-life (t1/2) of

∼4 h upon removal of excess NADH. Binding of purified AK2A

or MIA40 proteins or interacting peptides strongly stabilized

the complex (t1/2 > 7 h; Figure 4F), along with inhibited re-oxida-

tion of FADH2 (Figure 4G). MIA40 or AK2A peptides stabilized re-

duced FAD, albeit less than full-length proteins (Figure 4G).

AIFM1 redox properties were assessed in a 2,6-dichloropheno-

lindophenol (DCIP)-reduction assay26 (Figure 4H). Using AIFM1

alone, we observed efficient NADH oxidation with an apparent

KM and kcat toward NADH of 0.37 mM (H2O, solvent for MIA40

peptides)/0.23 mM (dimethyl sulfoxide, DMSO, solvent for AK2

peptides) and 0.50 s−1 (H2O) and 0.37 s−1 (DMSO), respectively

(Figure 4I). The MIA40 peptide decreased the apparent KM and

increased kcat (0.09 mM, 0.89 s−1), indicating increased AIFM1

redox activity even at physiological concentrations of NADH

(5–160 μM, total cytosolic NAD between 50 and 500 μM).49–53

A MIA40 peptide with the aromatic Y3 and F14 replaced by iso-

leucine failed to exert these effects, emphasizing the importance

of the stabilization of the aromatic tunnel conformation by

MIA40. AK2A peptides did not change the KM but increased

kcat (0.28 mM, 0.71 s−1), implying that AIFM1 activity was in-

creased by AK2A, albeit to a lesser extent than by MIA40. Again,

an F238L AK2A peptide did not increase kcat. AIFM1 did not

show activity against NADPH in the DCIP-reduction assay, and

neither AK2A nor MIA40 peptides increased this negligible activ-

ity, suggesting that NADH is the natural reductant employed by

AIFM1 (Figure S15B).26,29

Collectively, we show that MIA40 and AK2A binding

stabilized the AIFM1 complex and strongly increased

Figure 3. Atomic models of the AIFM1 dimer, AIFM1-AK2A, and the AIFM1-MIA40 complexes reveal binding interfaces

(A) Atomic model of the AIFM1 dimer (blue) bound to AK2A (purple). Of AK2A, high-resolution density accounting for aa 232–239 was obtained at both C-terminal

domains of the AIFM1 protomers. The remainder of AK2A was presumably flexible and therefore not reconstructed by single-particle cryo-EM at high resolution.

(B) AK2A (aa 232–239) (purple) and MIA40 (aa 2–20) (orange) bind to the AIFM1 C-terminal domain via parallel β-strand complementation. Gray: additional

β-strand of AIFM1 (aa 511–516) in the AIFM1 dimer in the absence of AK2A or MIA40. No densities that could correspond to other parts of AK2A andMIA40 could

be detected by cryo-EM nor by negative-stain EM (data not shown), suggesting that the rest of these interaction partners do not stably interact with AIFM1 under

the conditions used but remain largely flexible relative to AIMF1. Amino acids 580–612 of AIFM1 are omitted for clarity.

(C) Detailed view of residues stabilizing the interaction of AK2A and MIA40 with AIFM1.

(D) Overexpression of MIA40 in HEK293 cells replaces AK2A from the AIFM1-AK2A complex. Experiment was performed as described in Figure 2F with WT

HEK293 cells and cells overexpressing MIA40 (MIA40 OE). Purple arrowheads indicate that in MIA40 OE cells, AK2A is lost from the complex fraction.

(E) In vitro competition assay between AK2A andMIA40 for binding to AIFM1. Experiment was performed as described in Figure 2G, except that after pre-binding

of MIA40 to AIFM1, AK2A was added (upper panel) or vice versa (lower panel). Although AK2A is not able to bind to AIFM1 if MIA40 is already present, MIA40 can

bind to AIFM1 even if AK2A was pre-bound. Purple and orange arrowheads indicate the position of AK2A and MIA40, respectively, in the complex fraction.
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NADH-oxidation activity. Our structural analysis provides a

mechanistic explanation of these observations. Extension of

the ‘‘aromatic tunnel’’ stabilizes the dimer-competent and

C-loop-released conformation impacting both complex

stability and redox activity. Stabilization is also supported by

reduced inter-protomer variability (Figure S11) and a higher res-

olution of AIFM1-AK2A, with less data than for the AIFM1 dimer

under identical sample preparation and imaging conditions

(Figures S6 and S7). AK2A further restricts C-loop mobility by

tethering aa 550–558. MIA40 impacts the CTC and cofactor-

binding site, which could have an impact on the redox activity

of AIFM1.

AK2A is responsive to AIFM1 levels and complements

the AK2 KO during growth on a respiratory carbon

source

We sought to explore the biological importance of the AIFM1-

AK2A interaction. In HEK293 and other cells, the AIFM1-interact-

ing AK2A isoform is less abundant than AK2B (Figures 2E and

5A) and its levels seem to depend on AIFM1 (Figures 5B and

5C). We previously presented a MIA40-dependent mechanism

of AK2 import.54 Overall levels of AK2 were affected by loss of

MIA4054 but only very mildly by AIFM1 loss.15 Based on these

data, it seems that AK2A and AK2B are imported by the same

mechanism, although AK2A is less stable when not interacting

with AIFM1.

To address the physiological impact of AIFM1-AK2A binding,

we performed proliferation assays using AK2 KO cells comple-

mented with AK2A or AK2B. AK2 KO cells showed slightly im-

paired growth on glucose and upon transfer to galactose (galac-

tose shift, Figure 5D). Complementation with AK2A and AK2B

improved growth on glucose, albeit AK2B-complemented cells

showed slightly reduced growth compared with AK2A at lower

cell density. This effect was more pronounced upon galactose

shift, where AK2A but not AK2B fully complemented the AK2 KO.

We hypothesize that AIFM1 positions AK2A to provide proxim-

ity to mitochondrial inner membrane (IMM) translocases. To test

this, we compared the AIFM1-HA and SMACMTS-AIFM1(103–613)-

HA interactomes (Figure 5E). The latter AIFM1 variant is soluble

in the IMS, whereas AIFM1-HA remains IMMbound. Interactome

comparison revealed MICOS components, SLC25 carriers, and

ATP synthase subunits enriched for AIFM1-HA, whereas both

variants interacted with MIA40 and AK2A (Figure 5F).

In summary, AK2A is sufficient to fully complement AK2 KO

cells. Together with our structural and interactomic analyses,

we provide evidence that AIFM1 brings AK2 into proximity of

ADP/ATP carriers to facilitate the transport of adenine nucleoti-

des across the IMM, which might be particularly important dur-

ing shifts of carbon sources and the corresponding metabolic

changes.

DISCUSSION

Role of AIFM1 in IMS organization

AIFM1, initially linked to cell death, is now recognized for its pro-

survival role in complex I biogenesis.12 Several studies have re-

vealed its involvement in the mitochondrial disulfide relay by fa-

cilitating MIA40 import and activation.13–15,22,23 We discovered

AIFM1 interactors, including AK2A and MICOS complex subu-

nits. Focusing on AK2A, we found that AK2A, but not the more

abundant AK2B, is stabilized by AIFM1 binding via its last seven

aa that are absent in AK2B. AK2A and MIA40 bind the same site

in the AIFM1C-terminal domain by β-strand complementation. In

competition assays MIA40 displaced AK2A from AIFM1, sug-

gesting that limited AIFM1 availability may destabilize AK2A, po-

tentially altering mitochondrial metabolism.

Notably, a pathogenic AK2 variant lacking the last aa at the C

terminus (K233*) was identified in a patient with hematopoiesis

defects. As a consequence, this patient only expressed AK2B.

Because AK2B could apparently not compensate for the loss

Figure 4. Structural impact of MIA40 and AK2A binding on functional domains and conformations of AIFM1

(A) Isolated view of the NAD and FAD cofactor orientations in MIA40-AIFM1 (light and dark green, respectively) compared with the dimer (transparent, gray

overlay).

(B) Detailed view of the AIFM1 active site. Overlay of AK2A- and MIA40-bound AIFM1 residues stabilizing the cofactors, shown in stick representation for AK2A

(purple) and MIA40 (orange). Dashed lines: distances between the Cα atoms of the respective residues or cofactor atoms, colored according to AK2A-bound

(purple) and MIA40-bound (orange) dimer. The second observed conformation of AIFM1 K177 is visualized as transparent.

(C) Structural details of aromatic aa side chains forming the ‘‘aromatic tunnel’’ and the conformational impact of AK2A binding (orange). Aromatic tunnel residues

and the NAD binding H454 are highlighted in yellow. The AIFM1model in the monomeric, oxidized conformation (PDB: 4BV6; Ferreira et al.29) is shown as a gray,

transparent overlay.

(D) Peptides representing the AIFM1 interaction sites in AK2A and MIA40 and their respective aromatic mutant variants.

(E) Strategy for the assessment of different AIFM1 complexes in vitro. The AIFM1 dimer, AIFM1-MIA40, and AIFM1-AK2A complexes were established by in-

cubating AIFM1 with AK2A, MIA40, or the respective interaction site peptides in the presence of NADH. Unbound NADH was rapidly removed using gel filtration.

Samples were taken at different times and analyzed by gel filtration to visualize the respective shares of complexes and AIFM1 monomer (F) or ultraviolet-visible

(UV-vis) spectroscopy at 450 nm to visualize the redox state of the AIFM1 redox cofactor, FAD (G).

(F) Stability of the AIFM1 dimer and the AIFM1-AK2A and AIFM1-MIA40 complexes. 0 and 7 h after removal of excess NADH, samples were analyzed by gel

filtration and absorbance at 280 nmwas used as an indicator for proteins in the respective fractions. The AIFM1 dimer rapidly disassembled, whereas complexes

of AIFM1 with AK2A, MIA40, or the respective binding site peptides were strongly stabilized.

(G) Redox state of the FAD cofactor. The redox state of FAD was continuously monitored over time after the removal of excess NADH. An increase in the ab-

sorbance signal indicates the oxidation of FADH2 over time. In the AIFM1 dimer, FADH2 became rapidly oxidized, whereas complexes of AIFM1 with AK2A and

MIA40 or (and to a lesser extent) the respective binding site peptides of AK2A or MIA40 maintained FADH2 for longer times in the reduced state.

(H) Strategy for the assessment of AIFM1 NADH oxidoreductase activity using 2,6-dichlorophenolindophenol (DCIP) as an artificial electron acceptor.

(I) Changes in enzymatic activity of AIFM1 upon binding of MIA40- or AK2A-binding-site peptides. Binding of the MIA40-binding-site peptide increases the

apparent kcat and lowers the KM toward NADH. For the AK2A-binding peptide, the apparent kcat also increases whereas the KM toward NADH remains similar. All

changes are attenuated if, instead of the WT peptides, peptides are used, in which aromatic residues are mutated to aliphatic residues (MIA40-Y3I, F14I [YF – II]

and AK2-F238L [F – L]).
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of AK2A, this clinical evidence further underscores the patho-

physiological relevance of AIFM1-AK2A binding.46

AIFM1 complex stability and stoichiometry

Our structural data explain how AK2A and MIA40 binding stabil-

izes the AIFM1 dimer. We propose that by capping the aromatic

tunnel at the AIFM1 C-terminal domain, MIA40 and AK2A stabi-

lize this conformational hallmark of reduced, dimeric AIFM1.

AK2A further interacts with aa 550–558, disfavoring C-loop en-

gagement with its inhibitory binding site at the AIFM1 C-terminal

domain. Thereby, MIA40 and AK2A binding favor C-loop detach-

ment and electron acceptor binding site accessibility.

Our ITCmeasurements suggest a stoichiometry of oneMIA40/

AK2A per AIFM1 dimer, whereas gel filtration after long-term co-

incubation indicated the presence of two MIA40/AK2A proto-

mers per AIFM1 dimer. Accordingly, our and previously pub-

lished structures32 show two AK2A or MIA40 molecules per

AIFM1 dimer. The inter-protomer variability of AIFM1 within the

AIFM1 dimer and AIFM1-MIA40 suggests structural asymmetry

within the complex. This is also reflected in the variability of local

cryo-EM densities of the sixth β-strand of AIFM1 added to the

C-terminal β-sheet in the dimer, as well as in reported inter-pro-

tomer differences within the dimer.26,32 The inherent structural

variability within the AIFM1 dimer may be linked to the variability

within the AIFM1-MIA40 complex that we observe in our cryo-

EM structure, which could be induced by MIA40 initially binding

to one of the AIFM1 protomers. One or two MIA40 or AK2A mol-

ecules per AIFM1 dimer also leaves open the possibility of a

mixed complex comprising AIFM1 and both MIA40 and AK2A.

Impact on NADH turnover

AIFM1 can act as NADH oxidase or NADH:ubiquinone oxidore-

ductase, although the reaction is not very efficient. Accordingly,

its KM toward NADH was relatively high in the DCIP assay (KM =

370 μM), being well above physiological levels (5–160 μM

NADH49–53). MIA40 or AK2A binding, however, significantly in-

creased NADH oxidation activity in the physiological NADH

range. The increased oxidoreductase activity of the complex

can be explained by the impact of AK2A and MIA40 on dimer

stability and C-loop detachment, thus favoring surface accessi-

bility of the electron acceptor binding site. AK2A additionally

binds part of the C-loop, further preventing its (re-) attachment.

MIA40 may impact AIFM1 oxidoreductase activity by other

means, namely by propagating compaction to theCTC, reducing

the FAD-NAD distance. Therefore, MIA40 and AK2A have a dual

impact on AIFM1 function, affecting dimer stability and oxidore-

ductase activity by directly impacting the concerted structural

rearrangements that mediate dimerization and C-loop release

upon CTC formation.

Positioning AK2A for efficient ATP-ADP exchange

NADH enables AIFM1 dimerization and AK2A binding (Figure

5G), whereas growth assays confirm the importance of the

AIFM1-AK2A interaction because AK2B cannot complement

the AK2 KO despite similar enzymatic activity.

The AK2 A positioning near key metabolic hubs might serve

two purposes: (1) converting AMP to ADP, thereby preventing

accumulation of a non-transportable adenine nucleotide, and

(2) maintaining the adenine nucleotide gradient, optimizing

ADP/ATP exchange. This is further supported by the low KM of

AK2 toward AMP.54

Because both AIFM1-AK2A and AIFM1-MIA40 remain stable

complexes in the absence of NADH, we assume that short-

term fluctuations leave both complexes intact. Interestingly,

AK2 is stringently inhibited by elevated AMP levels, which are

possibly present under starvation conditions.54,55 Thus, during

short-term starvation and upon increasing AMP levels, AK2A ac-

tivity in the AIFM1-AK2A complex might be switched off, de-

creasing the efficiency of ADP-ATP exchange across the IMM

and the IMS. Prolonged, low levels of NADH might then also af-

fect the initial formation of the AIFM1-AK2A complex.

In summary, AIFM1 regulates the two branches of the

OXPHOS system because it controls complex I biogenesis and

ADP availability, which is key to maintaining the activity of the

ATP synthase.

Limitations of the study

We identified AK2A as an interaction partner of AIFM1. Our

structural and biochemical analyses of the complex strongly

support a model in which AK2A is positioned by AIFM1 close

to ADP/ATP carriers and the ATP-synthase in the IMM, thereby

supporting metabolic adaptation processes. However, several

Figure 5. A cellular function of the AIFM1-AK2A complex in facilitating ADP/ATP exchange across the mitochondrial inner membrane (IMM)

(A) Ratio between AK2 isoforms. As in Figure 2E, except that the thiol shift assay was performed on lysates of different cells. In all analyzed cell lines, AK2A

constitutes the minor isoform with shares of 20%–40%.

(B) Levels of AK2 isoforms upon AIFM1 depletion. Experiment was performed as in (A) with the indicated cell lines. Depletion of AIFM1 results in decreased AK2A

levels while leaving AK2B mostly unchanged. N = 3 biological replicates.

(C) Levels of AIFM1-AK2A complex upon AIFM1 overexpression. Experiment was performed as in Figure 2F. Overexpression of AIFM1 results in increased

amounts of AIFM1-AK2A complex.

(D) Assessment of proliferation of AK2 KO HEK293 cells complemented with either AK2A or AK2B. AK2 KO grows slower compared with WT cells on glucose as

well as upon galactose shift. Complementation of the AK2 KO with AK2A rescues growth of AK2 KO cells on glucose and upon galactose shift, whereas AK2B

rescues only glucose-grown cells.

(E) Strategy for the assessment of AIFM1-transmembrane-domain-dependent interaction partners. AIFM1 KO cell lines inducibly and stably expressing either WT

AIFM1-HA or AIFM1-HA with a well-established cleavable SMAC mitochondrial targeting signal (SMAC-MTS). This latter MTS targets AIFM1 also to the IMS

where, after import and processing, it is present in a soluble non-membrane-bound state. Interactomes of these proteins will be compared.

(F) Interactome of WT AIFM1-HA and SMAC-MTS AIFM-HA. Many SLC25 family members and MICOS subunits as well as ATP synthase subunits were enriched

on WT AIFM1.

(G) Model: the AIFM1-AK2 interaction facilitates the positioning of AK2 close to ADP/ATP transporters in the IMM. This promotes growth under conditions re-

quiring mitochondrial respiration.
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open questions remain to be addressed in future studies, includ-

ing the physiological role of the AIFM1-AK2A complex in com-

plex model organisms, the regulation of AIFM1-AK2A complex

dynamics in dependence of cellular NADH levels, and the cross-

talk between AK2 function and AIFM1 redox function.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat anti-Mouse lgG (H&L), HRP Conjugate ImmunoReagents Cat# GtxMu-003-DHRPX

Goat anti-Rabbit lgG (H&L), HRP Conjugate ImmunoReagents Cat# GtxRb-003-DHRPX, RRID:AB_2884989

Rabbit polyclonal anti-AIFM1 Chemicon Cat# ab16501

Rabbit polyclonal anti-AK2 Finger et al.54 N/A

Rabbit polyclonal anti-MIC19 Proteintech Cat# 25625-1-AP, RRID:AB_2687533

Rabbit polyclonal anti-MIC27 Proteintech Cat# 28514-1-AP, RRID:AB_3086061

Rabbit polyclonal anti-CPOX St John’s Laboratory Cat# STJ23214

Rabbit polyclonal anti-HA Sigma-Aldrich Cat# SAB4300603, RRID:AB_10620829

Rabbit polyclonal anti-MIA40 Petrungaro et al.22 N/A

Bacterial and virus strains

Rosetta2 (DE3)-AIFM1 Salscheider et al.15 N/A

Rosetta2 (DE3)-AK2A This work N/A

Rosetta2 (DE3)-AK2B This work N/A

Rosetta2 (DE3)-MIA40 SPS This work N/A

Chemicals, peptides, and recombinant proteins

cycloheximide Sigma Cat# 239763, RRID:SCR_008988

DCIP Sigma Cat# D1878

FuGENE HD Transfection Reagent Promega Cat# E2311

Methyl-PEG-Maleimide, mmPEG24 Thermo Fisher Cat# 22713

NADH Sigma Cat# N8129

MIA40 WT This work N/A

MIA40 YF->II This work N/A

AK2A WT This work N/A

AK2A F->L This work N/A

Critical commercial assays

Pierce 660 nm Protein Assay Reagent Thermo Scientific Cat# 22660

ROTI®Quant universal Carl Roth Cat# 0120.1

Deposited data

AIFM1-AK2A atomic coordinates This work PDB: 9GR0

AIFM1-dimer atomic coordinates This work PDB: 9GQY

AIFM1-MIA40 atomic coordinates This work PDB: 9GQZ

AIFM1-AK2A EM map This work EMD-51516

AIFM1-dimer EM map This work EMD-51514

AIFM1-MIA40 EM map This work EMD-51515

Proteomics This work PRIDE: PXD055617

Experimental models: Cell lines

Flp-In T-Rex-293 Thermo Fisher Cat# R78007

HEK293T N/A N/A

HeLa N/A N/A

HFF1 N/A N/A

Jurkat N/A N/A

U87 N/A N/A

HepG2 N/A N/A

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

For cell lines and plasmids used in this study, see Table S1. For the generation of stable, inducible cell lines the HEK293 cell line–

based Flp-In T-REx-293 cell line was used with the Flp-In T-REx system (Invitrogen). Cells were cultured in DMEM supplemented

with 10% fetal bovine serum at 37◦C under 5% CO2.

METHOD DETAILS

Plasmids, cell lines, chemical treatments

For plasmids, cell lines, antibodies and further tools used in this study, see key resources table and Table S1. Cells were cultured in

DMEM supplemented with 8% fetal calf serum (FCS) at 37◦C under 5%CO2. For cycloheximide (CHX) chase experiments, cells were

treated with 100 μg/mL CHX dissolved in DMSO. For the generation of stable, inducible HEK293 cell lines, the Flp-In T-REx-293 cell

line was used with the Flp-In T-REx system (Invitrogen). For the generation of stable, inducible HEK293T cell lines, the PiggyBac

Transposon system (System Biosciences, BioCat) was used. Expression of constructs was induced using 1 μg/mL doxycycline

(Flp-In T-Rex) or 30 μg/mL cumate (PiggyBac Transposon) for the indicated time points. Expression of SMACMTS-AIFM1-HA in

HEK293T cells was induced with only 15 μg/mL to obtain comparable protein levels.

Generation of HEK293 knockout cells

HEK293 knockout cell lines were generated using the pSpCas9(BB)-2A-GFP (PX458) CRISPR/Cas9 construct (a gift from F. Zhang;

Addgene, plasmid 4813; Ran et al.61) as described previously.62 In brief, CRISPR/Cas9 gRNAs were designed for gene disruption

using CHOPCHOP software.63 Transfections were performed using Lipofectamine LTX (Thermo Fisher Scientific) and green fluores-

cent cells were individually sorted.

Immunoprecipitation

Immunoprecipitations were carried out under native lysis conditions. The cells were washed with PBS, supplemented with 20 mM

NEM (N-Ethylmaleimide). After incubation in PBS supplemented with 20 mM NEM for 15 minutes, the cells were mechanically de-

tached by scraping and sedimented with 800 x g for 5 minutes at 4◦C. The cells were gently lysed in ice-cold native IP lysis buffer

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

C2C12 Sigma Cat# 91031101

Experimental models: Organisms/strains

One Shot TOP10 Chemically Competent E. coli Thermo Fisher Cat# C404010

Rosetta2 (DE3) Competent E. coli Novagen Cat# 70954-4

Oligonucleotides

DNA primers for cloning This work Table S1

Recombinant DNA

pET-15(b) Novagen Cat# 69661-3

pET-24(a) Novagen Cat# 69749-3

pcDNA5/FRT/TO Invitrogen V652020

PB-CuO-MCSIRES-GFP-EF1-CymR-Puro System Bioscences Cat# PBQM812A-1

Myc-DDK Origene Cat# RC210614

Super PiggyBac Transposase Expression vector System Biosciences Cat# PB210PA-1

Software and algorithms

ChimeraX (version 1.7.1) N/A https://www.cgl.ucsf.edu/chimerax

Coot (version 0.9.8.7) Emsley et al.57 N/A

Corel draw Corel Corporation N/A

CryoSparc (version 4.4) Punjani et al.58 N/A

Image Lab 5.2 Biorad Laboratories N/A

Phenix (version 1.21) Liebschner et al.59 N/A

TOPAZ Bepler et al.60 N/A

Other

UltrAuFoil® R 1.2/1.3 grid Quantifoil Cat# N1-A14nAu30-01
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(100 mM sodium phosphate pH 8.0, 100 mM sodium chloride, 1% [v/v] Triton X-100, 0.2 mM phenylmethylsulfonyl fluoride [PMSF])

for 1 h on ice. Lysate was cleared by centrifugation 22,000 x g for 1 h at 4◦C. Supernatant was transferred to a prewashed agarose

matrix and incubated for 3.5 to16 h at 4◦C on a tumbling shaker. Afterwards, beads were triply washed with the IP lysis buffer,

containing Triton X-100 and once finally washed with IP lysis buffer without Triton X-100. Precipitated proteins were eluted from

the agarose matrix by addition of Laemmli buffer (2% sodium dodecyl sulfate [SDS], 60 mM Tris-HCl pH 6.8, 10% glycerol,

0.0025% bromophenol blue) and heating up to 96◦C for 2 times 4 min.

SILAC-based mass spectrometry

The experiment was performed as described in Petrungaro et al.22 Cells were subcultured and passaged in SILAC-DMEM (Thermo

Fisher), supplemented with 10% dialyzed FBS (Gibco, Invitrogen), 1% L-glutamine (PAN Biotech), containing either L-arginine or

L-arginine-13C6-15N4 (42 mg/L), and L-lysine or L-lysine-13C615N2 (73 mg/L), and 27.3 mg/L proline. After immunoprecipitation,

samples were eluted in SDS-PAGE loading buffer containing 1 mM DTT (Dithiothreitol, Sigma-Aldrich) and alkylated using 5.5 mM

iodoacetamide (Sigma-Aldrich). Protein mixtures were separated by SDS-PAGE, gel lanes were cut into 10 equal slices, proteins

therein were in-gel digested with trypsin (Promega) and the resulting peptide mixtures were processed on STAGE tipps. Mass spec-

trometric measurements were performed on an LTQOrbitrap XL mass spectrometer (Thermo Fisher Scientific) coupled to an Agilent

1200 nanoflow-HPLC (Agilent Technologies GmbH) as described.64 The MS raw data files were uploaded into the MaxQuant soft-

ware.65 A full-length IPI human database containing common contaminants such as keratins and enzymes used for in-gel digestion

was employed. Methionine oxidation, protein amino-terminal acetylation, carbamidomethyl cysteine and NEM cysteine were set as

variable modifications. Double SILAC was chosen as quantitation mode. The MS/MS tolerance was set to 0.5 Da. Peptide lists were

further used by MaxQuant to identify and relatively quantify proteins using the following parameters: peptide, and protein false dis-

covery rates (FDR) were set to 0.01, maximum peptide posterior error probability (PEP) was set to 0.1, minimum peptide length was

set to 6, minimum number peptides for identification and quantitation of proteins was set to one which must be unique, and identified

proteins have been re-quantified.

Interaction profiling by using microchips

To find interactors of AIFM1, a high-content protein-protein microarray was performed using ProtoArray Human Protein Micro-

arrays v5.1 (Thermo Fisher Scientific) containing ∼9.000 N-terminal Glutathione S-Transferase (GST)-tagged human proteins ex-

tracted from transfected insect cells. As described in one of our prior studies,66 each ProtoArray plate was placed at 4◦C for

equilibration for at least 15 minutes prior to blocking. Plates were then blocked using 5 mL blocking solution (50 mM HEPES,

200 mM NaCl, 0.08% Triton X-100, 25% glycerol, 20 mM glutathione, 1.0 mM DTT, 1X Synthetic Block) at 4◦C for 1 h on a

shaker at 50 rpm. After incubation, the blocking solution was aspirated and plates were incubated with recombinant AIFM1 pro-

tein (concentration of 5 ng/mL and 50 ng/mL) diluted in probe buffer (1X PBS, 0.1% Tween-20, 1X Synthetic Block), while one

microarray (negative control) was exposed only to probe buffer for 90 min at 4◦C. Afterwards, microplates were washed 5 times

for 5 min with wash buffer (1X PBS, 1X Synthetic Block, 0.1% Tween 20). After washing, microplates were incubated with pri-

mary antibody in probe buffer for 90 min at 4◦C, washed 5 times in probe buffer and incubated with Alexa Fluor 647-conjugated

goat anti-rabbit IgG (Thermo Fisher Scientific, #A21244: Lot 1654324, 1 μg/mL in probe buffer) for 90 min at 4◦C. Plates were

then washed 5 times 5 min with wash buffer. To remove the residual salt, each plate was quickly washed with distilled water and

dried by centrifuging at 200 g for 1 min. ProtoArray plates were scanned using an Axon 4000B fluorescent microarray scanner

(Molecular Devices). Hits were considered based on the following criteria: (a) the fluorescent intensity value of the hits should be

at least 20-fold higher than the corresponding negative control; (b) the normalized fluorescent signal was greater than 3 standard

deviations; (c) the signal-to-noise ratio was higher than 0.5 and (d) the replicate spot coefficient of variation (CV) was lower

than 65%.

Immunoblotting and image acquisition

Samples were prepared in Laemmli buffer containing 50 mM DTT, and heat denatured for 5 min at 96◦C and DNA degraded by so-

nification (50% amplitude, 16 cycles). Protein samples were analyzed by SDS-PAGE and immunoblotting. The addition of 2,2,2-tri-

chloroethanol (TCE) to the SDS-PAGE gel allowed for visualization of proteins and as a loading control. The immunoblotting images

were detected using the ChemiDoc Touch Imaging system (Bio-Rad).

In vitro AK2 activity assay

The activity assay was carried out by coupling the AK2 reaction to hexokinase (HK) and glucose-6-phosphate dehydrogenase

(G6PDH, HK/G6PDH mix from Roche). In this assay, AK2 provides the ATP for glucose phosphorylation by HK, followed by

NADP+ reduction to NADPH and an increase in absorbance at 340 nm. The reaction conditions were as follows: 58 mM glycyl-

glycine pH 7.4, 10 mM MgCl2, 0.006% BSA, 0.25 mM NADP+, 20 mM glucose. The concentration of AK2 was set to 8 nM.

All measurements were performed in triplicates in 96-well plates and read in a CLARIOstar microplate reader set to 25◦C. A

measurement without AK2 was performed simultaneously with all measurements to allow subtraction of the background

reaction.
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Analytical size-exclusion chromatography

Analytical size-exclusion chromatography was performed under native conditions to examine protein complexes between intact pro-

teins. Cells were washedwith 1x PBS andmechanically detached by scraping. Cells were sedimented at 500 g for 5 min. Pellets were

resolved in 660 μL native lysis buffer (100 mM sodium phosphate pH 8.0, 100 mM sodium chloride, 1% (v/v) Triton X-100), supple-

mented with 0.2 mM PMSF. Cells were lysed for 1 h on ice, and the lysate was cleared by centrifugation. Lysate was loaded on a

HiLoad 16/600 Superdex 200 preparation grade gel filtration column and installed in a liquid chromatography system (Aekta Purifier)

from GE Healthcare. Eluted fractions were subjected to TCA precipitation, resuspended in loading buffer containing SDS and DTT,

and analyzed by immunoblotting or label-free proteomics. A protein size standard was used as a reference, covering a range from

1.35 kDa to 670 kDa (#1511901, Bio-Rad).

Thiol shift assay to differentiate AK2 isoforms

The thiol shift assay was performed as previously described.67 Cells were lysed in Laemmli buffer and oxidized cysteines were re-

duced by the addition of 10 mM TCEP (Tris(2-carboxyethyl)phosphine) and incubated at 96◦C for 10 min. Following, the newly re-

duced cysteines were modified with the alkylating agent mmPEG24. Alkylation with 15 mM mmPEG24 was carried out for 1 h at

room temperature. Subsequently, samples were separated by SDS–PAGE and analyzed by western blot, followed by

immunoblotting.

Peptide synthesis

The peptides SYSRQEGKDRIIFVTKEDHETPSSAELVA-NH2 (MWcalc = 3292.58 Da; MWexp = 3293.20, final purity 91 %),

SICRQEGKDRIILVTKEDHETPSSAELVA-NH2 (MWcalc = 3224.61 Da; MWexp = 3325.74, final purity 78 %), ATSKDLVMFI-NH2

(MWcalc = 1123.36, MWexp = 1124.09 final purity 98 %) and ATSKDLVMLI-NH2 (MWcalc = 1090.35, MWexp = 1090.08, final purity

98%) were synthesized by solid-phase peptide synthesis on a peptide synthesizer (Syro I, MultiSynTech) using the fluorenylmethox-

ycarbonyl (Fmoc)/tert-butyl strategy on a Rink amide resin (0.48 mmol/g, 15 μmol scale). The amino acid coupling steps were per-

formed twice for each amino acid using eight equivalents each of OxymaPure (2-cyano-2(hydroxyamino)acetate), DIC (dicyclohex-

ylcarbodiimide), and the respective Fmoc-protected amino acid in DMF (dimethylformamide). The protecting group was removed by

incubating the resin first in 40% piperidine in DMF followed by 20% piperidine in DMF. Peptides were cleaved from the resin using a

mixture of trifluoroacetic acid/ thioanisole/ 1, 2-ethanedithiol (90:7:3, v/v/v). The crude peptideswere purified by reverse-phase HPLC

using a linear gradient of 10–60% B in A (A: water/0.1 % TFA; B: acetonitrile (ACN)/0.1 % TFA) over 45 min.

Protein purification

Recombinant proteins were expressed from the indicated plasmids (Table S1) in Rosetta2 E. coli strains. Bacterial growth was con-

ducted in LBmedia (for AIFM1 supplemented with riboflavin and FAD) shaking at 37◦C and 180 rpm. AIFM1(103-613) expression was

induced with 1.0 mM IPTG and incubated for further 16 h before harvesting. AK2A C40,232S and AK2B C40S expression was in-

duced with 0.1 mM IPTG and incubated further 16 h at 25◦C. MIA40 C4S,C53S,C55S expression was induced with 0.5 mM and in-

cubated for further 3 h. Cells were harvested on ice in PBS and stored at -20◦C. The 6xHis-tagged constructs were purified by Im-

mobilized Metal Affinity Chromatography using Ni Sepharose (6 Fast Flow, GE). The bacterial lysate was bound to beads in binding

buffer supplemented with 10 mM imidazole at 4◦C. Beads were washed with binding buffer supplemented with 20 mM imidazole

prior to elution with 150 mM imidazole. Imidazole was removed using PD-10 columns (Cytiva) and the proteins stored at 4◦C.

In vitro complex reconstitution

The AIFM1 AK2A or MIA40 complex, respectively, was reconstituted by combining the recombinant proteins in a 1:2 to 1:4 (AIFM1:

AK2A/MIA40) molar ratio in 100 mMNaCl, 20 mM Tris/CL pH = 7.4 in presence of 0.1 mMNADH. After incubation for 20 minutes and

centrifugation, the respective complex was separated frommonomeric proteins on a 16/600 Superdex 200 PG or on a Superdex 200

Increase 10/300 GL column. All steps were performed at 4◦C.

Isothermal titration calorimetry (ITC)

Isothermal titration calorimetry was performed at 25◦C on a MicroCal Auto-ITC200 (Malvern, United Kingdom). For analysis of the

interaction between AIFM1 and peptides, 6xHis-tagged AIFM1(103–613) was dialyzed against PBS pH 7.4 supplemented with

0.1 mM NADH at 4◦C for 17 h. Lyophilized peptide was dissolved in dialysis buffer to a final concentration of 250 - 300 μM. Ligand

proteins were dialyzed in the same batch of buffer as AIFM1(103-613) and used in a concentration of 250 – 300 μM. The concentration

of receptor in the sample cell was 30 μM.Measurements were carried out by 2 μl injections of the peptide into the cell with an injection

duration of 4 s. Ultimately, 19 injections were performed during the titration.

Cryo-EM grid preparation and data collection

Before cryo-EM, sample quality was assessed by negative staining electron microscopy as previously described68 (data not shown).

For cryo-grid preparation, 3 μL of purified protein was applied to an UltrAuFoil® R 1.2/1.3 grid (Quantifoil) that had been
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glow-discharged for 1 minute and 45 seconds. The grids were then blotted for 4 seconds at 100% humidity and 8◦C, followed by

plunging in liquid ethane cooled by liquid nitrogen using a Vitrobot Mark IV (Thermo Fisher Scientific). The prepared grids were stored

in liquid nitrogen until use.

Cryo-EM data for AIFM1-MIA40 were collected using a Titan Krios G3i (Thermo Fisher Scientific), while data for AIFM1 dimer and

AIFM1 with AK2 were collected using Titan Krios G4 (Thermo Fisher Scientific), all operated at 300 kV with a 35◦ tilt to overcome pre-

ferred orientation using EPU (Thermo Fisher Scientific).

Two datasets were collected for AIFM1-MIA40: 1907 raw movies for the first dataset and 2084 for the second, using a Falcon III

direct electron detector with a pixel size of 0.654 Å/pixel. The total electron dosewas 50.82 e/Å2 for the first dataset and 50.57 e/Å2 for

the second, distributed over 48 frames with a defocus range of -0.6 to -2.6 μm.

For the AIFM1 dimer, 15,440 rawmovies with a pixel size of 0.46 Å/pixel and for AIFM1 with AK2A, 4542 movies with a pixel size of

0.58 Å/pixel were collected using a Falcon 4i equipped with a Selectris energy filter (Thermo Fisher Scientific). These movies were

stored in electron-event representation (EER) format, with a total dose of 50 e/Å2 distributed over 468 frames and a defocus range

of -0.7 to -1.7 μm.

Cryo-EM data processing

All datasets were processed using cryoSPARC (V4.4).58 The workflows are described in detail in Figures S6–S8. In summary, the

movies were pre-processed with patch-based motion correction and CTF estimation. Initial blob picking and 2D classification

were performed to identify classes with distinguishable features representing stacks of intact particles, which were then used to train

the TOPAZ picker.60After further 2D classification, particles were divided into high- and low-defocus groups for the training of TOPAZ

models suitable for picking particles from high- and low-defocus micrographs, respectively. Multiple iterations of 2D classification

and multiple-class ab initio reconstructions were performed, each followed by TOPAZ model training, which yielded successively

larger particle stacks giving rise to higher resolution 3D reconstructions. Inspection of the resulting 2D classes and reconstructions

showed that this process sorted out particles not contributing to high-resolution reconstructions rather than heterogeneous confor-

mations or complex compositions. Homogeneous or non-uniform refinements yielded the final, high-resolution reconstructions used

for model building, as summarized in Figures S6–S8. For the AIFM1 dimer, two initial models containing 149,783 and 188,760 par-

ticles, respectively, were pooled, classified using ab initio reconstruction, and refined using non-uniform refinement. The initial mod-

els of the AIFM1-AK2A complex (229,483 particles) and the AIFM1-MIA40 complex (310,098 particles), the particles were subjected

to another round of TOPAZ training, 2D classification, and ab initio reconstruction, followed by either non-uniform or homogeneous

refinement.

Particles of AIFM1 with MIA40 were extracted with a box size of 420 pixels, while the AIFM1 dimer and AIFM1 with AK2A were

extracted with a box size of 416 pixels. All refinements were eventually processed with Reference Motion correction resulting in res-

olutions of 2.8 Å for the AIFM1 dimer (225,162 particles), 2.4 Å for AIFM1 with MIA40 (291,656 particles) and 2.6 Å for AIFM1 with

AK2A (307,496 particles). Statistics on data collection and validation are given in Figures S6–S8.

Model building and refinement

For all AIFM1 structures obtained in this study, an AlphaFold2 model was used to obtain an initial model and then cross-referenced

with previously published human and mouse AIFM1 models (PDB:4BUR and PDB:3GD4). Residues were adjusted in Coot57 and

models were iteratively refined and adjusted using PHENIX (V1.21)59 and Coot. For better visualization during initial model building,

maps were processed with DeepEMhancer.69 Maps and models were visualized using ChimeraX.70 Statistics on data collection and

validation reports were automatically generated using MolProbity within Phenix.71

DCIP activity assay

AIFM1 catalyzes the efficient reduction of NAD(P)H: 2,6 dichlorophenolindophenol (DCIP). In a two-step reaction, NADH first reduces

the FAD cofactor in AIFM1, from which subsequently electrons are transferred onto DCIP. Using DCIP as the electron acceptor, the

latter step is faster than the first one allowing the observation of AIFM1-dependent oxidation of NADH in dependence of differing

NADH concentrations. The enzymatic activities of AIFM1 alone, reconstituted AIFM1-AK2A-, or AIFM1-MIA40-binding site peptide

complexes as NAD(P)H:DCIP oxidoreductases were measured in 20 mMNaCl, 20 mM Tris/Cl pH = 7.4 at 25◦C. Recombinant AIFM1

was used in a final concentration of 800 – 927 nM, The concentration of DCIPwas kept constant at 200 μMand the indicated peptides

at a final concentration of 3.3 μM. The reaction was started by adding NAD(P)H and the DCIP reductionmonitored at 600 nm in a plate

reader (CLARIOstar, BMG Labtech). The background reaction in the absence of AIFM1 for each NAD(P)H concentration was sub-

tracted from the data.

Cell proliferation assay

For cell proliferation assay recorded with the cytosmart omni (Axion Biosystems), 15,000 cells were seeded on a poly-L-coated

48-well dish and incubated at 37◦C. Expression of AK2 isoforms was continuously induced by doxycycline treatment. After 24 hours,

the medium was exchanged with DMEM containing galactose (DMEM supplemented with 4.5 g/l galactose, 1 mM sodium pyruvate,
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1 x nonessential amino acids, 10% FCS and 500 mg/ml Pen/Strep) or left in medium with glucose. Every day the medium was ex-

changed by removing 250 μl and adding 250 μl fresh DMEM containing galactose or glucose. Every 6h the coverage of each well was

scanned for 6 days using the cytosmart omni.

QUANTIFICATION AND STATISTICAL ANALYSIS

The intensity of immunoblot signals was quantified using Image Lab (Biorad). Error bars in figures represent standard deviation. The

number of experiments is reported in the figure legend.
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