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Abstract

Apoptosis inducing factor (AlF) is a bifunctional mitochondrial flavoprotein critical for energy
metabolism and induction of caspase-independent apoptosis, whose exact role in normal
mitochondria remains unknown. Upon reduction with NADH, AlF undergoes dimerization and forms
tight, long-lived FADH,-NAD charge-transfer complexes (CTC) proposed to be functionally
important. To get a deeper insight into structure/function relations and redox mechanism of this
vitally important protein, we determined the x-ray structures of oxidized and NADH-reduced forms
of naturally folded recombinant murine AIF. Our structures reveal that CTC with the pyridine
nucleotide is stabilized by (i) n-stacking interactions between coplanar nicotinamide, isoalloxazine
and Phe309 rings, (ii) rearrangement of multiple aromatic residues in the C-terminal domain, likely
serving as an electron delocalization site, and (iii) an extensive hydrogen-bonding network involving
His453, a key residue undergoing a conformational switch to directly interact and orient the
nicotinamide in position optimal for charge transfer. Via the His453-containing peptide, redox
changes in the active site are transmitted to the surface, promoting AlF dimerization and restricting
access to a primary nuclear localization signal through which the apoptogenic form is transported to
the nucleus. Structural findings agree with the biochemical data and support the hypothesis that both
normal and apoptogenic functions of AIF are controlled by NADH.
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INTRODUCTION

Programmed cell death (PCD), also called apoptosis, is essential for early embryological
development and tissue homeostasis. Dysregulation of apoptosis may lead to abnormal
embryogenesis and a variety of human diseases, such as myocardial infarction, autoimmune
syndromes, neurodegenerative disorders and cancer 1. Apoptosis can be initiated by the caspase
family of cysteine proteases or occur independently of caspase activation % 3. One of the key
caspase-independent death effectors is a phylogenetically old mitochondrial flavoprotein,
apoptosis inducing factor (AIF) 4 5 6. An AIF precursor is encoded by a nuclear gene and
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posttranslationally imported into mitochondria. The processed 60 kDa mature protein (A1-53)
is inserted into the inner mitochondrial membrane with the N-terminus facing the matrix and
the C-terminal catalytic domain exposed into the intermembrane space ‘. Upon an apoptotic
insult, the membrane linker of AIF becomes proteolyzed and the detached A1-101 fragment
is transported via two nuclear localization signals (NLS) into the nucleus, where it triggers
chromatin condensation and large-scale DNA fragmentation 4, a hallmark of caspase-
independent apoptosis.

AIF does not possess endonuclease activity and cooperates with other proteins, such as
endonuclease G and cyclophilin A, to degrade DNA &: 9 10, The lymphoid protein TULA/
Sts-2 is another enhancer of the AIF-mediated apoptogenic effect 11, wherein Hsp70 and X-
linked inhibitor of apoptosis suppress the pro-apoptotic action of the flavoprotein by preventing
its nuclear translocation and interaction with PCD-related partners 12 13, 1415 \while the lethal
function of AIF has been extensively investigated, the physiological role of the protein in
normal mitochondria remains unclear. Based on properties of the refolded A1-120 fragment,
AIF was proposed to function as a superoxide-generating NADH oxidase or electron
transferase 16 17 with unrelated redox and apoptogenic actions 4. In vivo studies, on the other
hand, indicated that AIF may act as an antioxidant 18, assist biogenesis/maintenance of
respiratory complexes I and 111 19 20; 21 and regulate mitochondrial morphology and cristae
formation 22, possibly through interaction with the dynamin-related opal protein 21.

To date, only crystal structures of recombinant mouse and human AIFA1-120, expressed as
apoproteins and refolded to incorporate FAD, have been determined 17; 23, The two structures
are nearly identical and closely resemble that of BphA4, a glutathione reductase (GR)-like
ferredoxin reductase component of biphenyl reductase from Pseudomonas sp. strain KKS102
24 The mouse and human AIF structures differ only in the number of monomers (two and one,
respectively) and folding of a 540-559 peptide (disordered in the human model), most likely
due to different crystal packing. The 540-559 peptide is part of the AlF-specific insertion (aa.
509-559) that contains two regulatory elements: the proline-rich motif (PPxxPxxPxxP), a
potential recognition site for Src homology 3 (SH3) domains found in cytoskeletal and
signaling proteins 2% 26, and a proline/glutamate/serine/threonine-rich (PEST) sequence, a
putative proteolytic signal and a phosphorylation site 27. Since the 509-559 peptide is absent
in the AIF homologues from lower eukaryotes, Mate et al. argued against its direct role in the
apoptogenic and redox functions of the protein 17. Furthermore, observations that recombinant
AIF becomes apoptogenic after refolding in the absence of the flavin cofactor and a naturally
occurring FAD-free isoform (AlFsh, aa. 353-613) provokes the same apoptogenic effect as an
intact flavoprotein, led to a conclusion that the oxidoreductase and apoptogenic activities of
AIF can be separated 4 28,

Our recent study challenged this concept and suggested that AIF may act as a redox signaling
molecule whose normal and apoptotic functions are interrelated 2. First, we demonstrated that
natural flavin incorporation is critical for preservation of the redox properties of AIF and, when
properly folded, the protein has a 100-fold preference for NADH over NADPH, reacts with
the reduced cofactor orders of magnitude slower than other flavoenzymes, and forms tight,
dimeric and air-stable FADH,-NAD charge-transfer complexes (CTC) inefficient in electron
transfer. Second, formation of CTC was found to induce conformational changes in the
regulatory 509-559 peptide and affected susceptibility of the N-terminus to proteolysis and
AIF-DNA interaction, the two events critical for initiation of the caspase-independent
apoptosis. These results, as well as the finding that native AIF undergoes redox-dependent
monomer-dimer transition and its release from mitochondria is inhibited by pyridine
nucleotides, led us to hypothesize that both normal and apoptogenic functions of AIF are redox-
controlled.
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To further investigate the mechanism and structure/function relations in AIF and elucidate how
reduction with NADH changes molecular properties of the protein, we determined the x-ray
structures of oxidized and NADH-reduced forms of naturally folded recombinant murine AlF.
The atomic models helped to identify aberrations caused by refolding and to understand how
CTC with the pyridine nucleotide is formed and how AIF-NADH association/dissociation
could affect normal and apoptogenic actions of the protein. In accord with the biochemical
data, this study suggests that AIF may represent a novel redox sensor linking NAD(H)-
dependent metabolic pathways to apoptosis.

RESULTS AND DISCUSSION

Structural differences between naturally folded and refolded AIF

Given that only structural studies on refolded, ligand-free AIFA1-120 have been conducted
17, 23 and refolding significantly perturbs redox properties of the flavoprotein 29, structural
information on both oxidized and reduced forms of naturally folded AIF was necessary to
accurately identify redox-linked conformational changes. For this purpose, we first solved the
2.95 A x-ray structure of oxidized, ligand-free AIFA1-77 (Table 1). The A1-77 protein lacks
only the trans-membrane peptide, resembles mature AIFA1-53 in structure and function 2% and
is more suitable for biochemical and structural studies because it is highly expressed in E.
coli and less susceptible to the N-terminal proteolysis. The asymmetric unit of oxidized
AIFA1-77 is comprised of four topologically similar monomers (molecules A, B, C and D,
Fig. 1A). Molecules A and D are the best and the least defined, respectively. In all four
monomers, the first fifty N-terminal and six C-terminal residues as well as parts of the 538-
557 peptide are disordered and not visible in the structure. When the whole monomer structures
are superposed (Fig. 1B), the average pair-wise root mean square deviation (rmsd) for their
a-carbons is only 0.50-0.62 A. Although oxidized AIF exists as a monomer in solution 29, the
molecules in the crystal lattice are arranged in two dimers, highly similar to the crystallographic
dimer of refolded AIFA1-120;1. Using molecules A from our and the latter structure for
comparative analysis, we found that, in addition to subtle differences in the side chain and
backbone conformations (the C,, rmsd of 0.56 A), there was notable displacement of FAD in
the refolded protein (0.5 and 0.7 A for the adenosine and isoalloxazine moieties, respectively,
Fig. 1D). Another important dissimilarity is around the 438—453 peptide, extending from the
active site to the dimer interface. Part of this peptide (aa. 438-540) represents an elongated
loop in refolded AIF and a B-turn in our protein (Fig. 1C, D). This conformational variation
affects position of the Arg448 side chain, which forms a salt bridge with Asp414 in refolded
AIF and an H-bond with the Val422 carbonyl oxygen in our structure (Fig. 1D). As a
consequence, the crystallographic monomer-monomer interface in naturally folded AIF is
more extensive and contains two Glu412-Arg448 inter-subunit salt bridges (Fig. 1E), playing
a central role in stabilization of the NADH-reduced dimer (discussed below).

Crystallization and overall structure of reduced, NAD-bound AlF

Soaking crystals of oxidized AIF with NADH led to crystal cracking, likely due to structural
reorganization caused by cofactor binding and FAD reduction. Attempts to crystallize AIF
freshly reduced with NADH were also unsuccessful. The reduced, dimeric fraction of AIFA1-
101 purified from E. coli, however, easily produced well diffracting crystals suitable for x-ray
analysis (Fig. 2A, B). One possible reason for this dissimilarity could be conformational
heterogeneity of the freshly reduced AIF which, as we showed previously, is also dimeric in
solution 29, Taking into account thermodynamic instability of the FAD semiquinone, that does
not accumulate during AIF oxidoreduction 22, and the optical spectrum of the crystalline
protein, typical for the FADH,-NAD charge-transfer complex (Fig. 2C), we conclude that FAD
in the crystals is in the 2-electron reduced state.

J Mol Biol. Author manuscript; available in PMC 2010 July 31.
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The structure of the AIF-pyridine nucleotide complex was solved to 2.24 A resolution (Table
1) and consists of one biological dimer, topologically similar to the crystallographic dimers of
ligand-free AIF (Fig. 2D). The CTC monomers are positioned slightly closer and establish a
more intricate network of hydrophobic and polar interactions, central of which are two inter-
subunit Glu412-Arg448 salt bridges (Fig. 2E, F). Since in refolded AlIF, incapable of forming
CTC with equimolar NAD(P)H 16, Arg448 is locked in an alternative conformation
inaccessible to Glu412 (Fig. 1D), it is plausible to conclude that electrostatic interactions
between Arg448 and Glu412 assist dimerization and/or stabilization of the cofactor-bound
intermediate.

Pyridine nucleotide-induced changes in the active site

Flavin reduction and establishing of a FADH,-NAD CTC lead to significant changes in the
pyridine nucleotide binding channel and the active site (Fig. 3A). In both AIF molecules, NAD
is well defined and bound in an extended conformation with the nicotinamide group parallel
stacked between the isoalloxazine and Phe309 rings (Fig. 3B). The flavin nucleotide portion
of FAD shifts by ca. 1.2 A to optimize n-n charge-transfer interactions with the nicotinamide.
Two active site water molecules 17 are displaced by NAD and move aside, shifting the Lys176
side chain and forming an extensive hydrogen bonding network with the cofactors (Fig. 3C).
Conserved in AlFs Lys176 and Glu313 provide a majority of interactions that position the
solvent molecules, most likely proton donors, within an H-bond distance from FAD N5 and
O4. This arrangement could explain why the K176A and E313A mutants of AIF have
considerably lower Ky, for NADH 17: elimination of bulky lysine and glutamate side chains
may create space for displaced waters and facilitate ligand binding.

The relative orientation and H-bonding network between the flavin and pyridine nucleotide in
our structure resemble those observed in the x-ray models of homologous proteins complexed
with NAD(P)H (Fig. 4) 2% 30 A distinctive feature of AIF is the active site His453 (Leu or lle
in other GR-like enzymes), which undergoes a 3.5 A shift to establish a hydrogen bond with
NAD O7 and optimally orient the nicotinamide for charge transfer (Fig. 1D and 3C). This
interaction is critical for several reasons. First of all, redox-induced movement of His453
affects positioning of the 438-453 peptide (Fig. 1D) and, as a result, changes the subunit
interface and facilitates AIF dimerization. Secondly, the H453L mutation drastically lowers
affinity of AIF for NADH and prevents CTC formation 2°. Since the active site architecture in
the GR family of enzymes is highly similar (Fig. 6 in 2%) and neither Leu nor Ile at position
453 (AIF numbering) preclude FADH,-NAD(P) charge-transfer interactions in other
flavoproteins, we postulate that formation of long-lived CTC and, possibly, AIF dimerization
are assisted by conformational changes not only in the active site but also in the adjacent areas.
One such region may be the C-terminal domain, as discussed in the next section.

Redox reorganization in the C-terminal domain

The C-terminal domain undergoes the most dramatic redox changes. In particular, the
reorganization involves Phe481, Phe309, Tyr491, Trp578, Trp350, Tyr346, Phe507, and
Tyrb59, that rearrange and align in an aromatic tunnel stretching from the active site to the
surface (Fig. 5A, B). Displacement of Phe481 and n-stacking between Phe309 and the
nicotinamide could initiate this rearrangement, whereas a 9.4 A shift of surface Tyr559 may
be the last step bringing the tyrosine ring, a “lid” of the tunnel, in the vicinity of the Tyr346-
Trp350-Phe507 cluster. With the distances between the aromatic rings < 4.0 A, the tunnel is
perfectly suited for transfer and delocalization of electrons, which could be one of the factors
prolonging the CTC lifetime. Another important outcome of structural reorganization in the
C-terminal domain and active site is dislocation of the entire 509-558 peptide, whose a-helical
portion (aa. 517-523) unwinds and the 536-543 stretch transforms into the 6th strand of the
C-terminal B-sheet, while residues 511-535 and 544-557 become/remain fully disordered (Fig.
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5C, D). The NADH-triggered unwinding of the 517-523 helix explains why trypsinolysis of
the Lys517-Ser518 bond is redox-controlled 2. In contrast to drastic structural changes seen
in the crystalline BphA4-NADH complex 31, no notable domain movement was observed in
AIF upon reduction.

Changes in the Trp195-containing peptide

Redox-dependent transformations in the 509-559 peptide have far-reaching consequences.
First of all, they change position of the 190-202 fragment, another AlF-specific insertion folded
as a B-hairpin with five residues per strand and a two-residue turn. In oxidized AlF, residing
at the tip Trp195 is buried and provides both hydrophobic and H-bonding interactions that
retain the hairpin next to the 517-523 a-helix (Fig. 6A, C). Upon FAD reduction, this helix
unwinds and the hairpin is released into the solvent (Fig. 6B, D). Since solvent exposed
tryptophans are rare and usually functionally important, we examined the role of Trp195 by
replacing it with alanine. The mutation dramatically changed properties of AlF. Compared to
wild type, AIF W195A has a 70 mV higher redox potential, reacts with NADH two orders of
magnitude faster (kgt of 0.3 versus 26.3 sec™ 1 at 20°C), forms two-fold longer lived CTC,
possesses several-fold higher electron transferring ability, especially toward one-electron
acceptors (Fig. 6E), and its trypsin digest pattern is redox independent (Fig. 6F). The latter
observation means that the Lys517-Ser518 bond is accessible due to unfolding of the 509-538
peptide 29 in both oxidized and reduced forms of the mutant. The longer-lived CTC, in turn,
suggests that Trp195 may serve as an electron leakage/exit site. According to the structure,
reducing equivalents could reach Trp195 via Pro172 — Pro173 — Phe192 and a B-hairpin
wire (Fig. 6D). If this assumption is correct, the flexible (high B-factors) and proximal to the
membrane hairpin could mediate interaction and slow electron/radical exchange with a
membrane-associated partner (Fig. 7). Moreover, preferable incorporation of the NADH-
reduced mature flavoprotein into liposomes in inward orientation (our unpublished data) allows
us to speculate that the redox-controlled monomer-dimer transition in AIF can modulate the
curvature of the inner mitochondrial membrane directly or indirectly via interaction with other
proteins maintaining cristae morphology, such as opal 2. The redox-dependent changes in
protein-protein and protein-membrane interactions could explain the ability of AIF to assist
radical scavenging and assembly/maintenance of the respiratory complexes 19 20; 32; 33, 34

Redox control of the apoptogenic action of AlF

Owing to structural disorder of the N-termini in both oxidized and reduced AlF, it was not
possible to determine how the redox state affects susceptibility of the N-terminal linker to
proteolysis 2%, one of the initial steps in the AIF-mediated apoptogenic pathway ’. Nevertheless,
the available structural data provide evidence that association/dissociation of NADH may
affect the apoptogenic function of AIF. First of all, this follows from transformations in the
509-559 insertion. This regulatory peptide contains several functionally important elements,
such as lysines 509 and 517 (510 and 518 in human) critical for AIF-DNA interaction and
induction of apoptosis 23, PEST sequence, and proline-rich motif. Since the DNA binding
ability of AIF is redox-controlled and decreases upon FAD reduction 2°, it is possible that the
AIF-DNA complex affinity is modulated by the folding of the 509-517 fragment and spatial
positioning of Lys509 and 517. The lysines may serve as ubiquitin attachment sites as well;
AIF is known to undergo ubiquitinization 11: 15 but the residues modified by ubiquitin have
not been identified. The PEST sequence is a putative proteolytic signal and a phosphorylation
site 275 35, 36 yiia posttranslational modification of which AIF destruction and AIF-mediated
signaling pathways could be regulated. The proline-rich motif, on the other hand, is a potential
recognition/interaction site for SH3 domains, present in many proteins involved in intracellular
signaling, cytoskeletal rearrangements, cell growth and differentiation, protein trafficking and
immune response 37, and executing specific functions through highly regulated assembly of
multiprotein complexes 38. In addition to the SH3-domain containing partners that yet to be
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identified, the prolin-rich fragment may be involved in binding of cyclophilin A, a prolyl
isomerase regulating nuclear translocation of AIF and apoptosis-associated chromatinolysis
10 39, Thus, through conformational changes in the 509-559 peptide, the FAD oxidoreduction
could control the lifetime, posttranslational modification, nuclear translocation and interaction
of AIF with partnering proteins and DNA.

The structural data suggest also that transport of AlIF to the nucleus and PCD induction can be
regulated via the NADH-induced monomer-dimer transition. In CTC, the nuclear leading
sequence (aa. 445-451), through which apoptogenic AlF is predominantly transported from
the cytosol to the nucleus 13, becomes part of the dimer interface (Fig. 7). Having inaccessible
NLS, CTC would possess a lesser ability, if any, to translocate to the nucleus and induce
apoptosis. Other supporting evidence comes from examination of crystal packing. In the crystal
lattice, oxidized but not reduced AIF forms fibril-like polymers perfectly suited for DNA
binding (Fig. 8A, B). Since the N-terminal tail of crystalline AIF does not participate in
monomer-monomer interaction and molecular properties of the full-length and apoptogenic
flavoproteins are highly similar 29, the latter form is expected to produce oligomers analogous
to those seen in the crystal structure.

To demonstrate the ability of oxidized AIFA1-101 to polymerize in solution, we performed
crosslinking experiments with bis(sulfosuccinimidyl)suberate (BS3), a primary amine-reactive
reagent. As seen from Figure 8C, BSS specifically conjugates NADH-reduced dimers but not
ligand-free monomers of AlF when the protein concentration is low (compare rows 3 and 6).
However, at high concentration of oxidized AIF (10 mg/ml), accumulation of BS3-linked
oligomers of various lengths is observed (row 5). These protein levels are also required for
crystallization and, most importantly, for formation of high-molecular weight AIF-DNA
complexes (Fig. 8D). Taking into account these results and the facts that (i) AIF binds DNA
and RNA in a sequence-independent manner 4 via positively charged surface residues 23, and
(ii) AIF-DNA interaction is cooperative, accompanied by DNA condensation 49, assists
recruitment of DNA degrading proteins 41 and is redox dependent 29, it is plausible to propose
that an increase in nuclear concentrations of oxidized apoptogenic AlIF could trigger its
oligomerization and, consequently, facilitate DNA binding and recruit DNA degrading
partners, leading to formation of degradosome 41,

Differences between AlFs from higher and lower eukaryotes

Analysis of sequence conservation reveals that all redox-sensitive and functionally important
structural elements (190-202 and 509-559 peptides, Arg448 and His453) are present only in
AlFs from higher eukaryotes (Fig. 9). The protein from D. melanogaster contains the key
features but its regulatory insertion (aa. 585-636) has a distinct sequence lacking the proline-
rich motif. This suggests that the redox properties of fly and mammalian AIF likely to be similar
but the AlF-mediated signal transduction pathways may differ. AIF homologues from lower
eukaryotes, on the other hand, are missing some of the aforementioned elements. In particular,
the protein from C. elegans contains only the 190-202 peptide lacking Trp195. Thus, this
organism, widely utilized as a model system to address fundamental questions in
developmental biology, may not be suitable for investigation of cellular processes involving
AlF.

In conclusion, determination and comparison of the crystal structures of the oxidized and
reduced forms of naturally folded AIF helped us to identify aberrations caused by refolding,
pinpoint unique elements involved in redox-linked conformational reorganization and explain
previously reported experimental results. The structural data suggest that redox-induced
conformational changes in the active site are transmitted to the dimer interface through the
438-453 peptide, promoting interaction between the subunits. This and reorganization in the
C-terminal domain lead to AlF dimerization, formation of a long-lived charge-transfer
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complex, and conformational changes in the 190-202 and 509-559 peptides, which could
regulate AlF-mediated protein-protein interactions in normal and dying cell. The structural
findings suggest that AIF has evolved to form long-lived, functionally important complexes
with NADH and may operate as a redox-signaling molecule linking NAD(H)-dependent
metabolic pathways to apoptosis.

MATERIALS AND METHODS

Expression and purification of recombinant mouse AIF were carried out as described
previously 2°. Crystals of oxidized ligand-free AIFA1-77 were grown at room temperature by
the microbatch method under oil. Five microliters of 170 uM AIF in 70 mM HEPES, pH 7.0,
4 mM CHAPS were mixed with 5 pl of 16% polyethylene glycol 4000, 0.35 M KNOgs, 20%
1,2 butanediol and covered with paraffin oil. Crystals were harvested 3—4 days later and
belonged to the P212124 space group with unit cell dimensions of 75.1 A x 80.3 A x 419.6 A.
Reduced and NAD-bound dimers of six-histidine tagged AIFA1-101 were purified from E.
coli by Ni2*-affinity chromatography and separated from the monomeric oxidized fraction by
gel filtration on Sephacryl S100 HR (Sigma, USA). The charge-transfer complex was
crystallized overnight under aerobic conditions at room temperature by the hanging drop vapor
diffusion method. One microliter of 200 pM protein in 100 mM bis-tris propane, pH 7.4, was
mixed with 2 pl of 10% polyethylene glycol 4000, 10% isopropanol and 0.1 M lithium citrate,
pH 6.0. Blue-colored crystals belonged to the P2;212; space group with unit cell dimensions
of 60.3 A x 120.4 A x 178.2 A. For both types of crystals, 30% glycerol was used as a
cryoprotectant.

Diffraction data were collected at the Stanford Synchrotron Research Laboratories and
processed with HKL2000 and D*TREK 42 43, Both oxidized and reduced structures were
solved by molecular replacement with PHASER 44 using molecule A of mouse AIFA1-120
(PDB code 1GV4) as a search model. The initial models were rebuilt and refined with O 4°
and CNS 6 and at the final stages subjected to TLS and restrained refinement with REFMAC
44 Water molecules were picked automatically with CNS and inspected visually in O. The N-
and C-termini as well as parts of the 538-559 peptide are missing in both structures due to
disorder. In the oxidized AIFA1-77 model, there are two stretches of 8 and 9 residues each
near the 501-508 B-strand of molecule A that may belong to the missing N-termini of the
neighboring molecules. These peptides could not be identified due to insufficient resolution
and were modeled as poly-alanines. In the reduced AIFA1-101 structure, electron density for
residues 536-543 was clearly seen and the fragment could be modeled only in molecule A.
Data collection and refinement statistics are summarized in Table 1. Wilson B-factors were
included to show that the high average B-factor value for the oxidized structure reflects the
nature of the crystal. The least-squares superposition and rmsd calculations were performed
using the program LSQMAN 44,

Redox potential and electron transferring activity measurements as well as tryptic digests were
conducted as described previously 2°. Crosslinking with BS? (Pierce) was performed in 20 mM
phosphate buffer, pH 7.0. Different concentrations of AIF were mixed with a 100-fold excess
of BS3 in the absence or presence of NADH and incubated for 30 min at room temperature.
Reactions were stopped by adding an aliquot of 1 M Tris (10 mM final concentration). Six
micrograms of AIF from each sample were subjected to 3-8% SDS-PAGE and visualized with
Coomassie staining after separation.

Protein Data Bank accession codes

Coordinates for the oxidized and reduced AIF structures have been deposited into the RCSB
Protein Data Bank with PDB ID codes 3GD3 and 3GD4, respectively.
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Figure 1.

Crystal structure of oxidized AIFA1-77. A, Molecules A, B, C, and D comprising the
asymmetric unit are displayed in gray, blue, pink and green, respectively. Monomer A is the
best defined in the crystal structure and monomer D the least. B, The least-squares backbone
superposition of four crystallographically independent molecules. A disordered part of the
509-559 peptide is shown as a dotted line. C, Structural overlay of molecules A of AIFA1-77
(light gray) and refolded AIFA1-120 (dark gray, PDB code 1DV4). The N-terminal and 538—
558 fragments (not seen in the AIFA1-77 structure) are in dark blue; differently folded 438-
453 peptides are in green and red; FAD is in yellow and orange. D, Conformational differences
in FAD and the 438-453 peptide in refolded (red), and naturally folded ligand-free AIF (green).
The corresponding elements in the CTC structure are in black. Redox-induced movement of
His453 toward the nicotinamide (shown in blue) is indicated by an arrow. E, The 438-453
peptide defines interactions at the subunit interface and allows formation of two inter-subunit
Glu412-Arg448 salt-bridges in naturally folded (light gray and green) but not in refolded AIF
(dark gray and red).
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Figure 2.

Crystal structure of the dimeric charge-transfer complex. A and B, Separation during gel
filtration and crystals of reduced, NAD-bound AIFA1-101. C, Absorbance spectra of
monomeric and dimeric fractions (a and b, respectively), crystalline protein (c, recorded in a
suspension of crashed crystals) and freshly NADH-reduced AlF (d). Resemblance between the
spectra ¢ and d and inability of AIF to stabilize FAD semiquinone 22 allow to conclude that
the cofactor in the crystals is in the 2-electron reduced form. D, Superposition of the
crystallographic dimer of ligand-free AIFA1-77 (molecules A and D, shown in red and blue,
respectively) and the biological dimer of reduced, NAD-bound AIFA1-101 (gray and cyan).
E and F, A magnified view and interactions at the dimer interface in the latter structure,
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respectively. Although the manner of monomer-monomer interaction in the oxidized and

reduced structures is highly similar, the CTC subunits are positioned closer (shown by arrows
in panel E) and establish a more extensive H-bonding network.
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Figure 3.

A, Stereodiagram of the superimposed pyridine nucleotide binding channels in ligand-free
(gray) and NAD-bound AIF (light brown). Dotted lines represent hydrogen bonds; blue spheres
are water molecules. B, The 2Fo-Fc electron density map at the active site contoured at 1o
shows that the nicotinamide of NAD is parallel stacked between the isoalloxazine and Phe309
rings. C, A hydrogen-bonding network in the active site involves two water molecules and
optimally orients the nicotinamide for charge transfer.
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Figure 4.

Structures (A and B) and relative orientation (C-E) of the isoalloxazine and nicotinamide
groups (rendered in dark gray and blue, respectively) in the x-ray models of AIF (C), BphA4
(D, PDB code 1FP3), and human GR (E, PDB code 1GRB). AlF-specific His453, critical for
NADH binding and CTC formation, undergoes a 3.5 A shift to establish an H-bond with the
nicotinamide.
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NADH-induced reorganization in the C-terminal domain. A, Structural overlay of oxidized
(orange) and reduced AIF (gray). Dotted lines represent borders between the FAD-binding,
NAD-binding and C-terminal domains. FAD and NAD (shown in black) are in stick
representation. The most notable changes are observed in the 480-506 and 563-574 peptides
(in cartoon representation). Only the side chains of residues comprising an aromatic tunnel,
that extends from the active site to the surface, are displayed. B, Redox-induced rearrangement
of phenylalanines, tyrosines and tryptophans, leading to formation of an aromatic tunnel, a
potential electron delocalization site, is indicated by arrows. Tyr559 shifts by 9.4 A to become
a “lid” of a tunnel, which may assist dislocation of the preceding 509-558 peptide. C and D,
SA-omit maps for the 509-559 peptide in oxidized and reduced AIF, respectively. Missing

parts are shown as dotted lines.
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A and B, Molecular surface of oxidized and reduced AlIF, respectively. The 509-559 peptide
(blue) occludes the active site in the oxidized protein but translocates upon FAD reduction,

releasing the 190-202 hairpin into the solvent. As a result, flanking FAD Trp482 and residing
at the tip of the hairpin Trp195, buried in ligand-free AlF, become solvent accessible (shown

in orange). C and D, Positioning of the 190-202 hairpin in oxidized and reduced AlF,

respectively. E, The W195A mutation significantly elevates the NADH-dependent redox

activity of AIF by affecting the FAD redox potential and hydride transfer rate. F, Tryptic digests
of wild type AIF and the W195A mutant. In the wild type, the Lys517-Ser518 bond becomes
accessible to trypsin only upon reduction with NAD(P)H 2°. In contrast, the digest pattern of
the W195A mutant is redox-independent.
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Figure 7.

Formation of long-lived dimeric complexes with NADH may affect normal and apoptogenic
functions of AIF and AlF-mediated cell signaling. The redox-linked monomer-dimer transition
in AIF could modulate the curvature of the inner mitochondrial membrane and change
accessibility of the nuclear leading signal (NLS, shown in blue) and N-terminal proteolysis
site (filled circle). Through reorganization in the 509-559 peptide (green; disordered parts
depicted as dotted lines), the AIF-NADH association/dissociation may regulate the lifetime,
posttranslational modification and interaction of AIF with partnering proteinsand DNA. Redox
perturbations in the 190-202 hairpin (pink), in turn, change solvent accessibility of Trp195, a
potential site for interaction and slow electron/radical exchange with a membrane-bound
partner (shown by arrows).
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Figure 8.

Packing of reduced (A) and oxidized (B) AlF in the crystal lattice. Reduced dimers have fewer
intermolecular contacts and form a zig-zag type network, whereas molecules of oxidized AIF
are aligned into fibril-like bladed polymers. Solvent exposed fragments of the regulatory
peptide (dashed lines) and critical for DNA binding lysines 509 and 517 (blue spheres) are
situated at the bottom of the crevices and on the edges of the blades (indicated by arrows),
which makes AIF fibrils perfectly suited for binding of DNA (red lines) and recruitment of
DNA degrading proteins (gray ovals). C, Oxidized apoptogenic AlF forms high-molecular
weight oligomers in solution when protein concentration is high (row 5). Polymer crosslinking
was achieved with BS3, a primary amine-reactive reagent specifically conjugating reduced
dimers but not oxidized monomers of AIF when protein concentration is low (rows 3 and 6).
Reactions and sample separation were conducted as described in Materials and Methods. D,
Significant perturbation of electrophoretic mobility of linearized DNA and formation of high-
molecular weight AIF-DNA complexes are observed at high protein concentration and could
be triggered by AlF oligomerization. Different amounts of AIFA1-101 were incubated with
250 ng of 100-bp DNA ladder (New England Biolabs) for 15 min, separated on a 2% agarose
gel and visualized with ethidium bromide.
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Sequence alignment of the catalytic domains of AlFs from different species, performed with

prolin-rich motif (boxed), are conserved only in AIF from higher eukaryotes.
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the ClustalW2 program, shows that redox-sensitive and functionally important elements, such
as Trpl195, Arg448, His453, the 190-202 and 509-559 peptides (highlighted in gray) and
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Table 1
Data Collection, Refinement and Model Statistics

AIFA1-77 oxidized AIFA1-101 reduced, NAD-bound
wavelength (A) 11 1.1
oscillation range (deg.) 0.5 1.0
measurement angle (deg.) 160 163

Crystallographic Data

space group P2,2,2, P2,2,2,
a(h) 75.1 60.3
b (A) 80.3 120.4
c(A) 4196 178.2
molecules per unit 4 2
resolution (A) 2.95 2.24
total observations 162,075 348,452
unique reflections 46,752 57,099
/o(1) at doyiy 10.5 (2.0) 32.9(3.6)
Rsym (%) 7.0 (49.2) 3.6 (33.3)
Wilson B factor (A?) 92.3 339
completeness 85.2 (81.7) 95.1 (85.3)
Refinement Statistics
Resolution range (A) 408.3-2.95 30.0-2.24
RIRge? (%) 25.4/29.7 18.6/22.2
number of protein atoms 14,480 6,806
number of solvent atoms 27 521
average B factor (A% 79.3 46.4
rmsd bond lengths (A) 0.01 0.01
rmsd angles (deg.) 1.68 1.67

a . . . )
- Rfree is calculated from a subset of 5% of the data, which were excluded during refinement.
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