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SUMMARY

Apoptosis-inducing factor (AIF), which is confined to mitochondria of normal healthy cells, is the first identi-
fied caspase-independent cell death effector. Moreover, AlF is required for the optimal functioning of the res-
piratory chain machinery. Recent findings have revealed that AIF fulfills its pro-survival function by interacting
with CHCHD4, a soluble mitochondrial protein which promotes the entrance and the oxidative folding of
different proteins in the inner membrane space. Here, we report the crystal structure of the ternary complex
involving the N-terminal 27-mer peptide of CHCHD4, NAD*, and AIF harboring its FAD (flavin adenine dinu-
cleotide) prosthetic group in oxidized form. Combining this information with biophysical and biochemical
data on the CHCHDA4/AIF complex, we provide a detailed structural description of the interaction between
the two proteins, validated by both chemical cross-linking mass spectrometry analysis and site-directed

mutagenesis.

INTRODUCTION

The apoptosis inducing factor (AIF)"+ is a highly conserved mito-
chondrial flavoprotein® that belongs to the glutathione reductase
(GR) structural superfamily*°, and, in humans, is encoded by the
AIFM1 gene, located on the X chromosome.

AlF is addressed to the mitochondria by an N-terminal locali-
zation sequence (proteolytically removed during or after translo-
cation)’ and once in the intermembrane space (IMS), it acquires
the FAD (flavin adenine dinucleotide) cofactor and tethers to the
inner membrane through its N-terminal segment. The protein is
constituted of three domains: the first two, i.e., the FAD-binding
domain (amino acids (aa.) 129-170, 203-262, and 400-479) and
the NAD(P)H-binding domain (aa. 171-202 and 263-399),
display the Rossmann fold topology, whereas the C-terminal
domain (aa. 478-610) is composed of a B-sheet (with five anti-
parallel B-strands) and two a-helices.®"”

In addition to its well known but still under study pro-apoptotic
function,®® which is also related to its recently reported intrinsic
nuclease activity,'® AIF has an important role for efficient oxida-
tive phosphorylation (OXPHOS)' "' related to the formation of a
highly stable FADH-NAD* charge-transfer (CT) complex.'® CT

complex formation triggers conformational rearrangements,
including the release of the C-loop (residues 509-561 of the
C-terminal domain) from the protein core,'* resulting in AIF
dimerization,>'® suggesting a possible role of the protein as a
redox sensor in the mitochondrial intermembrane space.'’
Such hypothesis is supported by the discovery of the interaction
between AIF and CHCHDA4 (the ortholog of yeast protein Mia40),
a crucial component of the redox-regulated MIA machinery,
responsible for the import and assembly of different pro-
teins,'®'? including substrates implicated in the biogenesis of
respiratory chain complexes.?®>?

AIF depletion is therefore associated with respiratory chain de-
fects coupled with post-translational downregulation of respira-
tory chain complexes |, lll, and VI.>**?° To date more than 20
missense mutations in the AIFM1 gene were found as the cause
of several diseases, nine of which have been reported as mito-
chondrial disorders, displaying neurodegeneration as a common
symptom.>’ 32

In this study, we investigate the interaction of AIF both with
CHCHD4 and with a peptide corresponding to its N-terminal
27-residues (N-pep), known to be necessary and sufficient for
the interaction.®® Using a combination of biophysical techniques
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Figure 1. Effect of CHCHD4 on the retention
time of AIF in gel filtration

Analyses were carried out at 9°C on samples pre-
incubated for 1 h either in the absence or in the
presence of NADH; elution volumes are reported on
the corresponding peak.

(A) Superposed chromatograms of AIF (light blue)
and of AIF/CHCHD4 mixture (orange), preincubated
in the presence of NADH. The peaks at ~19.5 mL
correspond to NADH.

(B) Superposed chromatograms of AIF (light blue)

Elution Volume (ml)

and structural biology analysis, our results show that the
N-terminus of CHCHD4 acquires a beta hairpin structure as it
binds to the C-terminal domain of AIF with the formation of an
intermolecular beta sheet linking the two proteins. Our structural
model is validated by cross-linking/mass spectrometry analysis
and by substitution of three adjacent amino acids of AIF that
abolishes the interaction of the two proteins.

RESULTS

SEC analysis of the complex between AIF and CHCHD4
It has been reported that AIF is able to form a very tight complex
with CHCHD4,°%** provided that its FAD prosthetic group is kept
in reduced form by the presence of NADH. Indeed, as shown in
Figure 1A, we found that the complex between reduced AIF
(from amino acid Gly102; Uniprot: Q9Z0X1) and CHCHD4 can
be isolated by gel filtration, as indicated by the ~1 mL shift in
retention time. Notably, this also excludes any significant FAD
reoxidation within the analysis time, where the NADH excess is
removed by chromatography, indicating an extremely slow oxi-
dase activity of AIF under the experimental conditions. Quite sur-
prisingly, we observed an analogous shift (~0.5 mL) also in the
absence of NADH (Figure 1B), indicating that even oxidized AIF
is able to establish a stable interaction with CHCHD4 during
the chromatography run time. Notably, the complex involving
oxidized AIF was not detectable when the SEC temperature
was raised from 9°C to 25°C, indicating a strong temperature
dependence of the interaction.

Perturbations of the AIF-bound FAD cofactor induced by
the interaction with CHCHD4, N-pep, and NAD*

As shown in Figures 2A and 2B, the addition of small excess of
CHCHD4 (25.4 uM) to AIF (12.1 uM) at 25°C elicits a significant
spectral change in the FAD prosthetic group, clearly indicating
a structural rearrangement in the active site of the protein. Inter-
estingly, while the addition of a large excess of NAD* (~6 mM)
does not result in any change in FAD absorbance, i.e., no close
binding of the two molecules, in the presence of CHCHD4 it
induces a significant red-shift (Figure 2B, blue line), suggesting
the formation of a stacking interaction between NAD* and the
isoalloxazine ring of FAD.*® Interestingly, the same stacking
interaction (Figures 2C and 2D) is also promoted by the N-pep,
indicating that the binding of the N-terminal portion of
CHCHD4 determines a significant structural transition in the

Elution Volume (ml)

and of an AIF/CHCHD4 mixture (orange), pre-
incubated in the absence of NADH. The decrease of
retention times induced by NADH is due to redox-
dependent AIF dimerization.

active site of AIF, making it accessible to the NAD* dinucleotide.
Moreover, we found that the stacking interaction was promoted
by lowering the temperature (Figures 2C and 2D). Since NAD*
alone failed to induce any spectral change, we can infer that
the temperature-sensitive step of the process is the binding of
the N-pep, which is favored at low temperature as already
observed for the binding of CHCHD4 to oxidized AIF (SEC
experiments).

AIF/CHCHD4 cross-linking and mass spectrometry
analysis

The binding between AIF and CHCHD4 was analyzed by cross-
linking experiments incubating 27 uM of oxidized AIF with 40 uM
of CHCHD4 in the presence of an excess of BS3 (2 mM). SDS gel
electrophoresis showed the fast formation (after 5 min of reac-
tion time) of covalent adducts with molecular weight compatible
with that of the heterodimer AIF:CHCHD4 (~75 kDa; Figure 3A).
Mass spectrometry analysis of the newly formed complexes
(excised from the gel bands) showed the presence of a covalent
bond between Lys517 of AIF—belonging to the C-loop (aa. 509-
561)—and the N-terminal amine of CHCHD4, demonstrating that
the interaction between the two proteins involves the C-ter
domain of AIF and the N-ter segment of CHCHD4 (Figure 3A).
An additional cross-link between Lys133 (CHCHD4) and
Lys177 (AIF) was identified in the broadband with molecular
weight between 130 and 150 kDa, corresponding to the forma-
tion of heterotrimers and heterotetramers of the complex (Fig-
ure 3A; Table S1).

AlphaFold model of AIF-CHCHD4

A model of the interaction between murine AIF and CHCHD4 was
produced by using AlphaFold (see Figure S1 for quality scores).
As expected, the model is highly similar to that already described
by Pei et al.,** where the complex is stabilized by the interaction
between the C-ter domain of AIF and the N-terminal portion of
CHCHDA4 (i.e., the N-pep).>*

In the AlphaFold model, the C-loop is in closed conformation,
as observed in the structures of the monomeric/oxidized protein
(PDB: 4BV6 and 3GD3) and the two residues covalently bonded
in our cross-linking/mass spectrometry experiments—Lys517
and the terminal amino group of CHCHD4 —are at ~28 A dis-
tance (Figure 3B). Therefore, a different conformation of the
C-loop is necessary to allow a mutual distance compatible
with the length of the BS3 linker (~13 A). We can speculate
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Figure 2. Changes induced in the absor-

bance spectrum of AIF by the binding of
different ligands

(A and B) AIF, CHCHD4, and NAD" are 12.1 pM,
25.4 M, and 3.75 mM, respectively, in 50 mM Tris-
HCI, pH 8.0 (25°C). CHCHD4 does not significantly
contribute to the absorbance of the samples within
the explored wavelength range. (A) absorbance
spectra of: 1. a mixture of AIF and CHCHD4 (red
curve); 2. the sum of the two isolated proteins

(green); 3. a mixture of AIF, CHCHD4 and NAD*

(blue). (B) difference spectra between AIF and: 1.
AIF/CHCHD4 (red); 2. AIF/NAD" (black) and 3. AIF/
CHCHD4/NAD* (blue).

(C) Spectra and (D) difference spectra (calculated by

subtracting the spectra of AIF and NAD™* at the same
concentrations) of the mixture of AIF, N-pep, and
NAD* (12.1 pM, 139 uM, and 6.24 mM, respectively,
in 50 mM Tris-HCI, pH 8.0) at 30°C (black), 25.5°C
(orange), 23.5°C (dark blue), 21.5°C (brown), 20°C
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that such different conformation of the C-loop in the oxidized AIF
is induced by the binding of CHCHDA4.

Crystal structure of oxidized AIF/NAD*/N-pep complex
As expected, considering that the affinity of oxidized AIF (in the
presence of NAD*) for CHCHD4 or N-pep is enhanced at low
temperature, the crystals of oxidized AIF/N-pep were obtained
at 4°C in the presence of NAD*.

The diffraction data were collected at ESRF beamline ID30A-1
and processed using the autoPROC package®® (Table 1). The
structure of the complex was solved by the molecular replacement
method using as model the dimeric assembly of NAD-bound mu-
rine AIF (PDB: 3GD4°"). After the placement of four AIF molecules
in the crystal asymmetric unit (a.u.), the first refinement cycles
showed a residual electron density near the AIF B-strand 503—
507 (Figure S3A) that was modeled with a portion of the N-pep.

Several cycles of manual rebuilding (program Coot)*® and
refinement using Refmac5°°*°, Phenix*', and Buster*? produced
the refined model. The overall structure of AIF is more similar to
that of reduced than oxidized form of the protein, considering
both the r.m.s.d. (0.91 vs. 1.18 A, respectively (on 434 amino
acids)) and the conformation of the 191-201 B-hairpin. The quality
of electron density of the four AIF/N-pep complexes in the crystal
a.u. is not homogeneous (as also indicated by the average values
of B factors reported in Table 1), with the higher quality corre-
sponding to the complex between AIF chain A and N-pep chain
M (A/M complex) and the lower to the J/P complex. The 4 chains
of AIF in the a.u. started from lle125/Pro128 and terminated at
Leu611/Glu613 (lacking ~22 residues at the N- and C-terminal
ends of the construct). Moreover, most of the C-loop of all the 4
chains was not modeled (missing residues: chain A: 512-549,
D: 508-556, G: 512-556, and J: 508-556) and the N-pep was
modeled from Met1/Thr3 to His20/Ser25, therefore lacking the
last seven or two C-terminal amino acids (Figure 4A).

In previous NMR experiments, the N-ter domain of CHCHD4
was shown to be unstructured.?® In our crystal structure, the
N-pep forms a B-hairpin that binds to the C-terminal domain of
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AIF as predicted by the AlphaFold model.>* The B-hairpin is
constituted of beta strands 1 (Cys4-Glu7) and B2 (Asp10-
Phe14) with the B-turn (Gly8-Lys9) stabilized by the intramolecu-
lar salt bridge between Lys9 and Asp10 (the latter in H-bond with
the side chain of AIF Thr503; Figure 4B). The protein-protein
interaction is based on the B2 strand of CHCHD4 that forms an
intermolecular B-sheet with the B-strand Thr503-Phe507 of AIF
(Figure 4B). The binding is further stabilized by two hydrophobic
patches: in the first, N-pep lle12 and Phe14 are hosted in the hy-
drophobic cleft made by Tyr346, Phe507, and Tyr559, and, on
the opposite side of the B-strand, N-pep lle13 is in close contact
with Val504 and Val506. Both the N-terminal portion of 81 and
the C-terminal end of the N-pep (from Lys17 to His20) are
more flexible, as shown from the superposition of the 4 copies
of the complex in the crystal a.u. (Figure 4B).

As already mentioned, unlike what was observed in the crystal
structures of oxidized AlF, it was not possible to model most of
the C-loop, probably due to its conformational freedom in the
crystal. Such evidence suggests that the binding of the N-pep
(or of CHCHD4) induces a structural rearrangement of the
C-loop compatible with the formation of the covalent bond be-
tween Lys517 and CHCHD4 N-terminus. Finally, as expected
from the spectroscopic analysis, in the active site of AIF the
NAD* establishes a stacking interaction with FAD (Figure 4A)
similarly to what was observed in the structure of the reduced
protein (PDB: 3GD4).

Small-angle X-ray scattering (SAXS)

SEC-SAXS data were collected on both AIF oxidized/reduced
state, and on CHCHD4 alone or in presence of reduced AlF.
The data were analyzed with CHROMIXS™*® and PRIMUS soft-
ware (Table S3, ATSAS suite).*

CHCHD4. SEC-SAXS analysis of CHCHD4 (Mw 17.0 kDa)
showed a single elution peak with a big gyration radius (Rg =
2.7 = 0.3 nm), and with an estimated molecular weight corre-
sponding to a monomeric assembly (Bayesian analysis Mw =
16.1 kDa). The program dammin“* builts models with elongated
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structures (gnome Dmax = 7.95 nm)“® composed of 4-5 small in-
dependent domains (Figure 5B), qualitatively not dissimilar from
the AlphaFold model (https://alphafold.ebi.ac.uk/Q8VEA4).

AIF oxidized/monomeric state. The monomeric/oxidized AlF
protein in solution displays a gyration radius (Rg = 2.65 =
0.05 nm) consistent with that observed for the human protein
(Rg = 2.61 nm; AIF121)."* The crystallographic monomeric
model of the protein with the addition of the missing N-ter resi-
dues (produced by AlphaFold) displayed a lower gyration radius
(Rg = 2.53 nm; calculated using program crysol).”” Interestingly,
a similar slight difference between experimental and model gyra-
tion radii values was also observed for the human protein (model/
experimental Rg = 2.53/2.61 nm, respectively).'

AIF reduced/dimeric state. The SAXS-SEC analysis of the
reduced AIF displays a gyration radius of 3.69 + 0.05 nm, with
an estimated Bayesian Mw of 113.7 kDa (Figure 5A), in agree-
ment with the dimeric assembly (114.2 kDa; Dmax = 12.2 nm).
The structure of the dimeric assembly, obtained superposing
the AlphaFold model of the monomer on the crystallographic
dimer of the oxidized structure (PDB: 3GD3), with the closed
conformation of the C-loop, is in fair agreement with SEC-
SAXS data (crysol Chir2 = 2.37). However, after the generation
of 650 random non-symmetric conformations of the C-loop
(from Ala508 to Gly562; program Loop sampler’® (https://
moma.laas.fr/)) in the context of the dimeric assembly, the vast
majority of the new structures (96%) were in better agreement
with the experimental data (best crysol Chir2 = 1.47; Figure S4),
suggesting that the C-loop likely adopts an open conformation
in the reduced/dimeric state as already described by Brosey
etal.'

AIF reduced dimeric state in complex with CHCHD4. The SEC
of the reduced AIF in the presence of CHCHD4 showed the pres-
ence of a single elution peak with a gyration radius of 4.3 +
0.1 nm, with an estimated Bayesian Mw of 146.8 kDa (Figure 5C),
in agreement with the expected heterotetrametric assembly
(148.2 kDa). The AlphaFold model of the tetrameric complex be-
tween the AIF dimer and two CHCHD4 molecules is not in good
agreement with the SEC-SAXS data (crysol Chin2 = 32.9) and the

—
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Figure 3. AIF/CHCHD4 interaction analysis
(A) Cross-linking of AIF/CHCHD4 mixture as
analyzed by SDS-PAGE.

(B) Cartoon representation of the AlphaFold model
of the complex between a monomer of AIF (gray)
and a monomer of CHCHD4 (blue); the C-loop is
colored in red (N-terminal half: aa. 508-534) and in
yellow (C-terminal half: aa. 535-562); the amino
acids observed in covalent bond, i.e., Lys517 and
the N-terminus of CHCHD4, are represented with
spheres in red and blue, respectively; Lys277, the
additional amino acid observed in covalent bond, is
represented with orange spheres; CHCHD4 K133,
being located in the disordered C-terminal end of
the protein (starting from Lys116), is not shown; the
FAD is in green sticks. Figures were prepared us-
ing PyMOL.

[}
x277AIFks17 N1 CHCHDA

discrepancy can only be partially reduced
by modeling 650 random non-symmetric
conformations of the C-loop (best crysol
Chin2 = 3.30), suggesting that probably the C-terminal domain
of CHCHDA4 is not correctly modeled in the context of the dimeric
assembly. Anyhow the Kratky plot shows that the AIF-CHCHD4
complex is mostly folded, suggesting that also the N-terminal
domain of CHCHDA4 is likely interacting with AIF (Figure S5).

The triple mutant T503D/V504K/G505P abolishes AlIF
binding to CHCHD4

The analysis of the crystal structure of AIF/N-pep interaction
allowed the design of an AlF variant predicted to hinder the for-
mation of the complex. In detail, the mutations Thr503Asp and
Val504Lys were thought to induce electrostatic repulsion, being
in close contact with the residues Asp10 and Arg11 of CHCHD4,
respectively, and the mutation Gly505Pro was predicted to
weaken the intermolecular $ sheet by eliminating the H-bond
with Arg11 carbonyl.

The triple mutant T503D/V504K/G505P (mutAlF) displayed
a significantly lower expression yield with respect to the wild-
type (WT) protein, suggesting that the mutations partially
impaired the correct folding of the protein. However, no differ-
ence with WT AIF was observed during the purification of the
protein, indicating that mutAIF was stable after its folding. More-
over, the FAD absorbance spectrum is identical to that of the WT
form (not shown) demonstrating that the active site of the protein
is unaffected by the mutations. Indeed, the three residue re-
placements have only a limited effect on the folding stability of
AlIF in both its oxidized and CT complex states, decreasing the
melting temperature (T,,) by just 3.5°C and 5.5°C, respectively
(Table 2).

Interestingly, while the addition of CHCHD4 determines a
decrease in T, for WT AlF, it has no effect on mutAlF, suggesting
the absence of binding (Figure S6). We have already shown that
the NADH-induced CT complex formation destabilizes AIF.'®
Surprisingly, we show that NAD* can produce a similar effect,
demonstrating that, even without inducing any spectral change
in the FAD cofactor (see previous sections), the oxidized dinucle-
otide is able to bind to AIF. Again, while the addition of CHCHD4
greatly enhances the destabilizing effect of NAD* for the WT
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Table 1. X-ray data-collection and refinement statistics

Data collection

o

Beamline & wavelength (A) ESRF ID30A-1
0.96546
Space group P212424

o

Unit-cell parameters (A)
heterodimers in a.u.

Resolution (A)

Unique reflections

a=110.1;b = 115.6; c = 192.7
4

99.1-3.206 (3.483-3.206)
24,919 (1,247)

Completeness (spherical) (%) 60.7 (14.0)

Completeness (ellipsoidal) (%) 93.6 (64.6)

Multiplicity 13.2 (13.6)

Rmeas® (%) 31.5(195.1)

CC(1/2) (%) 99.6 (65.6)

Average I/c (I) 7.6 (1.6)

Final model

R factor®/Rfree® (%) 23.3/28.4

r.m.s. bonds (&) 0.006

r.m.s. angles (°) 1.20

Residues in most 92.8

favored regions (%)

Residues in additionally 6.6

allowed regions (%)

<B> AIF [A2]° A:55.1; D: 68.4;
G:77.6; J:110.9

<B> N-pep [A]° M: 71.8; N: 78.3;
0:116.4; P:89.1

<B> Waters [A2]° 61.8

PDB 8QNS

Values in parentheses are for the highest resolution shell: 3.483-3.206
®Rmeas = (2 (0/(n-1) = |I - ()])/= I x 100, where | is the intensity of a reflection
and (1) is its average intensity.

bR factor = 2 |Fo - FCVE |F0| x 100.

°Riree is calculated on 5% randomly selected reflections, for cross-vali-
dation.

9Chains of the AIF/N-pep complex: A/M, D/O, G/N, J/P.

protein (ATm = -10°C), it has a negligible effect on mutAIF, sug-
gesting again that the triple mutant is unable to bind CHCHDA4.

The binding between AIF and CHCHD4 was further analyzed
by microscale thermophoresis (MST), exploiting either the
perturbation of thermal diffusion or the change in the fluores-
cence emission of labeled AIF. Oxidized AIF was able to bind
CHCHD4 with medium affinity (Kq = 13 + 2 uM), and upon FAD
reduction by NADH the affinity increased by ~150-fold (Kq =
85 = 15 nM), value comparable to that already reported by
Romero-Tamayo et al.*® (Figure S7). Notably, AIF binds to
N-pep with K4 values indistinguishable from those of the full-
length protein (Kq = 15 £ 5 uM and 76 + 2 nM, for the oxidized
and reduced form, respectively), confirming that the first 27 res-
idues of CHCHD4 are responsible for the entire free energy of
binding. As expected, both MST and analytical gel filtration do
not show any binding between mutAIF and CHCHDA4 (Figure S8).
Finally, no SDS-PAGE band attributable to mutAIF/CHCHD4 co-
valent adduct was detected after treatment with the BS3 cross-
linker (not shown).
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Figure 4. Crystal structure of the complex between AIF and N-pep
(A) Superposition of the four AIF/N-pep structures in the asymmetric unit of the
crystal in gray/blue cartoons, respectively. The visible portions of the C-loop
are colored in red (N-ter) and yellow (C-ter); FAD and NAD™" are represented
as green and orange sticks, respectively.

(B) Detail of the interaction between AIF and N-pep (gray/blue cartoons) with
selected residues represented as sticks and labeled.

DISCUSSION

The formation of AIF-CHCHD4 heterotetrametric complex is a
key element for the mitochondria import of specific proteins
since monomeric CHCHD4 does not interact efficiently nor
mediate the import of specific substrates.*® AIF mutations that
impair the interaction with CHCHD4 lead to different diseases
including auditory neuropathy disorder.”’

In this work, the interaction between the two proteins is stud-
ied by different techniques including SEC, thermophoresis, and
thermal denaturation, demonstrating that CHCHD4 can bind
AIF either in its oxidized or reduced form. However, the binding
affinity changes depending on the oxidation state, being the Ky
for the dimeric/reduced AIF (CT complex) two orders of magni-
tude lower than that for the monomeric/oxidized protein. Such
evidence suggests that CHCHD4 binding can be affected by
both AIF quaternary assembly (dimeric in CT complex) and/or
by the conformation of the FAD binding site. Moreover, we
show that the inverse influence is also present: CHCHD4 binding
affects the structure of the AIF active site, allowing the stacking
interaction between NAD* and oxidized FAD.

Although the N-terminus of CHCHD4 is known to be disor-
dered in solution,?® our crystal structure shows that the first 27
residues of the protein fold by interacting with AIF, forming a
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Figure 5. SEC-SAXS data analysis

Left graphs: SAXS data fitted by the gnom program (red line); central graphs: pair distance distribution, P(r); right figures: best dammin model (with different
sphere radius (SR)) for: (A) reduced AlF, (B) CHCHD4, and (C) reduced AIF with CHCHDA4.

B-hairpin. Together with cross-linking experiments, the crystallo-
graphic analysis shows that the binding site of CHCHD4 is
located at the C-terminal domain of AIF. Accordingly, targeted
replacements of the selected amino acids 503-505 result in a
protein incapable of binding CHCHD4, as shown by MST, analyt-
ical gel filtration and BS3 cross-linking experiments.

The considerable distance between the AIF active site and the
CHCHD4 binding site requires the presence of some long-range
allosteric mechanism to enable their mutual influence.

In previous crystallographic analysis, the AIF C-loop was
observed in two different conformations in the oxidized (mono-
meric) or the reduced (dimeric) forms. In the former, it is ordered
(with only ~15 residues not modeled) with residues 11527 and
Ser529 (lle528 and Ser530 in the human protein, PDB: 4BV6)
close to the FAD cofactor. In the reduced/dimeric form, the
C-loop is mostly disordered [with about only twenty residues
modeled; PDB: 4BUR (human) and 3GD4 (mouse)], solvent

exposed and partially structured as an additional parallel (resi-
dues 539-543 in the mouse protein) or antiparallel (residues
511-515, in the human protein) B-strand, interacting with C-ter-
minal strand 503-508.

In our crystal structure (oxidized FAD), we observe an analo-
gous beta-beta interaction between the AIF C-terminal B-strand
503-508 and the B-strand 10-14 of CHCHDA4 (Figure 4), with the
C-loop presumably assuming a solvent-exposed open confor-
mation to account for the formation of the covalent link between
Lys517 and the N-terminus of CHCHDA4. Therefore, the C-loop
conformational plasticity provides a possible mechanism
for the mutual influence between the AIF active site and the
CHCHD4 binding site.

Previous work on human AIF already identified an allosteric
pathway propagating from the active site of the CT complex:
the binding of NAD induces the repositioning of Phe482 and
Phe310 (in stacking interaction with the nicotinamide ring) that

Table 2. Melting temperatures of wild type AIF and mutAlF in the presence of different ligands

Ligand

None NADH? CHCHD4 NADH/CHCHD4? NAD* NAD*/CHCHD4
AlF Tm (°C)
WT 73.0+0.5 57.0+ 0.5 63.0 + 0.8 58.0 + 0.5 61.0+ 0.5 51.0 £ 0.9
mut 69.5+ 0.5 51.5+05 68.5+ 0.5 51.5+05 58.0 £ 0.5 62.5+ 0.5

2Incubation in the presence of NADH leads to FAD reduction and generation of the CT complex.
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is transmitted through His454 to Ser480 and to the whole hydro-
phobic patch Phe482-Phe310-Tyr491. The resulting displace-
ment of B-strand 481-487 causes the release of the “Cp-clasp”
(i.e., the portion of the C-loop interacting with B-hairpin 487-490)
and thus the opening of the C-loop."*

Following the previous findings, we can speculate that the
signal from the AIF active site to CHCHD4 binding site starts
from the formation of the stacking interaction between NAD*
and FADH' in the CT complex, and is transmitted through the
opening of the C-loop — observed in different crystal structures
and in our SAXS experiments — to the CHCHD4 binding site, as
shown by the enhanced affinity of the reduced AlF for the partner
protein. Analogously, the opposite signal from CHCHD4 binding
site to the AIF active site would start from the binding of CHCHD4
that induces the opening of the C-loop — as suggested by the
decrease in T, of the complex, by our crystal structure and by
the cross-linking experiments — allowing the formation of the
NAD*/FAD stacking interaction (as shown by the spectroscopic
analysis). To further support this picture, it is worth noticing that
binding of CHCHD4 or NADH/NAD™ induces a reduction in the
thermal stability of AIF, which can be explained by the opening
of the C-loop.

A further element in the proposed mechanism arises from the
presumed location of the ~15 not modeled residues in oxidized
AIF C-loop (closed conformation of the C-loop): these residues
are probably located in front of the B-strand 503-508 hindering
the formation of new B-f interactions (as suggested by the lower
affinity of oxidized AIF for CHCHD4). The C-loop opening is thus
necessary to release such protection, allowing the B-strand 503-
508 to participate in both transient (with different portions of the
C-loop itself) or stable (with CHCHD4) new interactions.

To summarize, in this paper, we describe the binding mode
of the CHCHD4 N-terminal domain to the C-terminal domain of
AIF and demonstrate how such interaction allosterically affects
the FAD binding site of the protein likely through C-loop
repositioning.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by Mario Milani (mario.milani@

cnr.it).

Materials availability

All plasmids used in this study will be made available upon request. The study did not generate other new or unique reagents.

Data and code availability

o All data supporting the findings of this study are found within the paper and its Supplementary Information.X-ray structure fac-
tor and model have been deposited into the Protein Data Bank under accession number 8QNS.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon

request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The following strains were used in this study.

® Bacterial strain: E. coli strain BL21(DE3); E. coli SHuffle® T7.

METHOD DETAILS

Synthesis of CHCHD4 N-terminal peptide (N-pep)

The peptide corresponding to the first 27 N-terminal residues of mouse CHCHD4 (sequence: MSYCRQEGKDRIIFVTKEDHETPSSAE;
N-pep) was synthesized by microwave-assisted automated Fmoc/tBu-based solid phase peptide synthesis (MW-SPPS) using a
CEM Liberty Blue peptide synthesizer. MW-SPPS was performed on Rink-amide resin (0.4 loading, 0.1 mmol scale) following a stan-
dard protocol.>® All amino acids were N-terminally fluorenylmethoxycarbonyl (Fmoc)-protected and used in a final concentration of
0.2 M in dimethylformamide (DMF). DIC and Oxyma were used as coupling reagents (0.1 M in DMF), and 20% piperidine in DMF for
the deprotection. Couplings were performed at 75°C, 170 W for 15 s and then at 90°C, 40 W for 110 s, while deprotection at 75°C,
155 W for 15 s and then at 90°C, 50 W for 50 s. The cocktail cleavage was the following: trifluoroacetic acid/thioanisole/3,6-dioxa-1,8-
octanedithiol (92:5:3) for 180 min. After cleavage, the peptide was precipitated from ice-cold diethyl ether and purified by RP-HPLC
using an ADAMAS C-18 column from Sepachrom (10 um, 250 x 21.2 mm) and a gradient elution of 15—60% solvent B (solvent A:
water/trifluoroacetic acid 100:0.1; solvent B: acetonitrile/trifluoroacetic acid 100:0.1) over 40 min at a flow rate of 20 ml/min
(Figure S9).

AIF and CHCHD4 production

Murine AIF - The pKK233-3 vector-based construct for the bacterial expression of mouse AIF A1-101 (from amino acid Gly102; Uni-
prot: Q9Z0X1) fused with a C-terminal His-tag, named pKK-AIFA101 was described previously.' AIF was overproduced in E. coli strain
BL21(DES) and purified according to the protocol previously reported'*'° using an AKTA-FPLC system (Cytiva). Briefly, after cells son-
ication, the supernatant fraction was loaded on a Ni?* -affinity column equilibrated in solvent A (50 mM Na-phosphate, pH 8.0, 10 mM
imidazole). After extensive washing, AIF was eluted with solvent B (50 mM Na-phosphate, pH 8.0, 500 mM imidazole). As a final pu-
rification step, an anion exchange chromatography on a HiLoad 16/10 Q Sepharose HP column, equilibrated in 50 mM Tris-HCI, pH 8.0,
10% glycerol, was performed and protein was eluted using 50 mM Tris-HCI, pH 8.0, 1 M NaCl, 10% glycerol buffer. Purified protein was
conserved under anaerobic conditions in N»-saturated 50 mM Tris-HCI, pH 7.4 (at 25°C), containing 10% glycerol, at -20°C.

The AIF variant harboring the three adjacent amino acyl replacements T503D, V504K and G505P (mutAlF) was obtained by oligo-
nucleotide-directed mutagenesis using the Q5® Site-Directed Mutagenesis Kit (New England BioLabs) and pKK-AIFA101 as tem-
plate. Primers were designed with the NEBaseChanger (New England BiolLabs) primer design tool:

For: accgGTTTTTGCAAAAGCAACTG.

Rev: ttatcGGGCAAACTACTATCCAC.

The mutAlIF variant was expressed and purified using the same protocol reported for wild type AIF. Both protein forms were stored
at -20°C in 50 mM Tris-HCI, pH 7.4 (at 25°C), containing 10% glycerol, and their concentration determined using the extinction co-
efficient at 452 nm (450 = 12.54 mM~" cm™") (see below).

Murine CHCHDA4 - A plasmid construct for the bacterial expression of mouse CHCHD4 carrying a thrombin recognition sequence
followed by a His-tag at the C-terminus, based on a modified pET-21a(+) vector (Novagen), was purchased from Eurofins Genomics.
The protein expression was induced in the E. coli SHuffle® T7 strain at mid log phase with 0.2 mM IPTG at 20°C for about 16 h. After
cell sonication, the recombinant protein was isolated from the crude cell extract by metal-chelate affinity chromatography using a
HisTrap HP cartridge (Cytiva) connected to a AKTA-FPLC system (GE Healthcare) and equilibrated in solvent A (50 mM Tris-HCI,
pH 8.0, 200 mM NaCl, 10 mM imidazole, 10% glycerol). Protein was eluted using solvent B (50 mM Tris-HCI, pH 8.0, 200 mM
NaCl, 500 mM imidazole, 10% glycerol). Final polishing was obtained by anion exchange chromatography on a HiLoad 16/10 Q Se-
pharose HP column. CHCHD4 was loaded using solvent A (50 mM Tris-HCI, pH 8.0, 10% glycerol) and eluted using solvent B (50 mM
Tris-HCI, pH 8.0, 1 M NaCl, 10% glycerol). When needed for specific experiments, after the first purification step the C-terminal tag
was cleaved by digestion with thrombin (5 U per milligram substrate protein) for 1 h at 25°C in 50 mM Tris-HCI, pH 8.0, 5 mM CaCl,
and 100 mM NaCl. Possible residual undigested protein was removed by passing the incubation mixture through a HisTrap HP car-
tridge (Cytiva) prior to the anion exchange step. Purified CHCHD4 was stored at -20°C under anaerobic conditions in N,-saturated
50 mM Tris-HCI, pH 7.4 (at 25°C), containing 10% glycerol, to prevent sulfhydryl groups oxidation and its concentration determined
spectrophotometrically using its extinction coefficient at 280 nm (eog0 = 13.310 mM~' cm ™) (see below).

Spectrophotometric analysis

All spectrophotometric measurements were performed using a diode-array 8453 instrument (Agilent). The extinction coefficient of
AIF was assessed quantifying the amount of the FAD cofactor released upon protein denaturation induced by the addition of
0.2% SDS.%° Extinction coefficient and molecular weight of CHCHD4 and the synthetic 27mer peptide corresponding to its N-termi-
nal region were computed using the ProtParam software (https://web.expasy.org/protparam/).
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The perturbation of the AlF-bound FAD absorption spectrum in the visible region induced by CHCHD4 binding was determined in
50 mM Tris-HCI, pH 8.0, at 25°C. The spectrum of 12.1 uM AIF was recorded before and after the addition of 25.4 uM CHCHD4. To
evaluate the possible allosteric effect of CHCHD4 interaction on the binding of NAD* to AlF, the spectra of either AIF and an AIF/
CHCHD4 mixture were recorded before and after the addition of ca. 4 mM NAD™. Difference spectra induced by the presence of
each ligand were computed by subtracting the appropriate spectrum from that recorded after ligand addition, considering sample
dilution.

The effect of the temperature on the affinity of AIF for N-pep was evaluated by recording the spectra of a solution of 12.1 uM,
139 uM, 6.24 mM NAD*, in 50 mM Tris-HCI, pH 8.0 (at 25°C) over a 4-30°C temperature range. To exclude possible artifacts due
to a change in pH induced by the temperature shift, the spectrum of a control solution with the same composition was determined
at 25°C before and after the addition of an amount of NaOH able to determine the same increase in pH induced by a 20°C decrease in
temperature of the Tris-HCI buffer system. A further control experiment in which CHCHD4 was omitted was performed to verify if
NAD* could induce any spectral changes on AIF at low temperature.

Thermal unfolding studies

Thermal denaturation of the AIF forms was monitored by the ThermoFAD method, following the changes in FAD fluorescence
induced by protein unfolding®” on 12.1 uM solutions of either proteins in 50 mM Tris-HCI, pH 7.4 (at 25°C), containing 10% glycerol,
using a StepOne™ real-time PCR system (Applied Biosystems). When present, NADH and NAD* were 1.3 and 6.6 mM, respectively,
while CHCHD4 was 15.5 pM. All samples were incubated for 1 h on ice before analysis. A control experiment in which NAD" was
replaced by a double concentration of phosphate was set to verify if this anion could mimic the dinucleotide.

Analytical Size-exclusion chromatography (SEC)
SEC analyses were performed on 100 ul samples using a Superdex 200 increase 10/30 gel filtration column (GE Healthcare; molec-
ular range: 10 - 600 kDa), with 50 mM Tris-HCI, pH 8.0, 200 mM NaCl, 2 mM DTT, as the mobile phase. Solutions of 20-40 uM AIF
forms were incubated for 1 h on ice in the absence and in the presence of 50 uM of CHCHD4 and 2 mM NADH. All separations were
performed at 8°C with a flow rate of 0.5 ml/min. SEC experiments on CHCHD4 with/without 5 mM DTT (using a Superdex 75 HR
10/30) did not show any change of the elution profiles.

MicroScale Thermophoresis (MST)

Experiments were performed using either a Monolith NT.155 or a Monolith X apparatus (NanoTemper Technologies GmbH, Munich,
Germany) and analyzed with the MO.Affinity Analysis software (NanoTemper Technologies GmbH). His-tagged AIF forms were
labeled with the red fluorescent dye NT-647, using the Monolith NT His-Tag Labeling Kit RAD-tris-NTA (NanoTemper Technologies)
according to manufacturer instructions. AIF forms, diluted to 200 nM in 1xPBS-T (100 pl), were incubated 1 h on ice either in the
absence and in the presence of 500 uM NADH. Each protein sample was mixed with 100 pl of dye solution diluted 1:50 in 1x
PBS-T. After 30 min incubation at room temperature, the mixtures were clarified by centrifugation at 15,000 xg for 10 min at 4°C.

MST measurements were performed at the baseline temperature of 24 °C at a fixed concentration of 50 nM AIF. Titrant CHCHD4
and N-pep concentrations were varied from 4 nM to 140 uM, and from 10 nM to 300 uM, respectively. Laser excitation power and
MST power were set to 20% and 40%, respectively.

To unambiguously distinguish between fluorescence changes caused by AIF-CHCHD4 interaction and those caused by non-spe-
cific effects, EDTA and EPC tests were performed, according to manufacturer recommendations. The EDTA test was used to exclude
possible effects by ligand-induced aggregation or adsorption to capillaries. The EPC test was intended to exclude possible non-spe-
cific effects caused by the interaction of the titrant with the His-tag-bound tris-NTA dye. In the first control test, the initial fluorescence
of the labeled protein sample was measured before and after EDTA incubation; in the second, the possible effect of CHCHD4 incu-
bation on the MST signal was evaluated on Hisg-tagged peptide.

Cross-linking

AIF or mutAIF (27 uM), and CHCHD4 (40 uM) were incubated in 100 mM Na-phosphate, pH 8.0, 150 mM NaCl, 5 mM DTT and 2 mM
bis(sulfosuccinimidyl) suberate (BS3), at room temperature. The cross-linking reaction was terminated by the addition of 40 mM Tris-
HCI, pH 7.5, after 5, 15, 30 minutes and 1 h, and the samples analyzed by SDS-PAGE. Control experiments were performed using AIF
and CHCHD4 alone with/without BS3, and the mixture AIF:CHCHD4 without the cross-linker.

Mass spectroscopy

Each gel band was excised, reduced, alkylated, and digested overnight with trypsin (sequence grade, Sigma-Aldrich) at 37°C using a
protease:protein ratio (1:10). Tryptic digests were extracted with 50% ACN in 0.1% TFA, desalted/concentrated on a uZipTipC18
(Millipore) using 50% ACN in 0.1% formic acid as eluent, concentrated using Savant Speed Vac (Thermo Fisher Scientific, Bremen,
Germany) and submitted to mass spectrometry.®® NanoHPLC coupled to MS/MS analysis was performed on Dionex Ultimate 3000
HPLC system with an EASY-SprayTM 2 um 15 cm X 150 um capillary column filled with 2 um C18 100 A particles, connected to a
Q-Exactive Orbitrap (Thermo Fisher Scientific, San Jose, CA, USA). The temperature was set to 35°C and the samples (2 pL) were
injected once. MS spectra were collected over an m/z range of 350 — 2000 Da at 70,000 resolutions, operating in the data dependent
mode. HCD was performed with collision energy set at 35 eV. Polarity: positive.
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The acquired raw files were subjected to data analysis using MaxQuant software (version 2.2.0.0, https://maxquant.org/). The
searches were performed against AIF and CHCHD4 sequences. The following settings were applied: BS3 was used as cross-linker,
minimum partial score remained as the default value of 10 and minimal score for modified peptides was set at 40. A minimum peptide
length of 4 and max peptide mass 6 kDa was used, no contaminants were added, trypsin was set as digestion enzyme with maximum
three missed cleavage sites. Carbamidomethylation on cysteine was defined as fixed modification, oxidation of methionine as var-
iable modification.*®

Alpha fold models

The model of the AIF-CHCHDA4 interaction was generated using AlphaFold.®® More in detail, the ColabFold v1.5.2: AlphaFold2 was
used, starting from the amino acid sequences of murine AIF and CHCHDA4. The first 5 best poses were analyzed with PyMOL showing
high structural similarity. The model of the AIF-CHCHD4 tetrameric assembly was obtained superposing the AlphaFold model of the
heterodimer on the crystallographic dimer of the AIF oxidized structure (PDB: 3GD3; with the closed conformation of the C-loop).

Crystallization, data collection and structure refinement

Sitting drop crystallization trials were performed with Oryx-4 crystallization robot (Douglas Instruments), using available commercial
crystal screens; the optimal crystallization conditions were selected through several optimization steps starting from the commercial
screen JCSG-plus (Molecular Dimensions). AlF and N-pep were mixed with 9 mM NAD™, to a final concentration of 210 uM and 1 mM,
respectively. For every screen condition, 3 droplets were dispensed to a final volume of 0.4 ul with 30%, 50% and 70% of the protein
mixture.

The co-crystals were obtained in 20% PEG 6k, 100 mM Tris-HCI pH 8.0 at 4°C. Crystals were cryo-protected in a solution con-
taining 22% PEG 6k, 100 mM Tris-HCI pH 8, 0.6 mM CHCHDA4-peptide, and 25% of glycerol, and frozen in liquid nitrogen. Data
collection was performed at ESRF (Grenoble) beamline ID30A-1. After indexing and scaling using the autoPROC program®® (see
Table S1 for X-ray data-collection statistics for spherical scaling and Figure S2 for radiation damage during data collection), the crys-
tal structure of reduced AIF (PDB: 3GD4) was used as a model for the molecular replacement.*® After rigid body refinement,®’ of the
4 AIF molecules in the crystal asymmetric unit (Refmac5°’; R/Rfree = 46.6/46.7) followed by restrained refinement (R/Rfree = 32.4/
42.4), a residual electron density was clearly visible near the AIF beta strand (aa. 503-507, Figure S3A). After new refinement cycles
using global NCS restraints (Refmac5; R/Rfree = 31.2/38.6), the mentioned residual electron density was modeled (in one AIF subunit)
with a portion of the N-pep, starting from the AlphaFold model of the complex (R/Rfree = 26.5/35.9 after Refmac5); afterwards the
CHCHD4 peptide was also modeled for the remaining 3 AIF subunits in the crystal a.u. (R/Rfree = 26.3/34.9).

Small-Angle X-ray Scattering (SAXS)

All experiments were performed at the Deutsches Elektronen-Synchrotron (DESY) of Hamburg, Germany, wavelength 0.123985 nm;
Detector: Pilatus 6M. CHCHD4 conservation buffer, 50 mM TRIS-HCI, pH 8.0, 200 mM NaCl, 2 mM DTT and for SEC-SAXS, a Super-
dex 75 10/300 GL column (GE Healthcare) was used. SEC-SAXS data analysis were performed with CHROMIXS and with PRIMUS
software of ATSAS suite.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses related to the X-ray crystal structures are provided in Table 1. Statistics for SAXS data collection and processing
are summarized in Table S3.
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