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ABSTRACT: The apoptosis-inducing factor (AIF) is a mitochondrial-
flavoprotein that, after cell death induction, is distributed to the nucleus to
mediate chromatinolysis. In mitochondria, AIF is present in a monomer—
dimer equilibrium that after reduction by NADH gets displaced toward the
dimer. The crystal structure of the human AIF (hAIF):NAD(H)-bound dimer
revealed one FAD and, unexpectedly, two NAD(H) molecules per protomer.
A 1:2 hAIF:NAD(H) binding stoichiometry was additionally confirmed in
solution by using surface plasmon resonance. The here newly discovered
NAD(H)-binding site includes residues mutated in human disorders, and
accommodation of the coenzyme in it requires restructuring of a hAIF portion
within the 509—560 apoptogenic segment. Disruption of interactions at the
dimerization surface by production of the hAIF E413A/R422A/R430A o (5)'50 200
mutant resulted in a nondimerizable variant considerably less efficiently

stabilizing charge-transfer complexes upon coenzyme reduction than WT hAIF. These data reveal that the coenzyme-mediated
monomer—dimer transition of hAIF modulates the conformation of its C-terminal proapoptotic domain, as well as its mechanism
as reductase. These observations suggest that both the mitochondrial and apoptotic functions of hAIF are interconnected and
coenzyme controlled: a key information in the understanding of the physiological role of AIF in the cellular life and death cycle.
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he apoptosis-inducing factor (AIF) is a flavoprotein that a soluble and pro-apoptogenic form, hAIF5;_,g,. hAIF,, o, is
mediates caspase-independent programmed cell death translocated first to the cytoplasm and then to the nucleus,
(PCD)."” Tts gene is located on chromosome X, regions A6 where it induces apoptosis by chromatin condensation and
and Xq25-26 in mice and humans, respectively.’ Human AIF large scale DNA fragmentation.””"" The identification of two
(hATF) is expressed as an apoprotein precursor (613 residues) alternative spliced mRNA isoforms of AIF, named AlFsh and

that contains a N-terminal mitochondrial localization sequence
(MLS) and two nuclear leading sequences (NLS).! After
import in the mitochondria, the proteolytic cleavage of its N-
terminal 54 residues produces the mature form of the protein,
hAIF,,_g4. This form is inserted into the inner mitochondrial

membrane, incorporating the FAD cofactor and folding in three ) ) ‘ /
structural domains.* The FAD-binding and the NAD-binding Phenotypes associated with AIF deficiency and defects in both

AlFsh2, which correspond to the C-terminal and the reductase
domains of AIF, respectively, initially suggested that the
reductase and the apoptotic functions might be dissociated.”'*

In addition to its apoptotic function, AIF appears to play a
vital but unclear role in redox metabolism of healthy cells.

domains show the classical Rossmann topology found in many cellular and animal models suggest that its reductase activity
other flavoproteins and confer to AIF a NAD(P)H dependent

reductase activity,5 while the C-terminal is considered the pro- Received: March 20, 2014

apoptotic region."® After a cellular apoptotic insult, hAIF ;_g, Revised:  June 10, 2014

is cleaved at residue 102 by calpains and/or cathepsins, yielding Published: June 10, 2014
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regulates mitochondrial structure and redox metabolism.'>'*

AIF deficiency is also related to respiratory defects in
mitochondrial complexes I and III, suggesting that its reductase
activity might regulate oxidative phosphorylation by contribu-
ting to their assembly or by providing them with reducing
power.'* More recently, mitochondrial human disorders
featuring neurodegeneration have been associated with
mutations in hAIF. Deletion of R201'® and G308E
replacement’” are associated with the early onset of severe
neuromuscular symptoms (including general delay and
regression in psychomotor development, brain anomalies,
hypotonia and hyporeflexia, seizures, muscle wasting and
weakness) leading to considerably short lifespans. Patients
affected by these two mutations also showed signs of
mitochondrial abnormalities and impaired oxidative phosphor-
ylation. Additionally, the E493V mutation is the genetic cause
of the type 4, X-linked form of the Charcot-Marie-Tooth
disease, Cowchock syndrome, a hereditary peripheral neuro-
pathy associated with deafness and cognitive impairment.'®
Evidence for the reductase activity of AIF supporting energy
metabolism as well as benefiting the growth and invasiveness of
advanced prostate cancer cells further indicates a relationship
between the dual AIF action as a pro-life and as a pro-death
effector.” The study of the AIF molecular and oxido-reductase
properties showed that its in vitro reduction by NADH occurs
through the appearance of charge transfer complexes (CTC),
inducing protein dimerization as well as conformational
rearrangements of the reductase and the apoptogenic
domains #51820-22

The identified pathogenic hAIF mutations and the interest in
the design of new therapies to modulate caspase-independent
apoptosis pathways make AIF a potential target to treat
pathological disorders (cancer or degenerative diseases) in
which this protein causes a defect or excess of apoptosis.”’
Since one of the possibilities for modulating the AIF pro-
apoptotic function might be regulating its reductase activity,"
as well as its coenzyme dependent dimerization ability, it is of
interest to further understand at the molecular level the
parameters underlying such mechanisms in the human enzyme.
Here, we present the crystal structure of the hAIF,,_,q,:NAD-
(H) complex, revealing one FAD and, unexpectedly, two
NAD(H) molecules per protomer. Proof of the critical in vivo
functionality of the here newly discovered coenzyme-binding
site of hAIF is given by the fact that two of the three detected
human neuropathies above-mentioned are due to defects in its
sequence, deletion of R201 and E493V mutation, correspond to
this novel NAD(H) binding site.'®'® We have also charac-
terized a mutant of hAIF,,_;,, where, based on the structural
data, the dimerization surface has been altered. The effects
introduced by the mutations on protein dimerization,
coenzyme binding, and kinetic parameters for the reductase
activity indicate that the coenzyme-mediated monomer—dimer
transition of hAIF modulates its mechanism as reductase.

B EXPERIMENTAL PROCEDURES

Production of hAIF Proteins. The gene encoding the
hAIF deletion mutant A1—102, hAIF,;_;0,, was cloned into the
pET28 expression vector with a cleavable N-terminal 6His-tag,
and the pET28-hAIF,, 5, construct was used to transform
Escherichia coli BL21(DE3) cells.'” The plasmid encoding for
the E413A/R422A/R430A hAIF,,_,y, was obtained by site-
directed mutagenesis on pET28-hAIF,, 3, at Mutagenex.
Wild-type (WT) and E413A/R422A/R430A hAIF,,_;y, were
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expressed and purified as described in the Supporting
Information (SI).

Molecular Weight Determination by Size Exclusion
Chromatography. 90 yuM WT and E413A/R422A/R430A
hAIF,;_gy, either in the presence or absence of a 10-fold excess
of NADH, were loaded onto a HiPrep 26/60 SephacrylS-200
high resolution (GE Healthcare) column attached to a fast
pressure liquid chromatographic system (GE Healthcare), in 50
mM Tris-HC], pH 8.0, 200 mM NaCl, at a flow rate of 0.5 mL/
min. The column was calibrated with a LMW calibration kit
(six proteins in the 6400—160000 Da range).

Stabilization of Cross-Linked Oligomers. Reaction
mixtures containing 2—5 uM WT or E413A/R422A/R430A
hAIF,;_gy, in 10 mM phosphate, pH 8.0 and a 100-fold excess
of the homobifunctional-bis[sulfosuccinimidyl]-suberate (BS?,
Pierce) cross-linker were incubated 30 min at 25 °C either in
the absence or presence of 2 mM NADH. Reactions were
terminated by addition of the denaturing bromophenol blue
sample buffer. The mixture was resolved by 12% SDS-PAGE.

Atomic Force Microscopy Imaging. Atomic force
microscopy (AFM) measurements were performed with a
Cervantes Fullmode scanning probe microscope (Nanotec
Electrénica S.L.). Images were taken using the Jumping Mode>*
with V-shaped silicon nitride cantilevers with integrated
pyramidal 2 nm ultrasharp tips and spring constants of 0.01—
0.03 N/m (Bruker Probes) in 0.5 uM solutions of hAIF ;_¢,
in PBS pH 7.0 at 20 °C, unless otherwise stated. The enzyme
was also incubated with 50 uM NADH, NADPH, NAD" or
NADP" at 4 °C for 10 min under mild stirring. When indicated,
protein samples were pretreated with 100 M of BS® for 50 min
at 25 °C in the presence of NADH, and the cross-linked
mixtures were separated using 50 kDa filters (Amicon).
hAIF,,_,0, immobilization, image processing, and estimation
of percentages for the different oligomeric states are described
in SL

Determination of the in vivo Association State of AIF
by Native Polyacrylamide Electrophoresis. Mitochondria
were isolated from mouse liver, mouse heart, HeLa cells, and
mouse embryonic fibroblasts (MEFs) as described else-
where.”*~*” All procedures using mice were carried out under
Project License 212-328 approved by the in-house Ethic
Committee for Animal Experiments from the University of
Zaragoza. The care and use of animals were performed
accordingly with the Spanish Policy for Animal Protection
RDS53/2013, which meets the European Union Directive 2010/
63 on the protection of animals used for experimental and
other scientific purposes. Digitonin-solubilized mitochondrial
proteins (10 ug per lane) were separated on clear native
gradient gels (4—15% acrylamide) with cathode buffer
containing 0.02% n-dodecyl f-p-maltoside by high-resolution
clear native electrophoresis-1.”> When appropriate, samples
were incubated for 15 min with various NADH concentrations,
before loading on the gels. AIF was detected by Western blot as
indicated in SL

Crystal Growth, Data Collection, and Structure
Refinement. Crystals of the reduced hAIF,;_;q,¢:NAD(H)
complex were generated from a mixture containing oxidized
hAIF 4, 1050 (150 #M) in 20 mM Tris-HCI, pH 8.0, 0.15 M
NaCl, 10% glycerol with NADH (18 mM in H,0). One
microliter of this mixture was added to 1 yL of mother liquid
containing 16—20% PEG 4K, 0.2 M Li,SO,, and 0.1 M Tris-
HC], pH 8.5. The resulting drops were equilibrated against 0.5
mL of mother liquid. Drops were set in an anaerobic glovebox

dx.doi.org/10.1021/bi500343r | Biochemistry 2014, 53, 4204—4215
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Figure 1. Aggregation states of recombinant and mitochondrial hAIF. (A) Elution profile on a Sephadex S-200 column of WT hAIF,;_,y, in S0 mM
Tris-HCL pH 8.0, 200 mM NaCl. Continuous line corresponds to the free enzyme, while dashed line shows the profile upon incubation with a 10-
fold excess of NADH. (B) Jumping mode-AFM topography 3-D images of (1) hAIFA; 0 (2) hAIF,, o, incubated with NADH; and (3, 4)
details of a monomer (the protein organization in three domains can be appreciated) and a dimer, respectively. Monomers and dimers are
represented with black and red circles, respectively. Images obtained in PBS, pH 7.0. The area of the images in (1) and (2) corresponds to 300 nm*
The image in (2) was the originally scanned, while the rest are zoomed images of original AFM scans of a 500 nm? (C) Western blot of digitonin-
solubilized mitochondrial fractions obtained from mouse liver (lanes 1 and 2), mouse heart (lanes 3—5), HeLa cells (lanes 6 and 7), and MEFs cells
(lanes 8 and 9) after separation by high-resolution clear native gel electrophoresis-1. The blot was probed with AIF specific antibodies. The
concentration of NADH added to samples prior to electrophoresis is indicated. Molecular markers are indicated at the right side. (D) Elution profile
on a Sephadex $-200 column of E413A/R422A/R430A hAIF,,_,o,. Conditions and sample identification as in panel A. (E) Jumping mode-AFM
topography 3-D images for E413A/R422A/R430A hAIF 5,_,o,. (1) E413A/R422A/R430A hAIF,,_ 0y, and (2) E413A/R422A/R430A hAIF,,_ o,
incubated with NADH. Most of the features were monomers (black circles), while dimers were hardly found in the sample. The image in (1) is the
original scanned image, while (2) is a zoomed image of the original AFM scan of a 500 nm* Other conditions as in panel B.

(COY) to avoid turnover. Blue crystals grew after 24—48 h at lized on two independent NTA sensor chips®' up to responses
18 °C and were frozen under anaerobic conditions using of 7400 and 2284 resonance units (RU). Interaction of these
mother liquid plus 20% glycerol as cryoprotectant. X-ray data immobilized proteins with 25 M and 250 yM NADH,
sets were collected on the ID23.1 beamline at ESRF (Grenoble, respectively, was assayed using a Biacore T200 (GE Health-
France) and processed, scaled, and merged with autoPROC.* care) biosensor in the Biacore HBS-P buffer at 60 yL/min and

Crystals belonged to the P3,21 space group with unit cells a = b 25 °C. Binding stoichiometry of NADH to His-tagged
= 120.7 A, ¢ = 343.4 A. The structure was solved by molecular hATF 5 |_050x Was estimated using the equation: S = (MWAF

replacement using Molrep from the CCP4 packag630 and the x RUNADH) /(MWNAPH ¢ RUAF) ) where RUNAPH refers to the
hAIF |10 structure (PDB ID: 1M6I*") as initial model. The theoretical maximal binding capacity extrapolated from the
structure previously reported for hATF,;_15;,, (1IM6I) has been experimentally immobilized His-tagged hAIF y;_;050,, RUM is
further refined here as indicated in SI using as initial input files directly obtained by the sensorgram recorded during ligand
its own pdb and mtz files. Statistics for data collection and inmobilization, and MWA™ and MW™APH are the correspond-
refinement for both molecules are in Table SI-1. Atomic ing molecular weights. The reference channel does not show
coordinates and structure factors are deposited in the PDB with significant nonspecific binding.
PDB ID: 4BUR for the complex of hAIF 5;_;0,,4 with NAD(H) Spectroscopic Measurements. Spectroscopic and steady-
and PDB ID: 4BV6 for the refined hAIF,,_;,,,, structure. state kinetic analyses were performed in a Cary 100 Bio
Surface Plasmon Resonance Measurements. Two spectrophotometer (Varian). Concentrations were determined
samples of His-tagged hAIF,;_)4,,, were covalently immobi- using the molar absorbances of WT and E413A/R422A/R430A
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hAIF,,_,o, estimated by released free FAD with 3 M
guanidinium chloride (e,59 137767 and €450 12329 M™' cm™
respectively). Photoreduction of ~15 uM hAIF,;,_,,, was
carried out at 18 °C using an anaerobic cuvette in 50 mM Tris-
HC], pH 8.0, with 2 mM EDTA and 5 uM 5-deazariboflavin.**
Reduction was also investigated with an excess of sodium
dithionite, under both anaerobic and aerobic conditions.
Steady-state activities of hAIF,,_,o, were measured as
described in SI

Transient Kinetics Measurements. Stopped-flow meas-
urements were carried out under both anaerobic and air-
saturated conditions in an SX17.MV spectrometer (Appl. Phot.
Ltd.) with a diode-array detector and the Xscan software.
Tonometers containing enzyme or substrate solutions were
made anaerobic by successive evacuation and flushing with
argon.33 Measurements were carried out in 50 mM phosphate,
pH 8.0, at 25 °C with 8 uM hAIF,,_;o, and a range of NAD(P)
H concentrations (0.03—S mM). Given concentrations are the
final ones after mixing. Parameters were calculated as indicated
in SL

B RESULTS

Dimerization of hAIF,;_;9,. The recombinant WT
hAIF,,_ 14, was obtained as a soluble and folded protein with
the typical FAD maxima at 380 and 451 nm and a shoulder at
467 nm, indicating that the cofactor was in the oxidized state
and correctly incorporated (Figure SI-1). Gel filtration
chromatography indicated that hAIF,; 0,, was a monomer
with an apparent molecular weight of ~65 kDa, while
hAIF,,_;p, previously treated with NADH under aerobic
conditions showed an additional peak with an apparent
molecular weight of ~150—180 kDa (Figure 1A). The
oligomer:monomer ratio was in the 2.3—2.7 range. Spectro-
scopic analysis of the oligomeric peak confirmed it
corresponded to a hAIF,;_;0,g:NAD* CTC (data not
shown). Thus, NADH induced oligomerization of hAIF;_,.
The nature of the hAIF,;_ ;0,0 and hAIF z;_;,,s:NAD" species
was further characterized at the AFM single-molecule level to
direct imaging single oligomers on mica surfaces, a method
preserving catalytic activity (Figure 1B),>* and to unequivocally
identify their quaternary organization. AFM images of
hAIF ;150 revealed a homogeneous distribution of isolated
molecules of diameter 7 + 1 nm, that corresponded to the
dimensions for the monomeric crystallographic structure (~5 X
6 X 7 nm) (Figure 1B, panels 1 and 3, and Table 1). Treatment
of hATF |05, with NAD(P)H increased the percentage of
dimers over monomers (Figure 1B, panels 2 and 4), confirming
that dimers were the quaternary organization representing the
hAIF A _102::NAD* CTC. Production of dimers was partic-
ularly evident upon treatment with NADH over NADPH,
suggesting lower enzyme affinity for NADPH. The oxidized
form of the coenzyme, NAD*, did not produce dimerization.
Most of the dimers showed asymmetrical compositions and,
although neatly distinguishable, it was not possible to assign
intermolecular interactions between domains. Increasing the
concentration of hAIF,;_ g, significantly increased the
percentages of oligomers (Table 1), including trimers and
other higher aggregates.

The association state of AIF in mitochondria from mouse
liver, heart, and MEFs cells, as well as from human HeLa cells
was investigated by using blue native electrophoresis (Figure
1C). In whole digitonin-solubilized mitochondrial fractions,
native AIF was mainly present as a monomer, while treatment

4207

Table 1. Distribution of Monomers and Dimers Identified by
AFM for WT and E413A/R422A/R430A hAIF,, o, under
Different Conditions”

preincubation conditions monomers (%)  dimers (%)

WT
WT 96 4
WT Sx NQ NQ
WT + NAD* 96 4
WT + NADH 48 s2
WT + NADP* 87 13
WT + NADPH 66 33
E413A/R422A/R430A

E413A/R422A/R430A + NADH 9% 4
E413A/R422A/R430A + NADH + BS? 90 10

“Protein concentration for the incubation on the mica was 0.5 yM in
PBS pH 7.0. Percentages refer to the total protein molecules,
independently on the association state. Error associated with the
percentages is within 5S—15%. NQ: nonquantifiable and corresponding
to a fraction of molecules including trimers and higher aggregates.

with exogenous NADH greatly increased dimerization. This
observation slightly differs from previously reported data in the
rodent liver fraction of mitochondria,”® where mAIF was
reported to exist as an equimolar mixture of monomers and
dimers. Altogether, these results encouraged us to further
analyze the molecular determinants controlling the dimeriza-
tion of human AIF.

The hAIF,;_;05,:NAD(H) Interaction at the Molecular
and Atomic Levels. The hAIF,;_;0,,¢:NAD(H) structure was
solved at 2.9 A resolution with final R and Rg,, factors of 0.18
and 0.23, respectively (Table SI-1). The four chains of the
asymmetric unit present a similar overall fold: r.m.s.d. of 0.28 A
(412 C,, chain B), 0.24 A (373 C,, C), and 0.30 A (384 C,, D)
regarding chain A. The final atomic model contains residues
128—516 and 551—611 in chain A, 125—516 and 553—610 in
B, 127—517 and 558—612 in C, and 128—509 and 559—611 in
D, and electron density was clear to position one FAD and two
NAD(H) molecules per hAIF,,_ 4, protomer with 100%
occupancy (Figure 2). The blue color of the crystals indicated

Figure 2. Electron density maps for hAIF ligands. (A) The IF,| — IF
electron density map shown at 2.0 with the ligands modeled inside it.
(B) Detail of the ligands electron density within the protein
environment. NAD(H),, NAD(H);, and FAD are displayed in CPK
sticks with carbons in white, while the protein backbone is shown in
gray cartoon.

the flavin was reduced and forming a CTC with at least one
NAD" molecule. The nicotinamide rings of both coenzyme
molecules show perfect planar organizations, which suggest
both might be in the oxidized state. Therefore, herein we will
refer to this complex as hAIF,;_;4,,4:22NAD(H). The single
FAD and the two NAD(H) molecules occupy identical
positions in all chains (Figures 3 and 4). Analysis of association

dx.doi.org/10.1021/bi500343r | Biochemistry 2014, 53, 4204—4215
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Figure 3. Structure of the hAIF,|_,,,¢:2NAD(H) dimer. (A) Surface representation. Chains A and C are in pale yellow and blue, respectively. FAD,
NAD(H),, and NAD(H)j are shown as sticks with its C atoms in orange, blue, and pink, respectively. Residues at the interface are also represented
as sticks (yellow and blue C). (B) Cartoon representation. The interface residues are shown as sticks. A zoom of the interface area with interactions
in dashed lines is also shown. (C) SPR sensorgram showing the association of NADH (25 uM) with covalently immobilized His-tagged hATF 5| _;;0,
on a NTA chip (7400 RUs) and the net resonance signal (RU) obtained by subtracting the reference channel from the experimental one.
Measurements were carried out in Biacore HBS-P buffer at 60 yL/min and 25 °C. The injection of NADH (arrow) resulted in a 159 RU rise,

indicating NADH binding with a ~1:1.8 stoichiometry.

of the four chains of the asymmetric unit of the
hAIF;_102:¢:2NAD(H) complex suggests as the most probable
biological assembly in solution a dimer stabilized by several H-
bonds and salt bridges, and represented by either the
association of chains A and C, or of chains B and D (Figure
3B). The carboxylate of E426 from one protomer interacts with
the O-gamma and N atoms of S431 from the other protomer,
while N424 and A429 from each protomer are H-bounded to
each other. The dimer is additionally stabilized by salt bridges
between the carboxylic O-epsilonl and O-epsilon2 atoms of
E413 and the N-epsilon and NH2 of R449, and between N-
epsilon of R430 and O-epsilon2 of E426 from each protomer.
Finally, Arg422 residues from each protomer stack on each
other through their guanidinium groups. These residues are
conserved in mouse AIF (mAIF) and also involved in
stabilization of its dimer.”> Superposition onto chain A of
hAIF,;_102:a:2NAD(H) of the refined hAIF,,_,,;,, monomeric
model (see SI) shows a r.m.s.d. of 1.108 A (414 C, atoms).
These data suggest that binding of NADH to hAIF,, plus the
subsequent hydride transfer (HT) trigger dimerization of the
protein. To confirm whether the enzyme:coenzyme stoichiom-
etry found in the crystal was relevant in solution, complex
formation between covalently immobilized hAIF,;_;,,,, and
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NADH was further analyzed using SPR. Sensorgrams obtained
under conditions trying to mimic the crystallographic ones,
2280 RUs of immobilized His-tagged hAIF,,_4,,, and a high
concentration of the NADH ligand (250 zM), yielded a 55 RU
rise that indicated a 1:2 stoichiometry (not shown). When the
amount of immobilized protein was increased by 3 times and
that of NADH reduced by 10-fold, to mimic more physiological
conditions, the determined stoichiometry was 1:1.8 (Figure
3C). These results agree with the hAIF,;_;qq:2NAD(H)
structure and confirm the presence of two NAD(H) binding
sites in the enzyme.

Regarding these two NAD(H) molecules found in each
protomer (Figures 3A and 4), the first one (herein NAD(H),)
shows an extended conformation with its nicotinamide stacking
in parallel between the re-face of the FAD flavin and the F310
rings (Figure 4B). Its binding is stabilized through a H-bond
network involving G308, F310, L311, E314, E336, G399, E453,
H454, and W483. Comparison with the free enzyme indicated
displacements of F310 (3.6 A) and H454 (2.9 A) (Figure 4B)
to accommodate the nicotinamide of NAD(H),, producing a
stacking between the nicotinamide and flavin rings apparently
optimal for charge transfer. Similarly to the free structure, P173,
at the N-terminal of the 173—180 a helix, stacks against the

dx.doi.org/10.1021/bi500343r | Biochemistry 2014, 53, 4204—4215
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NAD(H)g

F582

Figure 4. FAD and NAD(H) binding sites in the hAIF,,_,0,,4:2NAD(H) complex. Network of H-bonds and hydrophobic stacking interactions at
the (A) FAD binding site. (B) NAD(H), binding site, and (C) NAD(H)j binding site. Carbon atoms are shown in orange for FAD, and blue and
pink for NAD(H), and NAD(H)j, respectively. Residues from hAIF,,_ ;40 (panels B and C) are shown as yellow sticks and those of

hAIF,;_102,¢:2NAD(H) as green.

pyrazine ring at the si-face of the flavin, while W483 closes its
pyrimidine end with an angle of ~45°. The second NAD(H)
molecule (NAD(H)y), identified here for the first time, binds at
the si-side of the flavin (Figure 4A,C), with its nicotinamide
stacking at the other side of W483. NAD(H)j; binding induces
displacement of FS82 (2 A) and, particularly, W196 (7 A, plus
rotation) to accommodate the adenine of NAD(H)y through
stacking interactions. W196 and E493 also contribute to
stabilize the pyrophosphate, ribose, and nicotinamide moieties
of the coenzyme.

In hAIF,, the apoptotic C-terminal domain (residues 478—
610) includes a long and flexible region (509—559) that
apparently occludes access to the redox active site.* Our refined
hAIF,; 1510 model provides additional information on this
elusive, but key, fragment. A portion of this region folds into
two short a-helices (517—524 and 529—533) (Figure SA),

4209

which decrease the accessibility of solvent to the flavin ring
through W483. Residues following these two a-helices are
organized in a loop (533—54S) and, high flexibility beyond
position 546 makes the rest of the region not visible (546—
558). In the structure of the hAIF,;_;,,4:2NAD(H) complex
residues previously forming the two short a-helices (517-524
and 529—533) are not observed anymore (Figure SB), and
their former position in the coenzyme free structure now
allocates NAD(H)g, Moreover, the loop $10—516 (connecting
the end of a f-sheet with the helix 517—524 in hAIF,) is
considerably displaced and transformed into the sixth
antiparallel § strand of the f-sheet that now ends at N516
(compare Figure SAB). In hAIF, the $17—533 region is
stabilized by direct interaction with the 190—202 f-hairpin,
particularly by a H-bond and a salt-bridge between the side-
chain of R201 and those of T526 and ES31, respectively. Upon

dx.doi.org/10.1021/bi500343r | Biochemistry 2014, 53, 4204—4215
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Figure 5. Conformational changes observed in hAIF upon NADH induced dimerization. Cartoon representation of (A) refined hAIF,,_,,,, (pink)
and (B) hAIF,;_;0,,4:2NAD(H) (wheat). Visible residues in the S08—560 segments are drawn in orange, residues involved in the dimerization
surface in dark salmon and those of the f-hairpin in hot pink. FAD, NAD(H),, and NAD(H)j are drawn in sticks with C in orange, blue, and yellow,
respectively. Missing fragments are indicated as dotted orange lines. Enlarged regions show a detail of the NAD(H)j binding site for each structure.
In (B) the second protomer of the dimer is also shown as a gray surface.

coenzyme binding and/or reduction R201 results displaced by
forming a H-bond with the main chains of Y204 and $202, thus,
contributing to the unfolding of the short helices, allowing
NAD(H)jg stabilization and releasing the orientation of the
190—202 p-hairpin to the solvent. Overall, these results
uncover that at a molecular level the oxido-reduction and/or
coenzyme bound status of hAIF modulates the conformation of
its C-terminal proapoptotic domain. This is a key result in the
comprehension of the double biological role of AIF.

The Dimerization Surface Modulates the Properties
of hAIFy,_10,. To better understand the particular roles of the
dimerization surface, we produced the E413A/R422A/R430A
hAIF,,_,¢, variant. The purified mutant showed spectroscopic
properties similar to the WT (Figure SI-1B), indicating similar
folding around the oxidized flavin. Gel filtration analysis of
E413A/R422A/R430A hAIF,,_ g, either in the absence of
NADH or upon incubation with the coenzyme under aerobic
conditions, indicated the protein was maintained as a monomer
with apparent molecular weights of ~61 and ~77 KkDa,
respectively (Figure 1D). Given the apparently short life of
the E413A/R422A/R430A hAIF 4, _05,¢:NAD (H) complex, the
BS® cross-linker (conjugating mAIF dimers*®) was used to
block the presumptive formation of the dimer upon incubation
with NADH. After incubation of both E413A/R422A/R430A
and WT hAIF,;_ 450, With a 100-fold excess of BS® only a
protein monomer of ~55 kDa was assessed by SDS-PAGE for
both samples (Figure SI-2, lanes 3 and 6). However, when WT
hAIF,,_,0, was incubated with both BS® and NAD(P)H, it
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appeared mainly as a broad band covering the range of 130—
170 kDa (Figure SI-2, lane 4). This MW range includes the
value expected for the dimer, in agreement with the results
obtained by gel filtration and AFM. However, only traces of
dimers, if any, were detected for E413A/R422A/R430A
hAIF,,_;p, when treated under the same conditions (Figure
SI-2, lane 7). AFM images of samples similarly treated
confirmed E413A/R422A/R430A hAIF,,_,5, as a monomeric
species, even in the presence of the cross-linker and NADH
(Figure 1E, Table 1). All together these data corroborate that
the introduced mutations at the dimerization surface drastically
affect the hAIF,, g, capacity to dimerize, confirming the role
of E413, R422, and R430 in the dimer stabilization.

At this point, it was necessary to identify whether the
introduced mutations might have any effect in the protein
properties as reductase. Even though the putative role of AIF as
mitochondrial oxidoreductase remains elusive,"> one common
experiment to unravel this potential role is to assay typical
electron acceptors, as well as types of redox centers, as
theoretical electron acceptors of NAD(P)H reduced hAIF.'®
Determination of different activities confirmed that WT
hAIF,,_;p, does not exhibit NAD(P)H oxidase activity, that
its redox partners are neither proteins containing iron—sulfur
centers nor glutathione, and that it does not have any relevance
in the in vivo bioreductive activation of quinones. DCPIP,
ferricyanide, and Cytc were more efficient in accepting
electrons from NADH reduced hAIF,;_;y, (Table 2). When
using those acceptors k, values were low and Ky"°™ large, and
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Table 2. Kinetic Parameters for the Reduction of WT and
E413A/R422A/R430A hATF,, ;o, by NADH”

Steady-State Kinetic Parameters for the NADH Reductase Activity with
Different Electron Acceptors

NADH
electron acceptor ke (571) K NAPH (M) (;ﬁl rrilnM_l)
WT
DCPIP? 1.5 +0.1 273 £ 31 5.6 +0.2
ferricyanide 3.1+04 1375 + 249 23 +£04
Cytc 0.6 + 0.2 203 + 75 64 + 0.7
E413A/R422A/R430A
DCPIP 0.5 + 0.03 17 +7 28 + 0.5
ferricyanide 1.6 + 04 335 + 147 48 £ 0.7
Cytc 0.1 + 0.01 39 + 14 2.1 +0.S5
Transient Kinetic Parameters for the Reductive-Half Reaction
g/ K NAPH
AIF,,_,, variant kyr (s7)  KNAPH (uM) (st M)
WT* 1.0 + 0.1 1085 + 302 976 + 0.4
E413A/R422A/R430A 0.5 £ 0.01 2260 + 295 221 +£ 0.2

“Steady-state assays were performed in 50 mM Tris-HCL, pH 8.0, at
25 °C, and pre-steady-state ones in 50 mM phosphate buffer, pH 8.0,
at 25 °C. "The WT diaphorase activity with DCPIP was also
determined in S0 mM phosphate, pH 8.0, with similar kinetic
constants than those here reported. Regarding specificity for the
coenzyme, NADPH (KYAPPH = 896 yM and k. = 0.04 s™' for
DCPIP) provided a catalytic efficiency 92-fold lower than NADH,
pointing to NADH as the preferred reductant for hAIF,, .
“Increasing ionic strength up to 140 mM produced a considerable
decrease in the WT hAIF,,_;0,:NADH affinity (KNPH = 5096 uM,
kyr = 2 s7'). Additionally, kyy and Ky for the WT form showed a
clearly preference for NADH versus NADPH as electron donor (k.
and KVAPP" were 12.5-fold lower and 4.5-fold higher that the
corresponding with NADH), in agreement with steady-state kinetics.

in the same range than those reported for other AIF human and
mouse isoforms (despite slight differences in experimental
conditions; Table 1 from ref 18 and data from ref 13). The
similar low efficiencies with Cytc and the artificial electron
acceptors reduce the possibilities of Cytc being the in vivo
hATF,,_¢, redox partner, even though both proteins are in the
mitochondrial intermembrane space. E413A/R422A/R430A
hAIF A, _1450¢ Was only slightly more efficient with either DCPIP
or ferricyanide (S- and 2.2-fold, respectively) and slightly less in
the Cytc reductase assay (0.4-fold) (Table 2). Differences
regarding the WT are just a consequence of slight differential
decreases in both k., and K", suggesting that changes at the
dimerization surface only have minor effects in these activities.
Similarly to the WT, this variant did not present NADH
oxidase activity.

The effects of mutations on coenzyme binding affinity and
on the rate constant describing the HT step, kyr, from NADH
to the isoalloxazine of hAIF,;_,g,., were analyzed by stopped-
flow transient kinetics. Similarly to that observed for the WT,
HT from NADH to E413A/R422A/R430A hAIF,; joor
resulted in full reduction of the flavin with the concomitant
formation of a broad band (~635 nm) consistent with the
formation of a FADH:NAD* CTC (Figure 6). However, the
CTC band considerably decreased in intensity (only ~30% of
the WT process). This suggests either reduction of the
percentage of CTC stabilized or the production of a CTC
with different spectroscopic extinction coefficients (different
charge distribution between the reacting rings). The transient
observed rate constants, k., for the WT process were
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Figure 6. Spectral changes during the reduction of hAIF,; g, by
NADH. Spectra recorded for the reaction of NADH (150 uM) with
(A) WT hAIF ;_1050x (8 uM) at 0.03, 3.6, 6.9, 16.7, 26.5, 36.4, and 46
s after mixing; (B) E413A/R422A/R430A hAIF,_ 0. (7 uM) at
0.03, 2.5, 5, 8, 11, and 16 s after mixing. The insets show the
absorbance spectra for the intermediate species obtained by fitting the
spectral evolution to a single step model (A — B). Dashed lines
correspond to oxidized protein spectra before mixing. (C) Depend-
ence of the observed reduction rates for the reduction of (®) WT and
(O) E413A/R422A/R430A hAIF,; ;0. On the concentration of
NADH. All reactions were analyzed using a stopped-flow spectropho-
tometer in SO mM phosphate buffer, pH 8.0 at 25 °C.

independent of the presence of molecular oxygen, CTC
being stable for at least 3 days. Thus, and similarly to other
AIF forms,>*® hAIF,;_0q exhibits high affinity for the
NAD(H) ligand that when bound prevents reoxidation by
molecular oxygen. However, reaction for E413A/R422A/
R430A hAIF,|_ 00 under aerobic conditions indicated quick
reoxidation of the reduced species at low coenzyme
concentrations and lack of CTC stabilization, while at higher
concentrations the produced CTC had very short lifetimes.
Herein k,,, values were calculated under anaerobic conditions,
showing a hyperbolic dependence on the coenzyme concen-
tration for all the variants (Figure 6C). This dependence
allowed determining the kyr, and the dissociation constant,
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KY*PH for the productive complexes (Table 2), with an
essentially irreversible reduction envisaged from data fits.
Kinetic parameters for E413A/R422A/R430A hAIF,;_jps0x
indicated that this variant resulted around 5-fold less efficient
in oxidizing the coenzyme (kyy/Ky of 221 s™' M™" versus 976
s7! M™!) than the WT. Nevertheless, its ky was in the same
range as k., for the DCPIP diaphorase and Cytc reductase
activities, as for the WT enzyme, indicating that the HT step is
the rate-limiting one.

B DISCUSSION

Under physiological conditions in mitochondria, the mono-
meric state of native mAIF and hAIF appears to predominate
over the dimeric form, while the proportion of dimers
considerably increases upon binding of NADH and subsequent
reduction of the flavin (Figure 1). This observation pointed us
to gain further insights into the molecular determinants
controlling protein dimerization obtaining the crystal structure
of the dimer by incubation of hAIF,;_,g,,, with NADH. This
structure shows the novelty of having two molecules of
NAD(H) bound per protein protomer, hAIF,;_;.4:2NAD-
(H). This stoichiometry was also confirmed in solution by
using SPR (Figure 3C). One of them, NAD(H),, was already
described in the structure of the mAIF,;:NAD* complex,*** but
the second, NAD(H);, was not detected at that time. The
redox active nicotinamide of NAD(H)y shows a parallel
stacking against the side-chain of W483 that on the other
face stacks against the pyrimidine ring of FAD. W483 is not
displaced regarding the free structure, and its position prevents
direct stacking between the nicotinamide and the isoalloxazine
rings, forcing NAD(H)j, into a bent conformation (Figures 4A
and 4C). Comparison of hAIF,;_;0,,q:2NAD(H) with
hAIF ;1210 indicates that accommodation of NAD(H)y is
assisted by ligand-binding and/or redox induced conforma-
tional changes in the 190—202 f-hairpin and in the 509—560
segment (Figure S). Both regions are specific for mammalian
AIF, being absent in its closest structural homologues.6
Although NAD(H)g was not detected in the mAIF,;:NAD*
structure, it showed the above-mentioned conformational
changes as well as the preformed cavity for its binding.**
Moreover, docking analysis also predict binding of NAD(H)y
in similar conformation than in the human structure (Figure SI-
3). NAD(H)y is situated at the position of the two short helices
of hAIF,;, 154w probably contributing to their disorder and
preventing their stabilization through the 190—202 S-hairpin,
particularly with R201 side-chain (Figure S). Remarkably, a
human mitochondrial encephalopathy is directly associated
with the deletion of R201."*'® Deletion of R201 might disrupt
the interactions and organization established by the S-hairpin,
and, therefore, of the rest of elements in contact with it, in both
AIF,_ and AIF ;:NAD(H). This will also include the conforma-
tional changes required during enzyme function and the
stabilization of NAD(H). In vitro this deletion mutant is an
unstable protein with altered properties as reductase and
increased affinity for DNA (a prerequisite for AIF-mediated
nuclear apoptosis).’® This has been associated with the
abnormally high percentage of DNA damage described in
cells of patients carrying the R201 deletion.® On the contrary,
replacement in mAIF of another residue of the f-hairpin, W195
(equivalent to W196 on hAIF), improved the enzyme efficiency
as reductase.”” This was interpreted as this Trp being in the
pathway of electrons coming to the surface from the flavins.
However, the presence of NAD(H)j, in the hATF,;_;4y,4:NAD-
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(H) structure might suggest an alternative path, by involving its
nicotinamide ring and W483 in the electron transfer pathway
toward the surface (Figure SI-4). The Cowchock syndrome has
also been associated with a mutation at the NAD(H)j site. It
involves substitution of E493 by Val.'® Such mutation would
prevent the interaction of the E493 side-chain with the two
short helices in hAIF z;_q,,, and with the ribose of NAD(H);
in hAIF,,_;0,4:2NAD(H), explaining some of the effects
reported for the E493V hAIF variant.">*° Curiously, the AlFsh
isoform, lacking the FAD and NAD(H), binding regions (and
therefore the reductase activity), but keeping the dimerization,
NLS2 and main NAD(H); binding regions, provokes the same
apoptotic effects as hAIF y;_,0,.” Altogether, these data support
the importance of the folding conservation in the region of AIF
where NAD(H)j binds, indicating that the integrity of this site
is required for the efficient action of the enzyme in living cells
and probably also modulating the apoptotic activity.

When comparing the dimeric hAIF ;:2NAD(H) and
mAIF ;:NAD" structures with their corresponding free oxidized
forms, it is clearly envisaged that NADH binding and the
subsequent HT event induce the displacement of several
residues and protein motifs (Figure 5).** Differences at the
dimeric interface, formed by an intricate network of H-bonds
and salt-bridges with a typical overrepresentation of arginine
residues (Figure 3B),* are mainly concentrated in slight
differences in the orientation of the backbone side-chains, as
well as of R239 and the NLS2 at the borders, facts contributing
to a good complementarity at the dimerization surface (Figures
3A, 3B and SI-S). The NLS2 region was proposed as the one
inducing dimerization upon receiving the redox signal from the
active site through the conformational shift of H454 (similarly
observed in hAIF and mAIF, Figure 3B, and Figure 1D from ref
22 respectively). However, other factors might not be excluded.
Thus, the large changes predicted in allocation and
conformation of the 509—559 fragment upon coenzyme
binding and flavin reduction, as well as the fact that the flavin
is reduced, might have important effects in the electrostatic
surface potential in protein regions different from the
dimerization surface and, therefore, in the magnitude and
orientation of the molecular dipole moment (Figure SI-6).

Here, we have particularly addressed the role of the dimer
interaction surface by introducing mutations at the dimer
interface that completely abolish detection of dimers (Figure
ID,E, Table 1). When compared to the WT, the non-
dimerizable R413A/R422A/R430A mutant shows deleterious
effects regarding the stabilization of CTCs, which also became
reactive versus reoxidation by molecular oxygen. However, this
mutant shows a slight increase in the catalytic efficiency, mainly
as consequence of the decrease in Ky*"H, while pre-steady-state
analysis indicated that the HT process with the mutant was just
slightly less efficient. All together this suggests that disruption
of the dimerization surface has negative effects in the protein
capacity to stabilize both the CTC and the dimer, indicating a
relationship between the formation of these two species, and,
therefore, a cross-talk between the NAD(H) binding sites and
the dimerization surface. Furthermore, the low catalytic
efficiencies and the high stability of the WT hAIF :NAD"
CTC dimer suggest that dissociation of NAD" limits the overall
rate in the reaction, these appearing to be key characteristics of
the WT enzyme to regulate its reductase activity. In vivo, and
under the adequate cellular environment, such kinetic limitation
might be overcome by interaction with the adequate
physiological electron acceptor, which might decrease the
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affinity for NAD" within the hAIF,:NAD* CTC dimer. The
importance of the regulation on this process is also stated by
the lethal effects in humans produced by mutations that
improve the hAIF reductase efficiency and/or the reactivity of
its reduced form versus different electron acceptors.'®'®

Lack of the mutant to stabilize different conformations, as the
dimer, might influence also the interaction of AIF with its
partners. No information is available about the surface of AIF
interacting with other mitochondrial proteins, but some is
known at the cytosolic and, particularly, nuclear levels.*”~*
Upon AIF dimerization, secondary structural elements and
their organization do not seem mainly altered neither at the
CypA nor at the Hsp70 binding regions (Figure SI-S), but the
accessibility to the surface of some of the atoms at those regions
is altered and might modulate the expected interactions.
Noteworthy, the CypA—AIF interaction appears to be stronger
upon AIF reduction by the coenzyme.” Nevertheless, the
coenzyme induced dimerization will clearly have a much more
drastic effect on the interaction of those partners expected to
recognize the 509—559 fragment. This C-terminal insertion
contains a proline/glutamic acid/serine/threonine-rich se-
quence (residues 529—560) usually involved in protein—
protein interactions, modulation of the calpain proteolytic
activity, or acting as proteolytic signal to mediate protein
turnover via proteosomal degradation.*’ Additionally, it
contains a Pro-rich motif (544—554, region not visible in the
hAIF,, crystal structure), a potential recognition and interaction
site for proteins implicated in the regulation of different cellular
processes and described as the interaction site of H2AX>®

In conclusion, within the last years, hypotheses have come up
with the two functions of AIF as a key factor for mitochondrial
energy production and as a pro-death effector somehow related.
Our data on different cellular types indicate that native AIF
monomers are the predominant form in healthy mitochondria,
undergoing dimerization upon NADH reduction. The NADH-
bound dimer is stabilized by long-lived CTCs that in vitro
protect from reoxidation by molecular oxygen. The crystal
structure of reduced hAIF shows for the first time two bound
NAD(H) molecules per protomer and indicates that the redox
reorganization of the two specific insertions for mammalian AIF
(the 190—202 p-hairpin and the S09—560 segment in the
apoptotic domain) allows the accommodation of the second
coenzyme molecule. The fact that several mitochondrial human
disorders caused by AIF mutations are related to this second
NAD(H)-binding active site, which remains in the apoptogenic
AlFsh isoform, points to its importance for the efficient action
of native hAIF in living and apoptotic cells. Therefore, AIF
activities might be positively or negatively regulated by binding
of the reduced form of the coenzyme in response of its
availability in the environment. This observation is supported
by the fact that mitochondria are the major stores of NAD(H),
its redox status being an important modulator of mitochondrial
function.**** This study further supports the fact that vital and
lethal functions of AIF are coenzyme controlled.
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