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ABSTRACT: Apoptosis inducing factor (AIF) is a mediator of
caspase-independent cell death that is also necessary for mitochondrial
energy production. How these seemingly opposite cellular functions
of AIF are controlled is poorly understood. X-linked inhibitor of
apoptosis (XIAP) is an endogenous inhibitor of caspases that also
regulates several caspase-independent signaling pathways. The RING
domain of XIAP possesses E3 ubiquitin ligase activity, though the
importance of this function to signal regulation remains incompletely
defined. XIAP binds and ubiquitinates AIF, and in this study, we
determined the functional consequences of XIAP-mediated AIF
ubiquitination. Unlike canonical ubiquitination, XIAP-dependent AIF
ubiquitination did not lead to proteasomal degradation of AIF.
Experiments using ubiquitin mutants demonstrated that the XIAP-
dependent ubiquitin linkage was not formed through the commonly used lysine 48, suggesting a noncanonical ubiquitin
linkage is employed. Further studies demonstrated that only lysine 255 of AIF was a target of XIAP-dependent ubiquitination.
Using recombinant AIF, we determined that mutating lysine 255 of AIF interferes with the ability of AIF not only to bind
DNA but also to degrade chromatin in vitro. These data indicate that XIAP regulates the death-inducing activity of AIF
through nondegradative ubiquitination, further defining the role of XIAP in controlling AIF and caspase-independent cell death
pathways.

Apoptosis inducing factor (AIF) is a mitochondrial
flavoprotein that has been implicated as a critical factor in

mitochondrial metabolism and energy production but that also
participates in the orchestration of certain cell death pathways.1

Encoded by a nuclear gene, the AIF protein is translocated to the
mitochondria where the first 54 amino-terminal residues are
cleaved within the matrix. Under healthy cellular conditions, AIF
is tethered to the mitochondrial inner membrane, with the
majority of the protein present within the inner membrane
space.2 The expression of AIF has been correlated with the
expression of complex I in the mitochondrial respiratory chain,3

and AIF has been shown to support both mitochondrial energy
production and organellar structure.4,5 These activities are
performed, at least in part, through the intrinsic NADH oxidase
activity of the protein.5 A critical role for AIF in healthy cells is
underscored by multiple in vivo studies characterizing the effects
of genetic ablation of AIF. Aif-null mice die early in embryo-
genesis,6,7 whereas targeted deletion of AIF in skeletal muscle and
brain led to a variety of pathologies attributed to respiratory chain
defects8 and mitochondrial fragmentation.9

In contrast to a role in supporting normal mitochondrial
activity, AIF has been implicated in the control of a variety of
experimental models of cell death10−14 and is generally considered
to be the predominant mediator of caspase-independent cell
death. Outer mitochondrial membrane permeabilization following
death-inducing cues allows AIF to undergo a second round of

cleavage into a death-inducing form (Δ102 or tAIF),2 a process
that is mediated by calpains or cathepsins in what may be a
stimulus-dependent manner.15−18 This proteolysis allows AIF to
translocate to the nucleus where it binds DNA and induces
chromatin condensation and internucleosomal DNA cleavage.1

Because AIF does not possess intrinsic nuclease activity, this
process involves the recruitment of partner endonucleases such as
cyclophilin A or endonuclease G,19−21 and a recent study has
implicated histone H2AX as a critical factor for the assembly of an
AIF-mediated DNA degradation complex.22 While the ability of
AIF to translocate and bind DNA during cell death is clear, the
mechanisms that may regulate this process are poorly defined, and
only a handful of AIF regulators have been reported. Heat shock
protein 70 (Hsp70) has been shown to inhibit the nuclear
translocation of AIF, thereby blocking AIF-mediated death
induction.23−25 We recently identified X-linked inhibitor of
apoptosis (XIAP), a potent inhibitor of caspase-dependent
apoptosis, as a binding partner of AIF. Further investigation of
this interaction led to the discovery that XIAP-mediated AIF
ubiquitination occurs, which could serve as a regulatory point in
the control of the life and death functions of AIF.26
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XIAP is a highly potent inhibitor of apoptosis, a well-
described form of cell death mediated by the caspase family of
cysteinyl proteases.27,28 The best understood mechanism by
which XIAP blocks apoptosis is through directly inhibiting the
activities of both initiator (caspase-9) and executioner
(caspases-3 and -7) caspases with nanomolar affinity.29−34

However, other potential anti-apoptotic activities have been
reported, including control of Smad-mediated transcriptional
activation,35−37 activation of N-terminal c-Jun kinase (JNK)
and NF-κB,38−41 and regulation of intracellular copper levels,
through direct regulation of the copper binding protein
COMMD1.42,43 Of note, the potential for XIAP to control
these disparate signaling cascades can be functionally
uncoupled from its ability to directly inhibit caspases,44 leading
to the possibility of multiple mechanisms by which XIAP can
control cell survival.
XIAP contains a RING domain at its extreme carboxyl

terminus, which has been shown to possess E3 ubiquitin ligase
activity.45,46 Protein ubiquitination is an ATP-dependent
process in which the ubiquitin polypeptide is attached to one
or more lysyl residues within the substrate protein.47 This
results from a series of transfer reactions involving three
sequential enzymes: an E1 ubiquitin-activating enzyme, an E2
ubiquitin-conjugating enzyme, and an E3 ubiquitin ligase that
provides substrate specificity. Because ubiquitin itself contains
several lysine residues that serve as acceptor sites for further
ubiquitination events, multiple forms of both mono- and
polyubiquitination have been identified.48 Among these forms,
polyubiquitination in which branching occurs through lysine 48
of ubiquitin (K48) is the best understood.49 K48-linked
polyubiquitination targets ubiquitinated proteins for degrada-
tion by the proteasome and thereby serves as a major control
mechanism for protein stability and activity.
A diverse range of substrates for the ubiquitin ligase activity

of XIAP have been identified, including XIAP itself, the IAP
homologue survivin, caspase-9, the XIAP antagonist Smac/
DIABLO, and COMMD1.43,45,50−52 In many cases, substrate
ubiquitination by XIAP leads to degradation, serving as an
obvious method of signal control through targeted removal of
signaling substrates. However, it is interesting to note that
several XIAP ubiquitination substrates, such as the MAP kinase
kinase MEKK2 and the copper chaperone CCS, appear to
undergo nondegradative ubiquitination.53,54 These observations
suggest that the ubiquitin ligase activity of XIAP is multifaceted,
with the ability to alter substrate activity through means distinct
from proteasomal degradation.
This study aims to determine the nature and consequences of

modification of AIF by XIAP. We show that unlike all other
known XIAP substrates, which are ubiquitinated by linkages
involving either K48 or K63 of the ubiquitin polypeptide, XIAP
employs a noncanonical ubiquitin linkage to modify AIF. This
linkage occurs at lysine 255 of the AIF polypeptide, a residue
that has previously been implicated in the DNA binding activity
of AIF. Indeed, mutation of this residue has no effect upon the
NADH oxidase activity of AIF but prevented AIF from binding
DNA and inducing chromatin degradation. Finally, we show
that XIAP is capable of inhibiting AIF-mediated cell death in a
manner independent of caspase inhibition. Overall, these data
suggest that ubiquitination of AIF by XIAP is a unique
regulatory step that blocks AIF death induction while
maintaining normal NADH oxidase activity.

■ EXPERIMENTAL PROCEDURES

Materials. The following reagents were obtained. Protein
G-coupled agarose, glutathione agarose, Ni-NTA agarose,
glutamax, Dulbecco’s modified Eagle’s medium (DMEM),
and phosphate-buffered saline (PBS) were from Invitrogen.
Streptavidin agarose was from Thermo Scientific. Fetal bovine
serum (FBS) was from Hyclone. The site-directed mutagenesis
kit was from Stratagene. Protease inhibitor tablets were from
Roche. Energy regeneration solution (ERS), ubiquitin activat-
ing enzyme (E1), UbcH5a (E2), and ubiquitin were from
Boston Biochem. All other chemicals were from Sigma. The
following antibodies were obtained: anti-XIAP (BD-Trans-
duction Laboratories, 610717), anti-AIF and anti-p53 (BD-
Pharmingen, 51-8103KC and 554294, respectively), anti-His
and anti-Myc (Cell Signaling, 2366 and 2276, respectively),
horseradish peroxidase (HRP)-conjugated anti-Flag and HRP-
conjugated anti-HA (Sigma, A8592 and H6533, respectively),
and HRP-conjugated anti-mouse and anti-rabbit (Amersham,
NA931V and NA934V, respectively).
Cell Culture, Transfections, and Plasmids. HEK 293

and HeLa cells were grown in DMEM containing 10% FBS
supplemented with 2 mM glutamax at 37 °C in an atmosphere
of 95% air and 5% CO2. Wild-type MEFs (WT), XIAP-null
MEFs (KO), and XIAP-null MEFs reconstituted with control
(FG9), wild-type XIAP (XIAP), D148A-XIAP (D148A), or
D148A/W310A-XIAP (D148A/W310A) were as described
previously.55 Transfections of HEK 293 cells were performed
by the method of calcium phosphate precipitation as described
previously,56 and transfections of HeLa cells were performed
using Lipofectamine 2000 using the manufacturer's instructions.
Plasmids containing AIF truncation variants (pEBB AIF-Δloop-
FLAG, AIF-Δtail-FLAG, AIF-EC-FLAG, AIF-NBD-FLAG, and
AIF-FBD-FLAG) were produced by polymerase chain reaction
amplification of the individual subdomain cDNAs using pEBB
AIF-FLAG as a template. Each fragment was then subcloned
into the parental pEBB-FLAG vector. Plasmids encoding AIF
point mutants (AIF-K510R/A, AIF-K518R/A, AIF-K255A,
AIF-R265A, AIF-K510/518R/A, AIF-K255A/R265A, and
AIF-Quad) were produced by site-directed mutagenesis
(Stratagene) using the manufacturer’s instructions. Sequences
for all AIF variants were confirmed by DNA sequencing
(Genwiz). Sequences for all primers employed are available
upon request. All remaining plasmids used in this study (pEBB
AIF-FLAG, AIF-TB, Ub-Δ54-AIF-FLAG, Ub-Δ102-AIF-
FLAG, pCW7 His-Myc-Ubiquitin Wt, K6R, K11R, K27R,
K29R, K48R, K63R, pEBB HA-XIAP, GST-XIAP, pEBB GST-
H467A XIAP, and pCDNA3-Bax) have been reported
previously.26,43,57,58

Cell Lysis and Immunoprecipitation. Cell lysates were
prepared in either RIPA buffer (PBS containing 1% NP-40,
0.5% sodium deoxycholate, 0.1% SDS, and 1 mM DTT),
Triton buffer [25 mM Hepes (pH 7.9), 100 mM NaCl, 1%
Triton X-100, 1 mM EDTA, 10% glycerol, 1 mM NaF, 1 mM
NaVO4, and 1 mM DTT], or urea lysis buffer [8 M urea, 300
mM NaCl, 0.5% NP-40, 50 mM Na2HPO4, 50 mM Tris (pH
8.0), 1 ng/mL aprotinin, and 10 ng/mL leupeptin] (all lysis
buffers were supplemented with 1 mM PMSF and one protease
inhibitor cocktail tablet per 10 mL prior to use). Lysates used as
input controls were normalized for protein content and then
separated by SDS−PAGE using 4 to 12% gradient SDS−PAGE
gels (Invitrogen). Lysates destined for streptavidin or HA
immunoprecipitation (Triton buffer) were incubated for 1 h at
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4 °C with either streptavidin agarose or monoclonal antibody
HA.11 (Covance, 14945101) bound to protein G agarose.
Beads were recovered by centrifugation and washed in Triton
buffer, and precipitated proteins were eluted via addition of
LDS sample buffer and heating to 95 °C for 5 min. Urea lysates
used for Ni-NTA precipitation were subjected to sonication
postlysis (Branson Sonifier 250, output control of 2.5, 75% duty
cycle, ∼25 pulses), normalized for protein content, and then
incubated with Ni-NTA agarose at 25 °C for 2 h. Beads were
washed three times in urea wash buffer [8 M urea, 300 mM
NaCl, 0.5% NP-40, 50 mM Na2HPO4, and 50 mM Tris (pH
8.0)] and then once in Triton buffer, and recovered proteins
were eluted as described above. All input and precipitated
samples were then subjected to SDS−PAGE analysis.
Cell-Free Ubiquitination Reactions. HEK 293 cells were

transfected with plasmids encoding full-length AIF-FLAG or
Δ54-AIF-FLAG in the presence of plasmids encoding either
GST-tagged wild-type or H467A XIAP. Cell lysates were
prepared in Triton buffer and incubated for 1 h at 4 °C with
glutathione agarose beads. Beads were then washed four times
in Triton buffer and resuspended in ubiquitination reaction
buffer [40 mM Hepes (pH 7.9), 60 mM potassium acetate,
2 mM DTT, 5 mM MgCl2, and 10% glycerol] containing 1×
ERS, E1 activating enzyme (55 ng), E2 conjugating enzyme
(100 ng), and ubiquitin (2.5 μg). Reactions were allowed to
proceed for 1 h at 30 °C while the mixtures were being shaken
(350 rpm) and then stopped by the addition of 3× LDS.
Ubiquitinated material was then visualized by SDS−PAGE and
immunoblot analysis.
Immunoblot Analysis. SDS−PAGE was followed by a

transfer to nitrocellulose membranes (Invitrogen), which were
then blocked with 5% milk in TBS containing 0.02−0.2%
Tween, followed by incubation with the indicated antibodies
for 1 h at room temperature. After being washed, membranes
were incubated with HRP-conjugated anti-mouse IgG or anti-
rabbit IgG secondary antibodies for 45 min at room
temperature and visualized by enhanced chemiluminescence.
Recombinant Protein Production. pET21b(+) plasmids

encoding His-tagged Δ102 AIF containing an N-terminal
Precision Protease (GE Biosciences) cleavage site were
transformed into BL21(DE3) Codon + RIPL (Stratagene)
bacteria using heat shock and then grown to an OD600 of 1.2 in
Terrific Broth at 37 °C in the presence of 100 μg/mL ampicillin
and chloramphenicol. Cultures were induced by the addition of
60 μM IPTG and incubated overnight at 37 °C. Bacteria were
harvested by centrifugation, resuspended in sonication buffer
[PBS (pH 8.0), 1 ng/mL aprotinin, 10 ng/mL leupeptin, 1 mM
PMSF, and a PI tablet], and then sonicated for 5 × 3 min
(Branson Sonifier 250, output level 7, 30% duty cycle) on ice.
Lysates were cleared by centrifugation (12000g for 30 min at
4 °C), and supernatants were incubated with Ni-NTA beads
rotating for 2 h at 4 °C. Bound Ni-NTA beads were washed
twice in PBS (pH 8.0) and once in PBS (pH 6.4), resuspended
in elution buffer [PBS (pH 8.0) and 100 mM imidazole], and
rotated for 1 h at 4 °C. Eluted protein was harvested using
centrifugation (1500g for 5 min at 4 °C) and transferred to
fresh tubes. Elutions were concentrated to ∼800 μL by
centrifugation (2500g for 5−6 × 20 min at 4 °C) using
Vivaspin 15R concentrators (Sartotrius Stedium biotech) and
then dialyzed against PBS (pH 8.0) to remove imidazole
overnight in a D-Tube Dialyzer Midi tube (3.5 kDa molecular
mass cutoff, Novagen). Protein destined for His tag cleavage
was incubated with 50 μg/mL Precision Protease during

overnight dialysis and then diluted ≥100-fold with 50 mM Tris-
HCl (pH 8.0). Diluted protein was subjected to fast
performance liquid chromatography, bound to an anion
exchange SP-Sepharose column, and then eluted with a
gradient increase of 50 mM Tris-HCl (pH 8.0) and 200 mM
NaCl. Fractions correlating to the peak absorbance at 452 nm
were collected and concentrated as described above. Final
untagged protein was dialyzed against PBS (pH 8.0), and
protein concentrations were determined for both His-tagged
and untagged protein. Samples were diluted in 20% glycerol,
aliquoted, and stored at −80 °C until they were needed.
NADH Reduction Assay. Untagged or His6-tagged Δ102

wild-type or K255A AIF (20 μM) was incubated with 150 mM
KH2PO4 in the presence of 40 μM NADH in a total volume of
500 μL. The change in absorbance at 320 nm correlating to the
enzymatic reduction of NADH was measured every 5 s over 10
min at 25 °C and then plotted as ΔAbs320 per minute.
DNA Binding Assay. Untagged or His6-tagged Δ102 wild-

type or K255A AIF (10 mg/mL) was incubated with 50 mM
Hepes (pH 7.4) in the presence of 100 ng of ∼1.8 kb linear
dsDNA for 15 min at 37 °C. Xylene cyanol was added to each
sample, and DNA was separated by electrophoresis (120 V for
20−30 min) using a 1% agarose gel followed by visualization
through staining with ethidium bromide.
Isolation of Nuclei. Nuclei were isolated from a confluent

10 cm plate of HeLa cells using a nucleus isolation kit
(NUC101-1KT, Sigma) per the manufacturer’s instructions
with modifications. Briefly, cells were washed and harvested
using trypsin, transferred to 15 mL conical tubes, and washed
five times in cold PBS. Cells were then treated with 1 mL of
lysis buffer and vortexed; an additional 7 mL of lysis buffer was
added, and the solution was mixed by inversion and placed on
ice for 5 min. Samples were centrifuged (500g for 5 min at 4
°C), supernatants aspirated, and pellets vortexed. The lysis
buffer steps were repeated once more; then 400 μL of kit
storage buffer was added, and samples were vortexed and then
incubated on ice for 10 min, which allowed equilibration.
Clumps of nuclei were broken up by trituration, counted, and
stored at −80 °C until they were needed.
Preparation of Cytosolic Extracts. HEK 293 cells

transiently transfected as described above were harvested by
trypsinization, resuspended in fractionation buffer [250 mM
sucrose, 20 mM Hepes (pH 7.9), 10 mM KCl, 1.5 mM MgCl2,
1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF, and
one PI tablet/10 mL], and homogenized using a dounce
homogenizer (45 strokes, pestle B). The homogenate was
cleared of unbroken cells and nuclei by centrifugation at 400g
followed by centrifugation at 10000g to remove mitochondria.
The resulting cytosolic extract was collected and employed in
chromatin degradation experiments as described below.
Chromatin Degradation Assay. For experiments em-

ploying purified proteins, untagged or His6-tagged Δ102 wild-
type or K255A AIF (500 μg/mL) was incubated in 200 μL of
CFS buffer [220 mM mannitol, 68 mM sucrose, 2 mM NaCl,
2.5 mM KH2PO4, 0.5 mM EGTA, 2 mM MgCl2, 0.1 mM
PMSF, 1 mM DTT, and 10 mM Hepes (pH 7.4)] with 1.25 ×
105 nuclei for 90 min at 37 °C. For experiments employing
cytosolic extracts, 200 μL of each extract (200 μg of total
protein) was incubated with nuclei as described above. After
incubations, 200 μL of CFS buffer or fractionation buffer
containing 4 μg/mL (2×) propidium iodide was added to each
sample, and then the samples were analyzed by flow cytometry.
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Nuclei containing degraded chromatin were quantified as sub-
G0 PI positive.
Cell Viability following MNNG Treatment. For titration

experiments, MEF-derived cells were seeded in six-well plate
format (300000 cells per well) and allowed to attach overnight.
Cells were then treated with increasing concentrations of
MNNG (from 0 to 500 μM) for 20 min at room temperature.
Following treatment, cells were washed with PBS, fresh
medium was added, and incubation was continued overnight
at 37 °C. Cells were then harvested by trypsinization, washed
with PBS, and resuspended in PBS containing 2 μg/mL
propidium iodide. Cell viability was then determined using a
Becton Dickinson FACSCalibur flow cytometer. Experiments
employing MEFs restored with XIAP mutants D148A and
D148A/W310A were performed at a single concentration of
MNNG (500 μM) and the results analyzed as described above.

■ RESULTS
XIAP-Dependent AIF Ubiquitination Does Not Lead to

Proteasomal Degradation. We previously reported that AIF
is a target for ubiquitination by the E3 ubiquitin ligase activity
of XIAP.26 The specificity of this modification was subsequently
confirmed using a cell-free system in which XIAP and AIF
proteins were precipitated from cell lysates and then subjected
to ubiquitination reactions employing purified ubiquitin, E1,
and E2 enzymes. As shown in Figure 1A, AIF protein that
precipitated in complex with wild-type XIAP underwent robust
ubiquitination in vitro, suggesting that precipitated XIAP is
sufficient to complete the ubiquitination reaction. Furthermore,
AIF modification was specific to XIAP activity, because XIAP
variant H467A lacking E3 ubiquitin ligase activity45 failed to
mediate AIF ubiquitination despite substantial coprecipitation.
We therefore set out to determine the molecular consequences
of XIAP-mediated AIF ubiquitination by assessing the extent of
AIF degradation, the type of ubiquitin linkage formed, the
residue(s) within AIF conjugated by XIAP, and the functional
consequences of AIF modification.
To determine if XIAP-dependent AIF ubiquitination leads to

proteasomal degradation, we employed a cell-based approach in
which AIF fused to a biotin tag was expressed in cells in the
absence and presence of both XIAP and ubiquitin. Protein was
then captured using streptavidin-conjugated beads, and
precipitated AIF, total AIF, and ubiquitin were visualized by
immunoblot analysis. As shown in Figure 1B, XIAP-dependent
AIF ubiquitination did not result in a decrease in AIF protein
levels, suggesting the ubiquitinated AIF is not degraded. To
confirm this observation, we next assessed the fate of AIF
following chemical inhibition of the proteasome. Cells were
transfected with plasmids encoding AIF and His-tagged
ubiquitin in the absence and presence of XIAP and then left
untreated or treated with the proteasomal inhibitor MG132 for
5 h. Cell lysates were prepared; ubiquitinated proteins were
captured with Ni-NTA-conjugated beads, and the presence of
AIF in precipitated material was evaluated by immunoblot
analysis. As shown in Figure 1C (top panel), XIAP induced
substantial ubiquitination of AIF, but the amount of
ubiquitinated material was insensitive to MG132 treatment.
As a control for the effectiveness of MG132 in this system,
immunoblot analysis was also performed to examine the
stabilization of p53. As expected, a substantial increase in the
level of ubiquitinated p53 was observed following treatment
with MG132 (Figure 1C, bottom panel). These data extend our
previous findings and demonstrate that the consequence of

Figure 1. Ubiquitination of AIF by XIAP does not lead to degradation.
(A) HEK 293 cells were transfected with plasmids encoding either
wild-type or H467A XIAP as a GST fusion along with plasmids
encoding either full-length or Δ54 AIF with carboxyl-terminal FLAG
tags. Cell lysates were precipitated with glutathione agarose beads, and
precipitated material was mixed with purified ubiquitin, E1, and E2
enzymes to initiate in vitro ubiquitination. Samples were then
separated by SDS−PAGE and immunoblotted for FLAG (AIF).
Laddering indicates ubiquitination of AIF protein. (B) HEK 293 cells
were transfected with plasmids encoding biotinylated AIF in the
absence and presence of XIAP and His6-Myc-ubiquitin (His-Ub). Cell
lysates were subjected to streptavidin precipitation and immunoblotted
for AIF and the Myc epitope for ubiquitin. (C) HeLa cells were
transfected with plasmids encoding AIF, His-Ub, and XIAP and then
treated for 5 h with DMSO (solvent) or MG132. Cell lysates were
incubated with Ni-NTA agarose, and precipitated material was
immunoblotted for the FLAG epitope (for AIF) and p53.

Biochemistry Article

dx.doi.org/10.1021/bi201483g | Biochemistry 2011, 50, 11084−1109611087



XIAP-mediated AIF ubiquitination is not proteasomal degra-
dation.
AIF Is Ubiquitinated through a Noncanonical Link-

age. Degradation by the proteasome is the major cellular
consequence of protein ubiquitination through a lysine 48 linkage.
Because XIAP-dependent AIF ubiquitination did not result in AIF
degradation, the type of XIAP-dependent ubiquitin linkage
formed was explored by expressing AIF in the presence of
ubiquitin variants in which individual lysine residues were mutated
to arginine (K6R, K11R, K27R, K29R, K48R, and K63R, all
containing an amino-terminal histidine tag). These mutants allow
for the blockade of any polyubiquitin chain formation at the lysine
mutation site. Cells were transfected; lysates were prepared, and
ubiquitinated proteins were precipitated through binding to Ni-
NTA beads. Bound protein was subjected to immunoblot analysis
to visualize changes in AIF ubiquitination as a consequence of the
ubiquitin variants employed. As shown in Figure 2, the ubiquitin
mutants K6R, K11R, K29R, K48R, and K63R were all used as
substrates by XIAP to modify AIF. The results employing K48R
and K63R are particularly significant, because other targets of the
XIAP E3 ligase activity have been suggested to undergo K48 and
K63 polyubiquitin linkages. Interestingly, K27R ubiquitin failed to
support modification of AIF by XIAP. However, this variant is
expressed to lower levels than others tested and has been observed
to suppress XIAP modification of substrates that employ K48
linkages (data not shown), suggesting this mutant has nonspecific
inhibitory effects. Overall, these data suggest that in comparison to
other XIAP targets, AIF is unique in that XIAP employs neither a
K48 nor a K63 ubiquitin linkage for modification.
The Loop Region of AIF Is Necessary for Ubiquitina-

tion. Having determined that the fate of ubiquitinated AIF was
not degradation and that XIAP employed a noncanonical
ubiquitin linkage for modification, we next assessed the number
and position of residues within AIF that are modified by XIAP.
Human AIF contains 41 lysine residues localized throughout
the protein. To simplify the search for XIAP-dependent
ubiquitin targets, a series of AIF truncations containing specific
functional domains (Figure 3A) were produced and tested for
binding to and/or modification by XIAP. The design of these
AIF variants was based on previous reports defining AIF
structural organization.59,60 Not only do these mutants allow
for the more rapid determination of XIAP-dependent
ubiquitination sites, but they also allow the elucidation of
those regions within AIF that are necessary for association with

XIAP. Cells were transfected with either full-length AIF or
truncated AIF variants in the presence of HA-tagged XIAP. Cell
lysates were then prepared and subjected to immunoprecipi-
tation with HA antibodies. The presence of AIF variants in
precipitated complexes was then evaluated by immunoblot
analysis. As shown in Figure 3B, XIAP displayed substantial
binding to full-length and Δloop AIF, but little to no binding
was observed between XIAP and the AIF variants Δtail,
enzymatic core (EC), FAD binding domain (FBD), or NADH
binding domain (NBD). We hypothesize that for an AIF
variant to be ubiquitinated by XIAP, it must first be capable
of binding. Thus, the Δloop AIF variant was the focus of
subsequent ubiquitination studies, as this variant represents the
smallest deletion of AIF that still displayed substantial co-
immunoprecipitation with XIAP. Furthermore, the deleted
region contains the two potential ubiquitination sites, K510 and
K518, which have both been implicated in the DNA binding
activity of AIF. On the basis of these observations, the ability of
Δloop to undergo XIAP-mediated ubiquitination was tested.
Cells expressing full-length or Δloop AIF in the absence or
presence of XIAP were subjected to His-ubiquitin, Ni-NTA
precipitation, and immunoblot analysis. Figure 3C shows that
while AIF-Δloop binds XIAP, it does not become polyubiquiti-
nated, suggesting either that the residues within the deleted
region were sites of ubiquitination or that removal of the loop
portion of the protein inhibits ubiquitination without removing
targeted residues. To explore these possibilities, lysine residues
at positions 510 and 518 within the context of full-length AIF
were mutated to arginine and tested for the ability to be
ubiquitinated by XIAP. As shown in Figure 3D, mutation of
K510, K518, or both failed to prevent XIAP-mediated
ubiquitination, suggesting that while the AIF-Δloop variant is
not modified by XIAP, failure to be modified is not due to the
loss of target sites for ubiquitination.
AIF Ubiquitination Occurs at Lysine 255. The ability of

AIF to bind DNA is thought to contribute to AIF-dependent cell
death. It has also been reported that residues within AIF,
specifically lysines 255, 510, and 518 and arginine 265, are
necessary for DNA binding.59 Having ruled out AIF K510 and
K518 as ubiquitin targets of XIAP, we further investigated K255
as a possible XIAP-dependent ubiquitination site. Initial
polyubiquitin AIF screening was done using double mutants
K255A/R265A and K510A/K518A. Using the Ni-NTA precip-
itation approach, we observed that while the K510A/K518A

Figure 2. XIAP-dependent ubiquitination of AIF occurs through a noncanonical linkage. HEK 293 cells were transfected with plasmids encoding full-
length AIF and the indicated His-Ub mutants in the absence and presence of XIAP. Cells lysates were incubated with Ni-NTA agarose, and
precipitated material along with inputs was immunoblotted for FLAG (AIF) and Myc (ubiquitin).
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double mutant was ubiquitinated to an extent similar to that of
the wild type, the K255A/R265A double mutant and the
quadruple K255/R265/K510/K518 mutant both failed to display

polyubiquitination in the presence of XIAP (Figure 4), suggesting
that K255 is the site of modification. To confirm this observation,
we generated the K255A single mutant and tested for

Figure 3. XIAP ubiquitination of AIF is dependent on the loop region but does not involve lysine 510 or 518. (A) Schematic representation of AIF
variants employed in this study. MLS/MA, mitochondrial localization signal/mitochondrial anchor domain. (B) HEK 293 cells were transfected with
HA-XIAP along with the indicated AIF variants. Cell lysates were precipitated using anti-HA and immunoblotted for FLAG (AIF) and HA (XIAP)
epitopes. (C) HeLa cells were transfected with plasmids encoding either wild-type AIF or the AIF-Δloop variant in the absence and presence of
XIAP. Cell lysates were then incubated with Ni-NTA beads, and precipitated proteins along with inputs were immunoblotted for HA (AIF). (D)
HeLa cells transiently expressing His-Ub and the indicated AIF mutants in the absence or presence of XIAP were subjected to Ni-NTA precipitation
with precipitated proteins and inputs immunoblotted for FLAG (AIF).

Figure 4. XIAP ubiquitinates AIF at lysine 255, a known DNA binding site. Lysates from HeLa cells transiently expressing His-Ub and the indicated
AIF mutants in the absence or presence of XIAP were subjected to Ni-NTA precipitation, and precipitated protein along with inputs were
immunoblotted for AIF.

Biochemistry Article

dx.doi.org/10.1021/bi201483g | Biochemistry 2011, 50, 11084−1109611089



modification by XIAP. As expected, this variant displayed
complete resistance to XIAP-mediated ubiquitination (Figure
4). Because the blockage of ubiquitination appears to occur only
when K255 is mutated, this suggests that XIAP-dependent
ubiquitination of AIF is restricted to this single lysine residue.
These results taken together with the previous noncanonical
polyubiquitin branching data implicate XIAP as a regulator of AIF
ubiquitination at a site necessary for the ability of AIF to bind
DNA.
Lysine 255 of AIF Is Critical for DNA Binding. Typical

signatures of AIF-dependent death are AIF nuclear trans-
location, DNA binding, and nuclear chromatin degradation. To
investigate the role of K255 in these AIF functions, we
generated recombinant versions of the death-inducing (Δ102
AIF) forms of either wild-type or K255A AIF. As part of the
purification strategy, both AIF variants were produced in the
absence and presence of a carboxyl-terminal His6 tag. Figure 5A
shows a Coomassie blue-stained gel indicating the expressed
protein at the expected molecular weight (top panel) and
immunoblot analysis recognizing the protein as AIF as well as
the absence or presence of the His tag (bottom panels). To
confirm that the proteins were functional, we tested the ability
of these proteins to reduce NADH. Figure 5B shows that all
AIF preparations were fully capable of reducing NADH,
demonstrating that there was no difference in enzymatic
activity between the wild type and the K255A AIF mutant.
Functional consequences of K255 mutation were next assessed
in a DNA binding assay. Figure 5C shows that while there was
little difference in the DNA binding capabilities of wild-type
AIF, wild-type His-AIF, and K255A-His AIF, removal of the
His tag from the K255A AIF variant resulted in a substantial
reduction in the ability of this variant to bind DNA. These
results indicate that K255 is absolutely essential for efficient
binding of AIF to DNA and notably that a positively charged
His tag can artificially compensate for the loss of this residue.
Lysine 255 Is Essential for AIF-Dependent Chromatin

Degradation. Previous reports exploring the impact of the
K255A mutation upon AIF function addressed the ability of
this variant to undergo nuclear translocation and bind DNA in
vitro;59 however, an assessment of chromatin degradation has
not been reported. To further explore the impact of K255
substitution in the context of the ability of AIF to induce
chromatin degradation, we isolated and then incubated HeLa
nuclei with the panel of recombinant AIF proteins. Nuclei were
then stained with propidium iodide and analyzed using flow
cytometry. As shown in panels A and B of Figure 6, both His-
tagged wild-type and K255A AIF were able to degrade
chromatin. However, when untagged protein was used, a
dramatic ablation of chromatin degradation by the mutant was
observed. These data not only correlate well with the DNA
binding data but also highlight the critical importance of
evaluating AIF variants following removal of the carboxyl-
terminal histidine tag.4 To correlate these findings with the
ability of AIF to undergo ubiquitination following an apoptotic
stimulus, we assessed the impact of the K255A mutation upon
AIF ubiquitination following transfection of cells with the pro-
apoptotic Bcl-2 family member Bax. Consistent with previous
findings,26 wild-type AIF exhibited a unique ubiquitination
signature following expression of XIAP in cells undergoing
apoptotic cell death (Figure 6C, lane 4). Interestingly, despite
similar levels of protein expression, the K255A variant failed to
display this unique ubiquitin signature (Figure 6C, lane 8),
suggesting this AIF variant is insensitive to modification by

XIAP following activation of the apoptotic pathway. To directly
assess the ability of XIAP to inhibit AIF-mediated DNA
degradation, we mixed HeLa nuclei with cytosolic extracts from
HEK 293 cells transfected with control, Δ102-AIF, XIAP, or
both Δ102-AIF and XIAP expression plasmids, and DNA
degradation was assessed as in Figure 6A. As shown in Figure
6D, whereas extracts from control and XIAP-transfected cells
failed to induce significant DNA degradation (18.6 and 18.5%
degraded nuclei, respectively), extracts from cells transfected
with AIF displayed substantial DNA degrading activity (45.6%
degraded nuclei). Notably, cotransfection of XIAP along with
AIF resulted in the complete inhibition of DNA degradation
(21.2% degraded nuclei), suggesting that XIAP directly
abrogates the ability of AIF to induce chromatin degradation.
Overall, these data, when taken together with the observation

Figure 5. Lysine 255 of AIF is needed for efficient DNA binding. (A)
Recombinant His-tagged wild-type and K255A AIF were expressed in
BL21 DE5 cells and isolated by Ni-NTA precipitation for the His-
tagged protein and continued isolation using SP-Sepharose for the
untagged protein. Purified proteins were subjected to SDS−PAGE and
stained with Coomassie blue (top panel) or immunoblotted for AIF
and His (bottom panels). The arrowhead indicates the position of AIF
within the Coomassie-stained gel. (B) Recombinant AIF was
incubated with NADH, and reduction of NADH was followed by
the change in absorbance at 320 nm per minute (mean ± standard
deviation; n = 3). (C) Recombinant AIF was incubated with 100 ng of
DNA and subjected to electrophoresis using a 1% agarose gel. DNA
migration was visualized using ethidium bromide staining.
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that XIAP-dependent ubiquitination of AIF occurs in a
nondegradative manner at position K255, suggest that XIAP
directly affects AIF function by ubiquitinating AIF in a way that
blocks the ability of AIF to bind DNA and induce chromatin
degradation, effectively inhibiting AIF-dependent cell death.
XIAP Protein Levels Influence AIF-Mediated Cell Death

in a Physiological Setting in a Manner Independent of
Caspase Inhibition. Treatment of murine embryonic fibro-
blasts with the DNA alkylating agent MNNG is a well-
established model system that depends upon AIF for death
induction and has been used to define several features of AIF-
mediated cell death.11,22,61 Therefore, this system was employed
to assess the role and significance of XIAP in controlling AIF-
mediated death. MEFs derived from wild-type and XIAP
knockout mice have been reported, as well as XIAP−/− MEFs in
which XIAP expression has been restored by lentiviral
infection.55 Interestingly, these “restored” MEFs exhibit XIAP
protein expression levels that are significantly higher (2−3-fold)
than those found in wild-type-derived MEFs (Figure 7A, inset).
The sensitivity of this panel of cell lines to death was tested
over a range of MNNG concentrations from 0 to 500 μM, with
viability determined by propidium iodide staining and flow
cytometry 24 h after treatment. As shown in Figure 7A, cells
lacking XIAP (KO and the control restored line FG9) exhibited

greater cell death than wild-type MEFs at all concentrations
tested. Moreover, the restored XIAP cell line displayed
substantial resistance to MNNG-induced death when compared
to wild-type cells. Overall, these data suggest that XIAP plays a
direct role in controlling AIF-mediated cell death, with viability
correlating directly with XIAP expression levels. A caveat to the
experiment shown in Figure 7A is that XIAP may impact cell
survival through the inhibition of caspase activity rather than
directly affecting AIF-mediated death induction. To determine
the role of caspase inhibition for XIAP-mediated protection in
this system, additional cell lines in which XIAP expression was
restored with XIAP variants D148A (which cannot inhibit
caspase-3) and D148A/W310A (which cannot inhibit caspase-3
and -9) were tested for resistance to MNNG. As shown in
Figure 7B, cell lines restored with either XIAP variant were as
resistant as wild-type MEFs to MNNG treatment, though
neither line was as resistant as the restored cells expressing wild-
type XIAP. Interestingly, when XIAP protein levels in D148A
and D148A/W310A cells were assessed, these cells displayed
levels more similar to those of wild-type cells than that of the
restored line that expresses wild-type XIAP at higher levels
(Figure 7C). Taken together, these data demonstrate that XIAP
blocks AIF-mediated cell death in a manner that is independent

Figure 6. Lysine 255 of AIF is needed for efficient AIF-dependent chromatin degradation and modification in intact cells. (A) HeLa nuclei were
incubated with recombinant AIF and then stained with propidium iodide. Chromatin degradation was assessed by flow cytometry and quantified by
sub-G1 population gating. (B) Quantification of sub-G1 nuclei (mean ± standard deviation; n = 3). (C) HEK 293 cells were transfected with His-
tagged ubiquitin and either wild-type AIF (lanes 1−4) or K255A AIF (lanes 5−8) in the absence (lanes 1, 2, 5, and 6) or presence (lanes 3, 4, 7, and
8) of XIAP and in the absence (lanes 1, 3, 5, and 7) or presence (lanes 2, 4, 6, and 8) of Bax. Ubiquitinated material was then precipitated using Ni-
NTA beads, and the presence of Flag-tagged proteins (AIF) in precipitated complexes was detected by immunoblot analysis. (D) HEK 293 cells
were transiently transfected with control, Δ102-AIF, XIAP, or Δ102-AIF and XIAP expression plasmids; 24 h post-transfection, cytosolic extracts
were prepared and incubated with HeLa nuclei. DNA degradation was assessed by flow cytometry as described for panel A.
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of caspase inhibition and that directly correlates with XIAP
protein levels.

■ DISCUSSION

It has been more than a decade since the identification of AIF
as a mediator of cell death, yet the precise molecular role of AIF
in various cell death pathways has remained unclear and, at
times, even controversial.62−64 While the death-inducing

activity of AIF was originally identified in the context of
apoptotic conditions,1 substantial evidence suggests that in
classic, caspase-dependent cell death AIF plays a minor role
in completing the death program.62,65 In contrast, under
conditions in which caspase activation is attenuated, AIF
appears to be a substantial regulator of death induction12−14,66

and is generally considered to be a primary mediator of caspase-
independent cell death.67,68 While a unifying model for de-
scribing the molecular details of AIF-mediated death remains
elusive, several potential points of regulation have emerged.
First, AIF must escape from mitochondria. Multiple factors may
control this process, including regulators of membrane integrity
(such as members of the Bcl-2 family)17,61,65 and proteases
that affect membrane anchorage of AIF (cathepsins and/or
calpains).15,17 Second, AIF must translocate from the cytosol
to the nucleus. Several factors have been identified that
either promote (cyclophilin A)19,21 or abrogate (Hsp70)23,24

this process. Finally, once it reaches the nucleus, AIF must bind
DNA and recruit factors that conduct disassembly of
chromatin, such as H2AX, CypA, and/or EndoG.19,20,22 Inter-
estingly, all of these steps may be controlled, at least in part, by
changes in cellular redox status, and it has been demonstrated
that redox-dependent conformational changes in AIF structure
affect the sensitivity to proteolysis, nuclear translocation, and
DNA binding.4,69

In this study, we present evidence delineating an additional
mechanism by which the death-inducing activity of AIF may be
controlled, nondegradative ubiquitination induced by XIAP.
XIAP employs a noncanonical ubiquitin linkage to modify AIF,
and this modification occurs at a single position within the AIF
polypeptide. Moreover, this position, K255, is absolutely
essential for the ability of AIF to bind DNA and induce
chromatin degradation. These data have several implications for
the broadening ability of XIAP to control multiple cell death
pathways by distinct mechanisms, the diverse consequences of
protein ubiquitination, and the mechanistic control of AIF-
mediated death induction.
It is well established that XIAP can block caspase-dependent

apoptosis through the steric inhibition of the caspase active
site upon binding.32,70 However, a role for XIAP-dependent
ubiquitination as part of the mechanism of caspase inhibition
has been reported,71 and it is possible that such an activity may
contribute to the regulation of multiple XIAP binding proteins.
Indeed, several disparate factors, including Smac/DIABLO,52

PTEN,72 COMMD1,43 CCS,54 MEKK2,53 and AIF,26 have
been shown to be substrates for the E3 ligase activity of XIAP.
Interestingly, among these substrates, both CCS and MEKK2
have emerged as targets that are not induced to undergo
degradation following modification by XIAP. On the basis of
studies presented here, AIF may now be included in this group,
with the added distinction of being the only known XIAP target
that is not modified by either a K48 or a K63 ubiquitin linkage.
Further, the ability of XIAP to modify AIF suggests that
through its E3 ubiquitin ligase activity XIAP regulates cell death
paradigms extending beyond classic caspase-dependent apo-
ptosis. XIAP may now be considered a regulator of both
caspase-dependent and caspase-independent cell death.
Ubiquitination has been shown to take on many forms, each

with distinct consequences for the targeted protein. Poly-
ubiquitin chain branching through lysine 48 of the ubiquitin
molecule acts as a well-established mediator of proteasomal
degradation.49 Other linkages through lysines 6, 11, 27, 29, and
63 of ubiquitin can lead to multiple different cellular

Figure 7. XIAP prevents AIF-mediated cell death. (A) Wild-type
(WT), XIAP-null (KO), or XIAP-null MEFs restored with either
control (FG9) or XIAP lentivirus (XIAP) were treated with increasing
concentrations of MNNG (0−500 μM), and viability was assessed by
propidium iodide staining and flow cytometry (mean ± standard
deviation; n = 3). The inset shows immunoblot analysis of XIAP
expression in cells employed in panel A; equivalent loading was
confirmed by immunoblotting for β-actin. (B) WT, FG9, XIAP,
D148A, and D148A/W310A MEFs were treated with MNNG (500
μM), and viability was assessed as described for panel A. (C)
Immunoblot analysis of cells used in panel B demonstrating XIAP
levels. Equal loading was confirmed by immunoblotting for β-actin.
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consequences.73 Studies presented here definitively show that
AIF is not degraded following ubiquitination. What, then, is the
fate of the modified molecule? Several possibilities can be
envisioned. First, modification may affect the ability of AIF to
associate with protein cofactors. Indeed, our previous studies
suggested that the ability of XIAP itself to bind AIF was
attenuated following ubiquitination, in that the most heavily
modified AIF variant (Δ102-AIF) demonstrated a reduced
capacity to coprecipitate with XIAP. Other AIF binding
proteins, such as CypA, Hsp70, and H2AX, may be similarly
affected, and the ability of AIF to regulate these targets, or in
turn be regulated itself, may be altered. Second, AIF
ubiquitination may affect the ability of the protein to reach
the nucleus following release from mitochondria. This could
occur as a consequence of altered binding to cofactors
necessary for translocation (such as CypA, as described
above) or an alternative activity of ubiquitination that prevents
AIF from reaching the nuclear space. Finally, and perhaps most
likely, by targeting a residue critical not only for DNA binding59

but also for induction of chromatin degradation (Figure 6),
XIAP abrogates the ability of AIF to bind DNA and induce
chromatinolysis. Modification at K255 alters a positively
charged side chain to include the comparatively bulky and
hydrophobic ubiquitin moiety, which can block DNA binding
both by steric hindrance and through the substantial increase in
molecular hydrophobicity.
In principle, this final possibility could be addressed by the

inclusion of recombinant XIAP protein (along with purified E1
and E2 ubiquitination enzymes) with AIF in our in vitro
chromatin degradation assays. Interestingly, while we have been
able to recapitulate AIF ubiquitination in vitro using a purified
XIAP−AIF complex that precipitated from mammalian cells
(Figure 1A), this reaction is not mediated by bacterially made
recombinant XIAP, even though this protein retains the ability
to inhibit caspases in vitro (E. M. Lewis and J. C. Wilkinson,
unpublished observations and ref 44). Moreover, the same is
true when attempting to mediate the in vitro ubiquitination of
other XIAP substrates such as Smac/DIABLO and COMMD1
(J. C. Wilkinson and E. Burstein, unpublished observations).
The molecular explanation for this lack of activity is unclear but
may indicate that additional factors are required for XIAP
ubiquitin ligase activity, and the XIAP-mediated ubiquitination
in the context of an intact cell involves regulatory steps that
cannot be recapitulated in vitro. A consequence of these
observations is the inability to test, using purified proteins, the
direct impact of XIAP-mediated ubiquitination on the ability of
AIF to condense chromatin within purified nuclei. Never-
theless, in light of previous studies demonstrating the
importance of K255 as a critical residue for AIF−DNA
binding,59,74 and data presented here showing not only that
mutation of K255 prevents chromatin degradation but also that
this activity is restored by the positively charged histidine tag,
inhibition of death-inducing activity is the likely consequence of
XIAP-mediated ubiquitination of AIF. Indeed, our experiments
demonstrating the ability of XIAP to prevent AIF-containing
cytosolic extracts from degrading nuclei as well as our data
demonstrating the ability of XIAP to prevent AIF-mediated
death in a caspase-independent fashion strongly support this
conclusion.
In summary, data presented in this study highlight new

molecular properties by which XIAP-mediated ubiquitination
can attenuate the death-inducing activity of AIF in a
nondegradative manner. We have characterized the nature of

the ubiquitin linkage and identified the position within AIF that
is modified by XIAP. To the best of our knowledge, this is the
first report of an enzymatic mechanism whereby the death-
inducing activity of AIF may be impaired. We have further
demonstrated the ability of XIAP to block AIF-mediated cell
death and shown that this effect is independent of the caspase
inhibitory activity of XIAP. As XIAP is currently a clinical target
in the development of new cancer therapies, it will be important
to add this mechanism to the spectrum of activities by which
XIAP promotes cellular survival.
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