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Abstract

The mitochondrial protein apoptosis-inducing factor (AIF) plays a pivotal role in poly(ADP-

ribose) polymerase-1 (PARP-1)-mediated cell death (parthanatos), during which it is released from

the mitochondria and translocates to the nucleus. Here, we show that AIF is a high affinity

poly(ADP-ribose) (PAR)–binding protein and that PAR binding to AIF is required for parthanatos

both in vitro and in vivo. AIF bound PAR at a site distinct from AIF’s DNA binding site and this

interaction triggered AIF release from the cytosolic side of the mitochondrial outer membrane.

Mutation of the PAR binding site in AIF did not affect its NADH oxidase activity, its ability to

bind FAD or DNA, or its ability to induce nuclear condensation. However, this AIF mutant was

not released from mitochondria and did not translocate to the nucleus or mediate cell death

following PARP-1 activation. These results suggest a mechanism for PARP-1 to initiate AIF-

mediated cell death and indicate that AIF’s bioenergetic cell survival-promoting functions are
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separate from its effects as a mitochondrially-derived death effector. Interference with the PAR-

AIF interaction or PAR signaling may provide unique opportunities for preventing cell death

following activation of PARP-1.

INTRODUCTION

Poly(ADP-ribose) (PAR) polymerase-1 (PARP-1) is an important nuclear enzyme that

responds to DNA damage and is required for DNA repair (1, 2). Upon activation, PARP-1

catalyzes the transfer of ADP-ribose from nicotinamide adenine dinucleotide (NAD+) and

conjugates PAR onto a variety of nuclear proteins such as histones, DNA polymerases,

topoisomerases, and transcription factors as well as automodification of PARP-1 itself, thus

regulating a variety of physiologic processes. Excessive activation of PARP-1 leads to an

intrinsic cell death program, which has been designated parthanatos (PARP-1-dependent cell

death) to distinguish it from necrosis and apoptosis (1, 2). PARP inhibition or PARP-1 gene

deletion is markedly protective in models of many cell injury paradigms, including stroke,

trauma, ischemia-reperfusion injury, diabetes, and neurodegenerative diseases, indicating

that parthanatos plays a prominent role in these disorders (3).

Apoptosis-inducing factor (AIF) is a mitochondrial oxidoreductase. It, like cytochrome C,

has two independent functions: One within mitochondria, involving cell survival probably

by assembly or stabilization of respiratory complex I (4), and another as a promoter of cell

death, as AIF is released into the cytoplasm following PARP-1 activation, ultimately

entering the nucleus to induce cell death (1, 5, 6). It has been difficult to separate AIF’s dual

functions, because complete loss of AIF disrupts mitochondrial function and energy

metabolism, preventing an assessment of its role as a death effector (7). Blocking

mitochondrial AIF release or reducing AIF abundance protects cells against parthanatos,

indicating that AIF plays a crucial role in cell death induced by PARP-1 activation (2, 8–10).

Calpain, a calcium-dependent intracellular cysteine protease, has been suggested to cleave

AIF at the N-terminus and cause AIF release from mitochondria after transient focal

ischemia (11). However, calpain is not involved in mitochondrial AIF release during

parthanatos (12, 13).

PAR acts as a pro-death signaling molecule in parthanatos. Following excessive PARP-1

activation, PAR, which is mainly produced in the nucleus, translocates to the cytosol and

interacts with the mitochondrial outer surface where it induces AIF release (8, 14).

Decreasing PAR abundance by PAR glycohydrolase (PARG), which degrades the PAR

polymer, prevents PARP-1-dependent AIF release and reduces parthanatos in N-methyl-D-

aspartate (NMDA) receptor-mediated glutamate excitotoxicity and N-methyl-N-nitro-N-

nitrosoguanidine (MNNG) toxicity, and markedly reduces infarct volume in mice after two

hours of transient middle cerebral artery occlusion (MCAO) (2, 8). How PAR stimulates the

release of AIF is not known.

We recently performed an unbiased proteomic screen for PAR-binding proteins and

identified AIF as a candidate PAR-binding protein (15). Here, we show that AIF contains a

PAR-binding motif (PBM), and that PAR binding to AIF is required for its release from the

mitochondria and its ability to induce cell death in parthanatos. Moreover, mutating the

PAR-binding site in AIF allows the separation of AIF’s role in energy metabolism from its

cell death function.
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RESULTS

PAR binds to AIF

To ascertain whether AIF binds to PAR, we performed an overlay assay on recombinant AIF

with affinity-purified biotin-labeled PAR (Fig. 1A). Histone H3, which binds to PAR with

high affinity, was included as a positive control and bovine serum albumin (BSA) was

included as a negative control (16). AIF bound to biotin-labeled PAR in a concentration-

dependent manner (Fig. 1A). Furthermore, an electrophoretic mobility shift assay (EMSA)

revealed that AIF caused a shift in PAR mobility (Fig. 1B). To ascertain whether PAR binds

AIF in intact cells, we exposed HeLa cells stably transduced with lentivirus C-terminal Flag-

tagged mouse wild type (WT) AIF (WT-AIF-Flag) to MNNG, a DNA alkylating agent that

activates PARP-1 and kills cells primarily through parthanatos (3) (Fig. 1C). PAR

immunoprecipitation was performed from postnuclear fractions, which is the fraction

prepared from whole cell lysates after removing nuclear proteins. WT-AIF-Flag co-

immunoprecipitated with PAR in resting cells. Following MNNG treatment, the interaction

between AIF and PAR was significantly increased (Fig 1C, fig. S1, A and B, p < 0.001). The

interaction between endogenous PAR and AIF was explored in primary cortical neurons

under both resting conditions and after NMDA glutamate receptor stimulation, which

activates PARP-1 and kills neurons through parthanatos (17). Endogenous AIF interacted

with PAR in non-stimulated cortical neurons, an interaction that was significantly increased

following NMDA treatment (Fig. 1D). Together, these data suggest that AIF is a PAR-

binding protein and that PARP-1 activation increases the AIF-PAR interaction.

Arg588, Lys589 and Arg592 in AIF are critical for PAR-binding

The PBM comprises approximately 20 amino acids and is characterized by hydrophobic

amino acids separated by basic amino acids, and by a cluster of basic amino acid residues at

the N-terminal side of the motif (18). A comparison of the AIF amino acid sequence with

the sequences of previously-identified PBMs revealed three putative PAR-binding sites—

amino acid residues 222–244, 441–463, and 567–592 in mouse AIF—that are evolutionally

conserved in mouse, human, rat, and chicken AIF (fig. S2). To determine whether these

PBMs bind to PAR, we performed a dot-blot assay with peptides corresponding to these

motifs in the presence of 100 nM purified 32P-labeled PAR. A peptide composed of amino

acids 567–592 showed similar binding to PAR as full length WT-AIF and histone H3 (Fig.

1E). A peptide composed of AIF amino acids 222–244 bound less well to 32P-labeled PAR,

and a peptide composed of AIF amino acids 441–463 failed to bind PAR appreciably (Fig.

1E). Nitrocellulose saturation binding experiments indicated that PAR bound AIF 567–592

with a Kd of 1.24 × 10−6Mand Bmax of 4.55 pmol. To further study these potential AIF

PBMs, we determined the effect of mutating AIF amino acids 222–244, 441–463, or 567–

592 to poly-alanine on the ability of AIF to bind PAR (Fig. 1F). Binding of a His-tagged

form of AIF in which only amino acids 441 to 463 were mutated (AIFm441–463) to 32P-

labeled automodified PARP-1 or purified 32P-labeled PAR was comparable to that of

unmutated AIF (WT-AIF) (Fig. 1F). The AIFm222-244 mutant also bound PAR, but at

reduced abundance (Fig. 1F). Unlike AIFm441-463 or AIFm222-244, however,

AIFm567-592 failed to bind to 32P-labeled automodified PARP-1 or purified 32P-labeled

PAR. A His-tagged AIF deletion mutant lacking amino acids 567–592 also failed to bind

PAR, confirming that amino acids 567–592 contain the primary PAR-binding site in the

intact mouse AIF protein (Fig. 1F). Together, these results indicate that amino acids 567–

592 contain the major PBM; however we cannot exclude the possibility that amino acids

222–244 contribute to PAR binding.

Human AIF binds to DNA through a groove between the FAD-binding domain (D1) and C-

terminal domain (D3) (19). A mutant form of human AIF in which lysine 255 is substituted
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with alanine and arginine 265 is substituted with alanine (AIFK255A;R265A) completely

lacks DNA binding (19). To investigate the possible contribution of the AIF DNA-binding

domain to PAR binding, we assessed PAR binding to mouse AIF mutated in the same way

(AIFK254A;R264A). AIFK254A; R264A bound to 32P-labeled automodified PARP-1 and

purified 32P-labeled PAR (Fig. 1F). Moreover, salmon sperm DNA at 760 μM failed to

disrupt PAR binding to WT-AIF, AIFm441-463, AIFm222-244, or AIFK254A;R264A,

whereas cold PAR blocked 32P-labeled PAR binding, indicating that the AIF PAR-binding

site is separable from its DNA-binding site (Fig. 1F).

Analysis of the crystal structure of AIF (20) revealed that amino acids 567–592 (the PAR

binding site we identified) reside within an alpha helix and an external loop that is well

suited to mediate the interaction between AIF and PAR (Fig. 2, A to C). We identified that

amino acids 567–592 are located in a predominantly hydrophobic cleft maintained in

position through four hydrogen bonds. Several hydrogen bonds are involved in the

interaction between side chains and backbone amine bonds inside the alpha helix located at

the C-terminal domain of the AIF (the D3 domain). A cluster of positively-charged basic

amino acids (Arg583, Arg588, Lys589 and Lys592) potentially essential for PAR binding are

located in the AIF D3 domain in close proximity to the DNA-binding domain, but distinct

from it. Thus, the PAR-binding site does not overlap with the DNA binding site (Fig. 2, A to

C), consistent with the failure of the DNA binding mutant AIFK254A;R264A or excess

DNA to affect PAR binding (see Fig. 1F).

Based on the 3D structure, and the PAR-binding consensus sequence, we analyzed the

effects of mutating basic amino acids in the AIF PBM likely to be critical for PAR binding

(Fig. 3A). Substituting arginine 588 with alanine reduced AIF binding to PAR by 40%;

substituting both arginine 588 and lysine 589 with alanines reduced PAR binding by 80%;

and substituting arginine 588, lysine 589, and lysine 592 with alanines reduced PAR binding

by 90%, as did mutating arginine 588, lysine 589, lysine 592, and arginine 583 (Fig. 3A).

We further explored PAR binding to AIF by examining double amino acid mutants obtained

by substituting combinations of arginine 588, lysine 589, and lysine 592 with leucine, which

is more similar to the structure of arginine and lysine than is alanine. All double mutants

(AIFR588L;K589L, AIFR588L;K592L, and AIFK589L;K592L) significantly reduced PAR

binding by about 85% (fig. S3). Similar to the triple alanine mutant (R588A; K589A;

K592A), the triple leucine mutant (R588L;K589L;K592L) nearly abolished PAR-binding

(fig. S3).

Binding assays with wild type and mutant AIF peptides spanning amino acids 567–592 were

consistent with those using full-length AIF. Unlike the WT peptide, the triple amino acid

mutant (Tm) AIF peptide (R588A;K589A;K592A) failed to bind 32P-labeled automodified

PARP-1 or 32P-labeled purified PAR (Fig. 3B). The double amino acid mutant (Dm) AIF

peptide (R588A; K589A) bound PAR (Fig. 3B). Nitrocellulose saturation binding

experiments revealed that the WT-AIF (Kd, 1.24 × 10−6M; Bmax, 4.57 pmol) and Dm-AIF

peptides (Kd, 3.3 × 10−6M; Bmax, 3.97 pmol) bound PAR in a saturable manner, whereas

the Tm-AIF peptide (Tm) (Kd, 1.07 × 10−4M; Bmax, 1.77 pmol) had clearly reduced PAR

binding (fig. S4A).

To ascertain whether full length recombinant Pbm-AIF (R588A;K589A;K592A) binds PAR,

we performed an EMSA assay for PAR binding with recombinant WT-AIF and Pbm-AIF

and determined that WT-AIF caused a PAR mobility shift in a concentration-dependent

manner, whereas Pbm-AIF had no effect on PAR mobility (Fig. 3C). Twenty percent

Trisborate-EDTA(TBE) PAGE analysis indicated that WT-AIF bound to 32P-PAR of

different length and Pbm-AIF failed to bind to 32P-PAR (Fig. 3D). To confirm that Pbm-AIF

fails to bind PAR, we also performed biotin-labeled PAR pull-down assays on WT-AIF,
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Pbm-AIF, or histone H3. WT-AIF and histone H3 were pulled down with biotin-labeled

PAR, whereas only a barely detectable amount of Pbm-AIF was pulled down (Fig. 3E).

Recombinant AIFs and histone H3 did not bind directly to NeutrAvidin beads in the absence

of biotin-labeled PAR under the conditions used, confirming the specificity of the assay

(Fig. 3E). Nitrocellulose saturation binding experiments indicated that full-length

recombinant His-WT-AIF bound to PAR with high affinity in a saturable manner (Kd, 1.0 ×

10−7M; Bmax, 200.83 pmol), whereas full-length His-Pbm-AIF showed much less (and

virtually linear) binding (fig. S4B). Because this residual PAR binding was likely non-

specific, we subtracted the PAR-binding values obtained with His-Pbm-AIF from those for

His-WT-AIF and subjected the values thus determined for specific binding to Scatchard

analysis (fig. S4C). We found that the affinity of purified mouse His-WT-AIF for PAR was

high, with a calculated Kd of 6.63 ×10−8 M and a Bmax of 116.208 pmol, a concentration

consistent with those found in intact HeLa cells after MNNG treatment or in cortical

neurons after exposure to NMDA (8).

WT-AIF and Pbm-AIF have similar PAR-independent activities

Independent of its role in parthanatos, AIF has NADH (the reduced form of nicotinamide

adenine dinucleotide) oxidase activity, binds to FAD (flavin adenine dinucleotide) and

DNA, and causes nuclear condensation (19, 21). To determine whether the triple amino acid

mutation (R588A;K589A;K592A) of the PBM of AIF interferes with these properties, we

assessed the NADH oxidase activity, FAD-binding capacity, and DNA-binding capacity of

full-length His-WT-AIF and His-Pbm-AIF. His-Pbm-AIF showed NADH oxidase activity

(Fig. 4, A and B), FAD binding (Fig. 4C), and DNA-binding properties (Fig. 4D)

comparable to those of His-WT-AIF. Moreover, non-tagged forms of WT-AIF or Pbm-AIF

caused chromatin condensation and nuclear shrinkage when incubated with isolated HeLa

nuclei (Fig. 4, E and F). Together, these results indicate that AIF is a high affinity PAR

binding protein and that the triple amino acid (R588A;K589A;K592A) mutation in AIF

substantially eliminates PAR binding without affecting its PAR-independent functions.

To determine whether Pbm-AIF fails to bind to PAR in cultured cortical neurons, neuronal

cultures were transduced by lentivirus with WT-AIF-Flag or Flag-tagged Pbm-AIF (Pbm-

AIF-Flag). We used neurons from Harlequin (Hq) mice, which have an 80% reduction in

WT-AIF due to a proviral insertion (22), for these analyses to reduce interference from

endogenous AIF (fig. S5A). WT-AIF-Flag and Pbm-AIF-Flag were equally abundant in Hq

cortical neurons (Fig. 5, A to C) and both localized to the mitochondria, as determined by

their co-localization with the mitochondrial enzyme manganese superoxide dismutase

(MnSOD) (fig. S5B). Treatment of Hq cortical cultures with 500 μM NMDA for 5 minutes

activated PARP-1, leading to the time-dependent formation of PAR in both the nuclear

fraction and the postnuclear fraction (fig. S5C). Two hours after a 5 minute treatment with

500 μM NMDA, we measured PAR binding to AIF from postnuclear fractions and

compared it to that in control (non-NMDA-treated) cultures (Fig. 5, A and B).

Immunoprecipitation with PAR pulled down WT-AIF-Flag from both non-NMDA- and

NMDA-treated cultures, whereas Pbm-AIF-Flag failed to appreciably co-immunoprecipitate

with PAR (Fig. 5, A and B). WT-AIF-Flag interacted with PAR in unstimulated Hq cortical

neurons, and this interaction significantly increased following NMDA treatment (Fig. 5, A

and B). The PAR-AIF interaction was not reduced by benzonase, DNAse I, RNAse A, or

ethidium bromide (fig. S6), indicating that it was not mediated by DNA- or RNA-binding.

We observed similar results following treatment of HeLa cells transduced with WT-AIF-

Flag or Pbm-AIF-Flag with MNNG. PAR co-immunoprecipitated with WT-AIF-Flag but

not Pbm-AIF-Flag in postnuclear fractions of both non-MNNG- and MNNG-treated

cultures, and quantification revealed that this interaction was significantly increased by

MNNG treatment (fig. S7, A and B). Rabbit IgG, used as a negative control in both Hq
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cortical cultures and HeLa cells, failed to co-immunoprecipitate with WT-AIF-Flag or Pbm-

AIF-Flag (Fig. 5, A and B; fig. S7, A and B). Together, these results indicate that Pbm-AIF

fails to bind to PAR either in cells at rest or following PARP-1 activation.

PAR disrupts AIF binding to mitochondria and causes AIF release from mitochondria

We next determined whether Pbm-AIF was released from the mitochondria and translocated

to the nucleus after PARP-1 activation in Hq mouse cortical neuronal cultures transduced

with WT-AIF-Flag or Pbm-AIF-Flag lentiviruses. GFP lentivirus-transduced and non-

transduced neurons served as negative controls. AIF translocation to the nucleus was

monitored two hours after NMDA (500 μM, 5 minutes) treatment. Immunoblot analysis of

nuclear and postnuclear fractions using antibodies to Flag or AIF (Fig. 5C) revealed that

WT-AIF-Flag translocated to the nucleus following NMDA administration, whereas Pbm-

AIF-Flag failed to do so (Fig. 5C). Moreover, confocal image analysis confirmed that, two

hours after NMDA stimulation (500 μM, 5 minutes), WT-AIF-Flag was observed in the

nucleus whereas Pbm-AIF-Flag remained in the cytosol (Fig. 5D). Both WT-AIF and Pbm-

AIF-Flag translocated from the mitochondria to the nucleus 24 h after 100 nM staurosporine

treatment (fig. S7C), indicating that both forms of AIF are able to translocate, but in

parthanatos PAR binding to AIF is required for the translocation.

Endogenous AIF, WT-AIF-Flag, and Pbm-AIF-Flag were monitored for nuclear

translocation by confocal image analysis, following MNNG treatment of HeLa cells (fig. S7,

D and E) under conditions in which MNNG induces parthanatos (8). In cells transfected

with WT-AIF-Flag, both endogenous AIF and WT-AIF-Flag translocated to the nucleus

following MNNG treatment; the PARP-1 inhibitor, 3,4-Dihydro-5[4-(1-

piperindinyl)butoxy]-1(2H)-isoquinoline, (DPQ), prevented the nuclear translocation of both

endogenous AIF and WT-AIF-Flag (fig. S7D), confirming the dependence of AIF

translocation on PARP-1 activation. In contrast, MNNG treatment failed to induce the

nuclear translocation of Pbm-AIF-Flag, despite inducing the translocation of endogenous

AIF (fig. S7E).

Next, we used Hq cortical neurons transduced with WT-AIF-Flag or Pbm-AIF-Flag

lentiviruses to determine whether PAR plays a direct role in mitochondrial AIF release (Fig.

5E). GFP lentivirus transduced and non-transduced neurons served as negative controls (Fig.

5E). Three days after lentivirus infection, mitochondria were isolated and exposed to

purified PAR to elicit in vitro AIF release (14). WT-AIF-Flag and Pbm-AIF-Flag were

equally abundant in mitochondria (Fig. 5E, left). PAR induced the release of WT-AIF-Flag

from mitochondria, but failed to release Pbm-AIF-Flag (Fig. 5E, right). Similar results were

observed in HeLa cells transiently transfected with WT-AIF-Flag or Pbm-AIF-Flag. Two

days after transfection, mitochondria were isolated and exposed to purified PAR, which

induced the release of WT-AIF-Flag, but failed to release Pbm-AIF-Flag (fig. S8A).

Together, these results indicate that PAR binding to AIF is required for AIF release

following PARP-1 activation.

Approximately 20%–30% of AIF resides on the cytosolic side of the outer membrane of

mitochondria, where it is poised to be rapidly released by PAR following PARP-1 activation

(23). An in vitro assay of AIF binding to mitochondria showed that both purified WT-AIF

and Pbm-AIF bound saturably to mitochondria in a time- and concentration-dependent

manner (fig. S8, B and C). To investigate the mechanism underlying mitochondrial AIF

release following PARP-1 activation, we incubated isolated mitochondria with purified non-

tagged forms of AIF in the presence or absence of PAR and followed this by centrifugation

to remove the mitochondria and detection of AIF remaining in the supernatant through

immunoblot analysis (Fig. 5, F and G). Untreated mitochondria effectively depleted both

WT-AIF and Pbm-AIF from the supernatant, confirming that both WT-AIF and Pbm-AIF
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bind to mitochondria. 5 nM PAR failed to affect association of WT-AIF or Pbm-AIF with

mitochondria, whereas 50 nM PAR increased the concentration of WT-AIF in the

supernatant, indicating that it disrupted its binding to mitochondria, with barely detectable

effects on the concentration of Pbm-AIF (Fig. 5, F and G). 100 nM PAR almost completely

abolished the ability of WT-AIF to bind to mitochondria and partially reduced mitochondrial

binding of Pbm-AIF (Fig. 5, F and G). 5 nM and 50 nM PAR failed to induce the release of

endogenous cytochrome c from mitochondria under the same experimental conditions,

although a weak cytochrome c signal could be detected with exposure to 100 nM PAR (Fig.

5F). Mitochondrial outer membrane protein Tom20 was also used to monitor mitochondrial

integrity and it could not be detected in the supernatant at any concentration of PAR used

(Fig. 5F), indicating that mitochondrial integrity was maintained throughout the experiment.

These data suggest that PAR can disrupt binding of WT-AIF to intact mitochondria, thereby

causing AIF release, whereas Pbm-AIF is relatively resistant to the releasing effects of PAR.

WT-AIF, but not Pbm-AIF, sensitizes cells to parthanatos in vitro and in vivo

To ascertain whether the failure of the Pbm-AIF to translocate to the nucleus following

PARP-1 activation has implications for PARP-1-dependent cell death, we monitored the

susceptibility of cells expressing WT-AIF-Flag or Pbm-AIF-Flag to parthanatos (Fig. 6 and

fig. S9). In WT mouse embryonic fibroblasts (MEFs), WT-AIF-Flag and Pbm-AIF-Flag

were equally abundant and failed to affect susceptibility to MNNG-induced cell death (fig.

S9, A and B). Hq MEFs showed significantly reduced cell death in response to MNNG

compared to WT MEFs, and WT-AIF-Flag restored their susceptibility to MNNG toxicity.

In contrast, Pbm-AIF-Flag failed to restore the susceptibility of Hq MEFs to MNNG toxicity

(fig. S9A). The broad-spectrum caspase inhibitor zVAD also failed to influence MNNG-

induced cell death in MEFs consistent with a lack of involvement of caspases in parthanatos

(fig. S9C).

We next assessed NMDA excitotoxicity in Hq cortical neurons transduced with WT-AIF-

Flag or Pbm-AIF-Flag (Fig. 6, A to C). As previously reported (14), Hq cortical neurons

were resistant to NMDA excitotoxicity. Experiments performed 24 h, 36 h, or 48 h after

NMDA treatment indicated that WT-AIF-Flag restored Hq cortical neuron susceptibility to

NMDA excitotoxicity, whereas Pbm-AIF-Flag failed to do so (Fig. 6, A and B). The

PARP-1 inhibitor, DPQ, largely prevented NMDA-induced excitotoxicity (Fig. 6C),

whereas zVAD failed to do so (Fig. 6C).

We used Hq mice to determine whether our in vitro findings are relevant in vivo. We

examined NMDA receptor-mediated glutamate excitotoxicity, which is a major component

of neuronal death in neurodegenerative diseases and stroke (24). We administered NMDA

(20 nmol) stereotactically into the striata of Hq or WT mice and assessed lesion volume in

the striatum by Nissl staining 60 h later (Fig. 7, A and B). As previously reported (14),

NMDA administration caused a larger lesion in WT mice than in Hq mice (Fig. 7, A and B).

We next assessed whether replacement of WT-AIF-Flag or Pbm-AIF-Flag through lentiviral

transduction restored the sensitivity of Hq mice to NMDA excitotoxicity (Fig. 7, C to F).

Lentiviruses carrying WT-AIF-Flag, Pbm-AIF-Flag, or GFP were injected in both the left

and right side striata of Hq mice seven days before injection with NMDA in the right

striatum and saline in the left striatum. WT-AIF, Pbm-AIF, and GFP were successfully

expressed in striatum (Fig. 7D). WT-AIF-Flag restored sensitivity to NMDA excitotoxicity,

so that Hq mice showed larger lesions volume 48 h or 60 h after the NMDA injection (Fig.

7, E and F). In contrast, Pbm-AIF-Flag failed to restore NMDA excitotoxicity, and lesions

following NMDA injection were similar to those seen in mice transduced with GFP or

injected with saline (Fig. 7, E and F). Mice injected with Pbm-AIF-Flag lentivirus survived

for at least 168 h after the NMDA injection, whereas, with one exception, mice injected with

WT-AIF-Flag lentivirus failed to survive for 168 h. The lesion volume of mice injected with
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Pbm-AIF-Flag lentivirus remains reduced at 168 h suggesting that the protection is long-

lasting (Fig. 7F).

In a second model of NMDA excitotoxicity, we injected adeno-associated virus (AAV2)

carrying WT-AIF-Flag, Pbm-AIF-Flag, or GFP into the CA1 region of both the left and

right hippocampus of Hq mice. WT-AIF-Flag, Pbm-AIF-Flag, and GFP were strongly

transduced throughout the whole CA1 region (Fig. 7G). Seven days later, we injected

NMDA into the right CA1 region and saline into the left CA1 region; we assessed CA1

lesion volume 60 h later. NMDA injection caused a large lesion volume in WT-AIF-Flag

injected Hq mice, whereas Pbm-AIF-Flag- and GFP-injected Hq mice had significantly

smaller and equivalent lesions (Fig. 7, H and I). Together, our results indicate that PAR

binding to AIF is required for NMDA excitotoxicity both in vitro and in vivo.

DISCUSSION

Our data show that AIF is a PAR-binding protein and that PAR binding to AIF is critical for

AIF release from the mitochondria following PARP-1 activation (Fig. 8). Moreover, PAR

binding was required for AIF to induce cell death in parthanatos. PAR bound to AIF

saturably and with high affinity. Amino acids 567–592 in the D3 domain of AIF comprised

the major PAR binding site in AIF, as determined by PAR binding assays to peptides

corresponding to the AIF PAR-binding domain and mutational analysis of both these

mimetic peptides and full length AIF. The basic amino acids arginine 588, lysine 589, and

lysine 592 were critical for PAR binding to AIF. Their mutation to alanine or leucine

markedly interfered with PAR binding to AIF. Moreover, mutation of these amino acids to

alanine prevented the release of AIF from mitochondria following PAR treatment of purified

mitochondria or PARP-1 activation with MNNG or NMDA. The failure of the Pbm-AIF to

be released from the mitochondria following PARP-1 activation attenuated AIF-mediated

cell death (Fig. 8). The PAR binding site is distinct from the AIF DNA binding site; thus,

AIF appears to have evolved separate binding properties for DNA and PAR. Moreover,

AIF’s cell death functions can be separated from its role in mitochondrial respiration and

cell survival.

Parthanatos is a key cell death mechanism involved in various diseases including ischemic

injury and excitotoxicity. One pivotal step of parthanatos is that nuclear PAR signals to

mitochondrial AIF and causes its release, thereby initiating a deadly conversation between

these two organelles (Fig. 8). How PAR exits the nucleus is not known, although this may

be carried out by a PARylated nuclear protein. Moreover, reducing PAR abundance with

PARG expressed in the cytosol or interfering with PAR through neutralizing antibodies

reduces mitochondrial AIF release and subsequent cell death (8). At the mitochondria there

are two pools of AIF. Approximately 80% of AIF is localized to the inner membrane and

inner membrane space where it would be protected from direct actions of PAR. However,

20–30% of mitochondrial AIF is localized to the cytosolic side of the outer mitochondrial

membrane where it is available to bind PAR and be released during parthanatos (25). Our

findings indicate that PAR binding to AIF’s PAR-binding motif acts as the transducer that

mediates AIF release from the mitochondria allowing AIF to translocate to the nucleus. PAR

binding to AIF likely induces a conformation change in AIF that lowers its affinity for the

mitochondrial outer membrane leading to its release, although the exact mechanism whereby

PAR binding induces AIF release remains unclear.

PAR binds to various proteins, thereby affecting their physiologic function (15, 26–31).

PAR also appears to function as a scaffold, assembling PAR-binding proteins into a

signaling complex that confers DNA damage-induced NF-κB activation (32). AIF is the first

identified PAR-binding protein involved in cell death. How PAR-AIF binding modulates
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mitochondrial function remains unclear, as does the mechanism whereby AIF enters the

nucleus and causes chromatinolysis and cell death.

It is likely that PAR has both inhibitory and stimulatory effects on its binding partners.

Further elucidation of the parthanatos signaling pathway will provide new opportunities for

discovery of heretofore unidentified biologic functions. In particular, identification of AIF as

a PAR-binding protein opens up opportunities for the development of compounds that

inhibit the interaction of PAR with AIF, thus potentially protecting against parthanatos.

Alternatively, agents could be identified that enhance the release of AIF, thereby promoting

parthanatos and serving as potential cancer chemotherapeutic agents.

MATERIALS AND METHODS

Protein expression and Purification

Mouse AIF cDNA was subcloned into 6 X His-tagged pET28b vector (Novagen) or GST-

tagged pGex-6P-1 vector (GE Health Care) by EcoR I and Xho I restriction sites. The

protein was expressed and purified from E. coli using metal-affinity chromatography and

glutathione sepharose, respectively. Flag-tagged WT-AIF and Pbm-AIF were subcloned into

pCI vector (Promega) by Xho I and Sal I restriction sites. The recombinant AIF either with

His-tag or Flag-tag is used in this study as indicated. To exclude interference from the tag,

we also used non-tagged recombinant AIF in the PAR-binding assay and other AIF

biochemical determinations. Recombinant AIF was initially prepared from GST-tagged-

AIF, purified by Glutathione Sepharose, with the GST-tag subsequently proteolytically

removed. PBM mutants (AIFm222-244, AIFm441-463 and AIFm567-592), deletion mutant

(AIFΔ567-592) and point mutants (K254A, R264A, R583A, R588A, K589A, K592A,

R588L, K589L, K592L) were constructed by PCR and verified by sequencing. The primers

used in sequential point mutation are summarized in Table S1.

Biotin- and 32P-labeled automodified PARP-1 synthesis and PARP-free PAR preparation

Biotin- and 32P-labeled automodified PARP-1 were synthesized as described previously (18,

33). Briefly, PARP-1 purified up to the DNA-cellulose step (600 U/mg) was incubated with

biotin-labeled NAD+ and 32P-labeled NAD+ for 2 min at 30 °C, thereafter a nonlabeled and

nonisotopic NAD+ was added to the reaction mixture, which was incubated for further 28

min at 30 °C. High specific activity biotin-labeled NAD+ and 32P-labeled automodified

PARP-1 (80 cpm/nmol) were precipitated as described (34). Biotin-labeled, non-radioactive,

and 32P-labeled free PAR were prepared and purified on a DHBB column as described (35).

Polymer size was assessed by 20% TBE-PAGE (90 mM Tris-borate pH 8.0, 2 mM EDTA)

and HPLC chromatography using a DEAE-NPR column (36). PAR has a mean length of 40

ADP-ribose residues as determined by HPLC methods and gel electrophoresis. The range of

size of PAR in this mix is 6-mer through 100-mer ADP-ribose units (8, 14).

Structural Characterization

Ribbon models of the murine AIF monomer (Protein Data Bank ID no.: 1GV4) were created

using Rastop molecular visualization software, and molecular surface representation and

electrostatic potential were calculated using Swiss-PBD software.

Nitrocellulose PAR-Binding Assay and EMSA

Synthetic peptides or purified proteins were diluted in TBS-T buffer (0.5μg/μl) and loaded

onto a nitrocellulose membrane (0.1 μm) using a dot blot manifold system (Life

Technologies, Gaithersburg, MD). The membranes were washed once with TBS-T buffer

and air dried followed by incubation with indicated concentrations of 32P-labeled

automodified PARP-1, 32P-labeled PAR, or biotin-labeled PAR for 1 h at room temperature.
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After washing, the membranes were analyzed by autoradiography on Bio-Max MR (Kodak),

or probed with anti-biotin antibody and visualized with X-ray films by the SuperSignal West

Pico Chemiluminescent Substrate (Pierce). Fluorescent Sypro Ruby protein staining was

performed on the nitrocellulose membrane to demonstrate equal loading. For EMSA

analysis, 50 ng of purified proteins (100 ng/ml) were incubated with 32P-labeled PAR for 1

min at RT; thereafter samples were resolved in 5% PAGE-gel. The gel was heat dried and

developed using a Typhoon 9400 Imager (GE Health Care). PAR binding affinity was

determined by nitrocellulose saturation binding experiments using the ligand binding

program of Sigma plot (9.0 software-SYSTAT).

In vitro PAR-binding assay

300 nM of purified wild type (WT)-AIF or PAR binding mutant (Pbm)-AIF were incubated

with 32P-labeled PAR for 10 min at RT. Thereafter, samples were incubated with AIF

antibody-linked protein G slurry for 1 h. Samples were washed two times with PBS and

boiled with 1 X Laemmli sample buffer (BIO-RAD). Each soluble fraction was resolved in

20% TBE-PAGE. The gel was heat dried and developed using a Typhoon 9400 Imager (GE

Health Care).

Determination of NADH Oxidase Activity and FAD Binding of AIF

AIF’s NADH oxidase activity was determined as described (21). In brief, the NADH

oxidase activity was measured at RT in substrate solution containing 250 μM NADH in air-

saturated 50 mM Tris-HCl, pH 8.0. The decrease in absorbance at OD340 nm was

monitored right after the addition of recombinant His-tagged AIF into the substrate solution.

In situ redox activity of recombinant His-tagged AIF was performed as previously described

(21). The AIF protein was separated on a 10% native gel and then the gel was briefly

washed in distilled water. The gel was equilibrated in 2,2′-Di-p-nitrophenyl-5-5′-
diphenyl-3,3′ (3-3′-dimetoxy-4-4′ difenilen) tetrazolium chloride (NBT) solution for 20 min

in the dark followed by the addition of 1 mM NADH to NBT solution to reduce NBT. FAD

binding to AIF was monitored at 13 μM concentration of His-tagged AIF by wave length

scanning ranging from 250–800 nm using Beckman Coulter DU800 UV/Vis

spectrophotometer (Fullerton).

DNA Gel Retardation Assay

AIF binding-mediated DNA mobility retardation was performed as described (19).

Recombinant His-tagged AIF (10 μg or 25 μg) was incubated with 1 kb DNA molecular

weight marker (Fermentas) for 30 min at RT and loaded on 2.5 % agarose gel prestained

with ethidium bromide (1 μg/ml). Mobility shift was visualized under the Alpha Innotech

UV illuminator (San Leandro).

Lentivirus Construction and Virus Production

WT-AIF-Flag or Pbm-AIF-Flag was subcloned into a lentiviral cFugw vector by Age I and

EcoR I restriction sites, and its expression was driven by human ubiquitin C (hUBC)

promoter. The lentivirus was produced by transient transfection of the recombinant cFugw

vector into 293T cells with three packaging vectors: pLP1, pLP2 and pVSV-G (1.3:

1.5:1:1.5). The viral supernatants were collected at 48 h and 72 h after transfection and

concentrated by ultracentrifuge for 3 h at 50,000 g.

Cell Culture, transfection, lentiviral transduction and Cytotoxicity

MEF cells from wild type (WT) or Hq mice and HeLa cells were cultured in Dulbecco’s

Modified Eagle’s Medium (Invitrogen) supplemented with 10% Fetal Bovine Serum

(HyClone), 100 μg/ml streptomycin, and 100 U/ml penicillin (Invitrogen). Flag-tagged AIF
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(WT and Pbm) was transfected using lipofectamine Plus (Invitrogen). Primary neuronal

cultures from cortex were prepared as previously described (37). Briefly, the cortex was

dissected and the cells dissociated by trituration in modified Eagle’s medium (MEM), 20%

horse serum, 30 mM glucose, and 2 mM L-glutamine following a 10 min digestion in

0.027% trypsin/saline solution (Gibco BRL, Gaithersburg, Maryland). The neurons were

plated on 15 mm multiwell plates coated with polyornithine or on coverslips coated with

polyornithine. Neurons were maintained in MEM, 10% horse serum, 30 mM glucose, and 2

mM L-glutamine in a 7% CO2 humidified 37°C incubator. The growth medium was

replaced twice per week. In mature cultures, neurons represent 70–90% of the total number

of cells. In day in vitro (DIV) 7–9, neurons were infected by lentivirus carrying WT-AIF-

Flag, Pbm-AIF-Flag, or GFP (1×109 T.U./ml) for 72 h. PARP-1 dependent cell death was

induced by either MNNG (Sigma) in MEFs or HeLa cells or NMDA (Sigma) in neurons.

HeLa cells or MEFs were exposed to MNNG (50 μM and 500 μM, respectively) for 15 min

and neurons (DIV10-14) were exposed to NMDA as described previously (6, 38). Neurons

were washed with control salt solution [CSS, containing (in mM): 120 NaCl, 5.4 KCl, 1.8

CaCl2, 25 Tris-Cl, 20 glucose, pH 7.4], exposed to 500 μM NMDA plus 10 μM glycine in

CSS for 5 min, and then postexposed in MEM, containing 10% horse serum, 30 mM

glucose, and 2 mM L-glutamine for various times before fixation, immunocytochemical

staining, and confocal laser scanning microscopy. Cell viability was determined the

following day by unbiased objective computer-assisted cell counting after staining of all

nuclei with 7 μM Hoechst 33342 (Invitrogen) and dead cell nuclei with 2 μM propidium

iodide (Invitrogen). The numbers of total and dead cells were counted with the Axiovision

4.3 software (Carl Zeiss). At least three separate experiments using at least six separate

wells were performed with a minimum of 15,000–20,000 neurons or cells counted per data

point. For neuronal toxicity assessments, glial nuclei fluoresce at a different intensity than

neuronal nuclei and were gated out. The percentage of cell death was determined as the ratio

of live to dead cells as compared with the percentage of cell death in control wells to

account for cell death attributed to mechanical stimulation of the cultures.

Pulldown, co-immunoprecipitation, and immunoblotting

For the pulldown assay, NeutrAvidin beads or biotin-labeled PAR -immobilized

NeutrAvidin beads were incubated with 500 ng recombinant WT-AIF or Pbm-AIF, washed

in lysis buffer, and eluted by boiling in sample buffer. For Co-immunoprecipitation, the

post-nuclear cell extracts, which is the fraction prepared from whole cell lysates after

removing nuclear proteins, were isolated in hypotonic buffer (6) and incubated overnight

with an antibody against PAR in the presence of protein A/G Sepharose (Santa Cruz),

followed by immunoblot analysis with mouse anti-Flag antibody (Sigma). The proteins were

separated on denaturing polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to

nitrocellulose membrane. The membrane was blocked and incubated overnight with the 1

mg/ml primary antibody (mouse anti-Flag; rabbit anti-AIF; or rabbit anti-PAR 96–10) at

4°C, followed by donkey anti-mouse or goat anti-rabbit IgG conjugated to HRP for 1 h at

room temperature. After washing, the immune complexes were detected by the SuperSignal

West Pico Chemiluminescent Substrate (Pierce). The integrity of the nuclear and

postnuclear subcellular fractions was determined by monitoring histone and MnSOD

immunoreactivity, respectively.

Mitochondria isolation and in vitro AIF release assay

Mitochondria were prepared from HeLa cells and cortical neurons as follows. The cells were

harvested and resuspended in 2 ml MIB buffer (10 mM HEPES, pH 7.4, 300 mM sucrose, 1

mM EGTA) and homogenized by 60 strokes with B type Dounce homogenizer. Nuclei were

pelleted at 750 g for 5 min and mitochondria were spun down at 3,000 g for 10 min. Isolated

mitochondria were dissolved in a minimum volume of sucrose buffer (10 mM HEPES, pH

Wang et al. Page 11

Sci Signal. Author manuscript; available in PMC 2012 April 5.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



7.4, 300 mM sucrose) and protein concentration was adjusted to 2 mg/ml. The functional

integrity of isolated mitochondria was verified by measuring the acceptor control ratio using

a Clark type oxygen electrode (Hansatech). The ratio was determined by dividing the ADP

(0.8 mM)-stimulated, state 3 respiration rate with the state 4 respiration rate in the presence

of oligomycin (2.5 μg/ml) (39). Mitochondria preparations giving a ratio higher than 5 were

used for the experiments. In vitro AIF release was carried out at RT for 30 min in assay

buffer (20 mM HEPES, pH 7.4, 125 mM KCl, 2 mM K2HPO4, 4 mM MgCl2, 5 mM

succinate, 2 mM rotenone, 3 μM ATP and 1 μM ADP) in the presence of 100 nM PAR and

1 mg/ml isolated mitochondria. Proteins released into the assay buffer were saved by

centrifugation at 12,000 g for 5 min.

Nuclear shrinkage assay

Nuclei were purified from HeLa cells as described previously (40). For the nuclear

shrinkage assay, nuclei were incubated with recombinant WT-AIF or Pbm-AIF (20 ng/ml)

in the presence of ATP (2 mM), phosphocreatine (20 mM) and creatine kinase (50 μg/ml)

for 90 min at 37 °C. Nuclei were stained by DAPI and examined by fluorescence

microscopy.

Immunocytochemistry, immunohistochemistry and Confocal Microscopy

For immunocytochemistry, cells were fixed 2 h after treatment with 4% paraformaldehyde,

permeabilized with 0.05% Triton X-100, and blocked with 3% bovine serum albumin in

PBS. AIF was visualized by 2 μg/ml mouse anti-Flag/Cy2 AffiniPure Donkey Anti-Mouse

IgG or rabbit anti-AIF/Cy3 AffiniPure Donkey Anti-Rabbit IgG. Immunohistochemistry

was performed using the antibody against Flag. Immunofluorescence analysis was carried

out by using a LSM510 confocal laser scanning microscope (Carl Zeiss) as described earlier

(41).

Injection of lentivirus and NMDA in Harlequin mouse Striatum

Striatal injections of NMDA were performed as reported previously (42). Briefly, 3-month-

old Hq mice were anesthetized with pentobarbital (45 mg/kg, i.p.). 1 μl Lentivirus (5 × 1010

T.U./ml) carrying WT-AIF-Flag, Pbm-AIF-Flag, or GFP was injected into striatum on both

sides of the brain (rostral, 0.4 mm; lateral +/− 1.7 mm; ventral 3.5 mm from bregma), and 1

μl AAV2 (1 × 1013 T.U./ml) carrying WT-AIF-Flag, Pbm-AIF-Flag or GFP was injected

into CA1 in hippocampi on both sides of the brain (posterior, 2.0 mm; lateral +/− 1.5 mm;

ventral 1.5 mm from bregma) using a stereotactic frame (Kopf) (0.02 ml/min). The needle

was left in place for an additional 8 min after injection. One week after the first injection, 20

nmol NMDA or normal saline in 0.8 μl was injected into the right and left striatum (0.02 μl/

min), respectively. The needle was left in place for an additional 8 min after injection.

Lesions volumes were assessed 48 h, 60 h, or 168 h after NMDA administration. At the

indicated time point after the second injection, the mice were deeply anesthetized, and then

perfused with saline and 4% paraformaldehyde. After postfixation and freezing in 20%

glycerol-PBS, brain sections (30 μm) were obtained for Nissl staining and

immunohistochemistry.

Statistical Analysis

Statistical evaluation was carried out by Student’s t-test between two groups and by one-way

analysis of variance (ANOVA) followed by post hoc comparisons with the Bonferroni test

using GraphPrism software within multiple groups. Data are shown as mean ± S.E.M., p <

0.05 is considered significant.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. PAR binds to AIF

(A) Overlay assay of mouse AIF and biotin-labeled PAR. H3 and BSA were used as positive

and negative controls, respectively. n = 3. (B) EMSA of AIF using 32P-labeled PAR.

Histone H1 was used as a positive control, n = 3. (C) Co-immunoprecipitation of WT-AIF-

Flag with PAR in post-nuclear fractions isolated from HeLa cells 2 h after MNNG treatment

(50 μM for 15 min). rIgG, rabbit IgG. n = 3. (D) Co-immunoprecipitation of endogenous

AIF with PAR in post-nuclear fractions isolated from cortical neurons 2 h after NMDA

treatment (500 μM for 5 min). The intensity of AIF signal was quantified and normalized to

input (right panel). *** p < 0.001 by Student’s t-test, n = 6. (E) Dot-blot analysis of full

length WT-AIF, three AIF peptides, histone H3, and BSA in presence of 100 nM

purified 32P-labeled PAR, n = 4. (F) Overlay assay of His-tagged WT-AIF, AIFm222-244,

AIFm441-463, AIFm567-592, AIFΔ567-592, and AIF (K254A, R264A) mutants with 32P-

labeled automodified PARP-1 (equivalent to 100 nM of PAR), purified 32P-labeled PAR

(100 nM), or purified 32P-labeled PAR with either a 100-fold excess of DNA or cold PAR.
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Fig. 2. Mouse AIF structure

(A) Ribbon diagram of the AIF structure showing the three domains (D1 in blue, D2 in cyan

and D3 in green) along with the basic helix-loop-helix domain constituting the PAR-binding

domain (in red). Side chains of essential basic amino acids are indicated. Modified from

Mate et al. (20) (B) Structural details of the PAR-binding domain of AIF. Stabilizing

hydrogen bonds are shown in pink. D, aspartic acid; E, glutamic acid; G, glycine; I,

isoleucine; Q, glutamine. (C) The surface and electrostatic potential of AIF. DNA binding

sites are shown in blue and the PAR binding sites that do not overlap with the DNA binding

sites are shown in red.
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Fig. 3. Determination of amino acids in AIF responsible for PAR binding

(A) PAR overlay assay of full length WT and mutant AIFs (amino acid 567–592 sequences

shown in upper panel). The radioactive signal was quantified and normalized to WT-AIF

(lower panel). n = 3. V, valine; W, tryptophan; N, asparagine; F, phenylalanine; M,

methionine; P, proline; X, any amino acid; H, hydrophobic amino acid; B, basic amino acid.

(B) Dot-blot analysis of WT and mutant AIF peptides (sequences shown in upper panel),

and p21, a peptide that binds strongly to PAR, (43) in the presence of 100 nM purified 32P-

labeled PAR, n = 3. (C) EMSA of WT-AIF and Pbm-AIF using 32P-labeled PAR, n = 3. (D)

[32P]-PAR bound to WT-AIF or Pbm-AIF was analyzed in 20% TBE-PAGE. Values

represent ADP-ribose units. The radioactive signal was quantified and normalized to

Input.*** p < 0.001 by one-way ANOVA, n = 5. (E) Pulldown assay of WT-AIF and Pbm-

AIF using biotin-labeled PAR-conjugated NeutrAvidin beads. W/O, buffer. Beads,

NeutrAvidin beads without biotin-labeled PAR polymer, n = 4.
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Fig. 4. Characterization of PAR-independent properties of WT-AIF and Pbm-AIF

(A) NADH oxidase activity of His-WT-AIF and His-Pbm-AIF was visualized on native gel

by NBT reduction. BSA was used as a negative control. (B) NADH oxidase activity of His-

WT-AIF and His-Pbm-AIF was determined by monitoring the changes in absorbance at OD

340 nm. (C) FAD binding of His-WT-AIF and His-Pbm-AIF was determined by

spectrophotometric wave length scanning of purified proteins. (D) DNA retardation assay of

His-WT-AIF and His-Pbm-AIF by incubating with DNA (200 ng) for 30 min. BSA was

used as a negative control. (E) Non-tagged WT-AIF and Pbm-AIF cause chromatin

condensation and nuclear shrinkage in isolated HeLa cell nuclei. Scale bar, 20 μm. (F)

Quantification of the number of nuclei treated by WT-AIF, Pbm-AIF, and control (CTL) in

E. Caspase 3 (Casp3) was applied as a positive control, n = 5.
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Figure 5. Pbm-AIF is resistant to release from mitochondria and subsequent nuclear
translocation

(A) Co-immunoprecipitation of PAR with WT-AIF-Flag and Pbm-AIF-Flag in post-nuclear

fractions isolated from Hq cortical neurons 2 h after NMDA treatment (500 μM for 5 min),

rabbit IgG (rIgG). (B) The signal was quantified and normalized to input. n = 5. (C)

Subcellular localization of WT-AIF-Flag and Pbm-AIF-Flag in Hq cortical neurons 2 h after

NMDA treatment, n = 4. (D) NMDA-induced AIF nuclear translocation in cortical neurons.

DAPI, nuclei staining. Scale, 20 μm, n = 3. (E) Mitochondria isolated from cortical neurons

were incubated with PAR for 30 min. The levels of AIF were determined in the

mitochondria (left) and in the supernatant (right), n = 6. (F & G) WT-AIF-Flag or Pbm-AIF-

Flag (500 ng/ml) were incubated with isolated mitochondria (1 mg/ml) in the absence or

presence of PAR for 30 min. The supernatant was collected for analyses of AIF, Tom20, and

Cyt C. AIF binding to mitochondria in the absence of PAR was regarded as 100%

binding. ##p < 0.01, ###p < 0.001, compared to control (absence of PAR); * p < 0.05, **p <

0.01, ***p <0.001 by one-way ANOVA, n = 5.
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Figure 6. WT-AIF, but not Pbm-AIF, sensitizes cells to parthanatos in vitro

(A) The effect of WT-AIF-Flag or Pbm-AIF-Flag on NMDA-induced cytotoxicity in Hq

cortical neurons 24 h after NMDA (500 μM for 5 min). Cells were transduced with

lentivirus carrying WT-AIF-Flag or Pbm-AIF-Flag. Non-transduced neurons and GFP-

lentivirus infected cells were used as negative controls. Blue indicates Hoechst 33342

staining and red indicates propidium iodide staining. (B) Cytotoxicity in Hq cortical neurons

was determined at 24 h, 36 h, and 48 h after NMDA (500 μM for 5 min) treatment. (C) DPQ

(30 μM) but not zVAD (100 μM) inhibited NMDA-induced cortical neuron death. *p <

0.05, ***p < 0.001 as compared to its control group treated with CSS. ###p < 0.001, n = 4.

By one-way ANOVA analysis. Neurons prepared from wild type mice were used as a

control.
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Figure 7. Pbm-AIF, but not WT-AIF, protects cells from parthanatos in vivo

(A & B) Nissl staining and lesion volume of WT and Hq mice 60 h after 20 nmols NMDA

injection in striatum. **p < 0.01 by Student’s t-test, n = 6 mice. (C) Time windows for virus

injection. (D) Transduction of WT-AIF-Flag, Pbm-AIF-Flag, or GFP in striatum of Hq

mouse brains. (E) Nissl staining of WT-AIF-, Pbm-AIF-, and GFP-lentivirus-, and saline-

injected mice 60 h after NMDA injection in striatum. A dotted line demarcates the striatum

for panels A, D and E. (F) Lesion volumes of WT-AIF-, Pbm-AIF-, GFP-, and saline-

injected mice assessed at 48 h, 60 h, and 168 h after injection of NMDA or saline. n (WT-

AIF) = 11, n (Pbm-AIF) = 10, n (saline) = 9, n (GFP) =9. (G) Transduction of WT-AIF-

Flag, Pbm-AIF-Flag, and GFP in CA1 of Hq mouse brains. (H & I) Nissl staining and lesion

volumes of WT-AIF, Pbm-AIF, and GFP AAV2 injected mice 60 h after NMDA injection

in CA1. (**p < 0.01, as compared to saline injection. ***p < 0.001, #p < 0.05, by one-way

ANOVA, n (WT-AIF) = 4, n (Pbm-AIF) = 3, n (GFP) =3.
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Figure 8. Model of PAR-dependent AIF release in parthanatos

The scheme shows that DNA damage induced by MNNG administration (or other alkylating

agents, as indicated by the “…”) or NMDA excitotoxicity activates PARP-1, which

catalyzes PAR formation. PAR then translocates from the nucleus to the cytosol and

mitochondria where it binds to a pool of AIF that is on the cytosolic side of the outer

membrane of the mitochondria (25) inducing its release. AIF then translocates to nucleus

and causes cell death. In contrast, PAR fails to bind Pbm-AIF and Pbm-AIF is not released

during PARP-1 activation and cells survive the toxic stimuli.
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