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Triple A syndrome is a rare autosomal recessive disorder characterized by ACTH-resistant adrenal
failure, alacrima, achalasia, and progressive neurological manifestations. The majority of cases are
associated with mutations in the AAAS gene, which encodes a novel, 60-kDa WD-repeat nuclear
pore protein, alacrima-achalasia-adrenal insufficiency neurological disorder (ALADIN) of un-
known function. Our aim was to elucidate the functional role of ALADIN by determining its
interacting protein partners using the bacterial two-hybrid (B2-H) technique. Nonidentical cDNA
fragments were identified from both a HeLa S-3 cell and human cerebellar cDNA library that
encoded the full-length ferritin heavy chain protein (FTH1). This interaction was confirmed by
both co-immunoprecipitation and fluorescence lifetime imaging microscopy-fluorescence reso-
nance energy transfer studies. Immunoblotting showed that fibroblasts from triple A patients
(with known AAAS mutations) lack nuclear FTH1, suggesting that the nuclear translocation of
FTH1 is defective. Cells transfected with FTH1 and visualized by confocal microscopy had very little
nuclear FTH1, but when cotransfected with AAAS, FTH1 is readily visible in the nuclei. Therefore,
FTH1 nuclear translocation is enhanced when ALADIN is coexpressed in these cells. In addition to
its well known iron storage role, FTH1 has been shown to protect the nucleus from oxidative
damage. Apoptosis of neuronal cells induced by hydrogen peroxide was significantly reduced by
transfection of AAAS or by FTH1 or maximally by both genes together. Taken together, this work
offers a plausible mechanism for the progressive clinical features of triple A syndrome. (Molecular
Endocrinology 23: 2086–2094, 2009)

Triple A syndrome is an autosomal recessive disorder
characterized by adrenal failure, achalasia of the cardia,

alacrima (absence of tears), and a variety of progressive cen-
tral, peripheral, and autonomic neurological defects (1). The
spectrum of clinical manifestations is unique and encom-
passes a range of phenotypic abnormalities that can be
highly heterogeneous even within affected families (2). The
features of the disorder tend to be progressive, and the full
clinical picture may develop over many years. No current
therapies are available for the progressive neurological dys-

function, and the treatments for other aspects of triple A
syndrome including the adrenal failure are aimed at symp-
tom relief rather than prevention or cure (1, 3).

Adrenal hypofunction does not occur in the immediate
postnatal period but at a variable time after this, suggest-
ing progressive adrenal destruction or degeneration (4).
Alacrima is the earliest and most consistent symptom of
triple A syndrome and has been attributed to both auto-
nomic dysregulation and structural abnormalities of the
lacrimal gland (1, 4). The achalasia usually occurs within
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the first two decades of life and may precede the adrenal
failure by several years (1, 4). A highly variable, progres-
sive neurological dysfunction tends to develop later in the
disease and is present in approximately 60% of patients
(3, 4). This neurodegenerative process affects the central,
peripheral, and autonomic nervous systems (4).

Defects in the AAAS gene are responsible for approx-
imately 82% of cases of triple A syndrome. The AAAS
gene encodes a 60-kDa WD-repeat protein of unknown
function, named ALADIN (alacrima-achalasia-adrenal
insufficiency neurological disorder) (5, 6). There is little
phenotype/genotype correlation, even between affected
siblings, suggesting that other factors are involved in
disease progression (2, 7). The presence of WD-repeats
(producing a �-propeller structure) suggests that ALADIN is
likely to be involved in protein-protein interactions and may
mediate the assembly of multimolecular complexes (8).

AAAS is widely expressed (7, 9), and its protein prod-
uct was identified as a component of the nuclear pore
complex (NPC) (10, 11). ALADIN resides at the cytoplas-
mic face of the NPC, but AAAS mutations do not result in
structural defects of the NPC (12). Many disease-associ-
ated missense, nonsense, and frameshift AAAS mutations
result in ALADIN mislocalization, but the precise func-
tional roles of ALADIN at the nuclear pore remain ob-
scure (12, 13). Therefore, triple A syndrome may result
from a tissue-specific failure of NPC function, but the
mechanism of this complex and variable disease is un-
clear. Although several nucleoporins have been associ-
ated with specific human diseases, ALADIN remains the
first nuclear pore protein responsible for a complex dis-
ease process due to a single gene defect.

In an attempt to determine the role of ALADIN, the
full-length protein was used as bait in a bacterial two-
hybrid (B2-H) screen of human cDNA libraries. We re-
port a novel interacting protein partner for the nuclear
pore protein ALADIN. Our findings also support the hy-
pothesis that the cellular destruction in triple A syndrome
is a result of oxidative damage and offers a plausible
disease mechanism for the pathogenesis of this complex,
degenerative disorder.

Results

Identification of ferritin heavy chain protein (FTH1)
as an interacting protein partner for ALADIN

For B2-H screens, control cotransformation reactions
were performed in accordance with the manufacturer’s
guidelines, which confirmed the expected results and the
stringency of the system. Two screens of approximately
106 independent cDNA clones were performed, and non-
identical cDNA fragments were isolated from both librar-

ies. DNA sequencing revealed both to be homologous to
the full-length coding region of human FTH1. The FTH1
sequence was in-frame in each clone isolated and pre-
dicted to encode the full-length FTH1 protein. The
pTRG-FTH1 target was verified as a true positive inter-
actor in the B2-H system by its growth on selective screen-
ing medium when it was retransformed with the pBT-
AAAS bait vector and its failure to grow on selective
screening medium when cotransformed with the empty
pBT vector. Subsequent studies were directed toward val-
idating the interaction of FTH1 and ALADIN.

Co-immunoprecipitation of FTH1/ALADIN in
SK-N-SH cells

To verify the association of FTH1 and ALADIN, co-
immunoprecipitation assays were performed. SK-N-SH
neuroblastoma cells were cotransfected with green fluo-
rescent protein (GFP)-ALADIN (pEGFP-AAAS) and
wild-type (WT) FTH1 (pcDNA3.1-FTH1) (Fig. 1A) or
polyhistidine-V5-tagged FTH1 (pcDNA3.1-FTH1-V5-
HIS) vectors (Fig. 1B). Anti-GFP antibody immunoblot-

FIG. 1. Co-immunoprecipitation of the ALADIN-FTH1 complex in SK-
N-SH cells. A, Co-immunoprecipitation assays were performed on SK-
N-SH cells coexpressing GFP-ALADIN and FTH1. GFP-ALADIN is
detected by immunoblotting using anti-GFP antibody and is readily
detectable in non-immunoprecipitated cell lysate (Lys, lane 3) and in
lysates immunoprecipitated with anti-FTH1 (IP, lane 4) but not in cell
lysate or immunoprecipitates of cells transfected with pcDNA 3.1 alone
(lanes 1 and 2). B, Co-immunoprecipitation assays were performed on
SK-N-SH cells coexpressing GFP-ALADIN and V5-His-tagged FTH1. GFP-
ALADIN is detected by immunoblotting using anti-GFP antibody and is
readily detectable in non-immunoprecipitated cell lysate (lane 3) and in
lysates immunoprecipitated with anti-6XHis (lane 4) but not in cell
lysate or immunoprecipitates of cells transfected with pcDNA 3.1 alone
(lanes 1 and 2). C, Co-immunoprecipitation assays were performed on
SK-N-SH cells transfected with empty vector alone or expressing GFP-
ALADIN and/or FTH-1 as indicated. Anti-FTH1 antibody co-
immunoprecipitates both induced FTH1 or endogenously expressed
FTH1 and GFP-ALADIN (lanes 5 and 6). Molecular weight marker
positions are indicated on the left.
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ting identified the presence of GFP-ALADIN (90 kDa)
after the immunoprecipitation of FTH1 with anti-FTH1
antibody (Fig. 1A, lane 4). Similarly, immunoprecipita-
tion of FTH1-V5-His with the anti-6XHis antibody also
enabled GFP-ALADIN to be identified on immunoblot-
ting (Fig. 1B, lane 4). In the absence of transfected FTH1,
endogenous FTH1 could also immunoprecipitate GFP-
ALADIN (Fig. 1C, lane 6). This confirmed that the inter-
action was not dependent on the expression of supra-
physiological amounts of FTH1 protein. Comparable
data were obtained in HEK293 cells (data not shown).

Fluorescence lifetime imaging microscopy
(FLIM)-fluorescence resonance energy transfer
(FRET) analysis of FTH1/ALADIN in HeLa cells

To confirm the interaction of FTH1 and ALADIN in
vivo, we performed FRET measurements. FRET was de-
tected by FLIM. If FRET occurs, the donor lifetime de-
creases. All FLIM-FRET experiments were done in HeLa
cells, which stably expressed cyan fluorescent protein
(CFP)-ALADIN. The fluorescence lifetime of CFP was
calculated in two different ways: 1) by a pixel-by-pixel
approach with a single exponential decay function to gen-
erate a lifetime image (Fig. 2, A–C) and 2) by a cell-based
approach, where an average decay curve was analyzed by
a biexponential decay function (Fig. 2D). Although the
shorter lifetime seems to be unchanged, the longer lifetime
decreases in the case of FRET as observed previously (14,
15). To compare the results with the pixel-by-pixel anal-
ysis, we calculated the weighted mean lifetime �m.

The lifetime of CFP-ALADIN decreases from 2.63 �
0.02 nsec (SEM; n � 44 pictures) to 2.55 � 0.04 nsec (19
pictures) in the presence of FTH1-yellow fluorescent pro-
tein (YFP) on the image-based algorithm and from 2.63 �
0.11 nsec (SD; n � 78 cells) to 2.40 � 0.17 nsec (n � 121
cells) for the whole-cell analysis, respectively (Table 1 and
Fig. 2D). The reduction of the lifetime clearly indicates a
close proximity of both proteins. For comparison, the
results of the analysis of the combination of CFP-ALADIN
with the C-terminal YFP-tagged nucleoporin NUP88 as a
negative control are also shown. NUP88 is a recognized
component of the nuclear pore complex but does not
seem to interact with ALADIN (16). In the case of
NUP88, no decrease of the CFP lifetime was observed.
The lifetimes were 2.63 � 0.02 nsec (SEM; n � 11 pictures)
in the pixel-by-pixel analyses and 2.61 � 0.10 nsec (SD;
n � 85 cells) in the whole-cell analysis (Table 1 and Fig.
2D). It is well recognized that ALADIN is normally local-
ized to the nuclear membrane (10, 11), but instrumental
limitations and the low fluorescence intensity of CFP-
labeled ALADIN combined with the inevitable overex-
pression of transfected components makes it difficult to

demonstrate conclusively that this interaction takes place
only at the nuclear pore.

The nuclear translocation of FTH1 is dependent on
the presence of ALADIN

The possibility that ALADIN might be involved in the
nuclear translocation of FTH1 was investigated by immu-
noblotting of cytosolic and nuclear cell fractions. Cyto-
solic and nuclear extracts were prepared from cultured
control fibroblasts (ALADINWT) and three fibroblast
cell lines derived from triple A patients (ALADINMut)
homozygous for the following ALADIN mutations:
IVS14�1G3C, p.S263P, and p.Q387X. Cytosolic and
nuclear extracts were also prepared from cultured con-
trol Epstein-Barr virus (EBV)-transformed lympho-
cytes (ALADINWT) and one EBV-transformed lympho-

FIG. 2. HeLa cells stably expressing CFP-ALADIN only (A), transiently
transfected with NUP88-YFP (B), or transiently transfected with FTH1-
YFP (C). On the left, the CFP-ALADIN fluorescence intensity is shown,
and on the right, the corresponding fluorescence lifetime is shown. A
decrease of CFP-ALADIN lifetime is observed only in the presence of
FTH1-YFP, whereas the lifetime in the presence of NUP88-YFP remains
unchanged. D, Quantitative analysis of these data shows the mean
lifetime of CFP-ALADIN (CA) in the absence and presence of FTH1-YFP
or NUP88-YFP, respectively. The lifetime was significantly lower in the
presence of FTH1-YFP and remained unchanged in the negative
control with NUP88-YFP. Error bars are SD.
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cyte cell line derived from a triple A patient (ALADINMut)
heterozygous for the following ALADIN mutations: H71fs
and R230X. Nuclear FTH1 was readily detectable by
anti-FTH1 antibody in control cells (Fig. 3A, panel 1,
and supplemental Fig. 1, panel 1, published as supple-
mental data on The Endocrine Society’s Journals On-
line web site at http://mend.endojournals.org), whereas
no nuclear FTH1 band is apparent in any of the triple A
fibroblasts (Fig. 3A, panels 2– 4) or the triple A EBV-
transformed lymphocytes (supplemental Fig. 1, panel
2). Immunoblotting the triple A fibroblast and EBV-
transformed lymphocyte nuclear extracts with anti-
Nup 62 confirmed a band consistent with the Nup 62
protein (62 kDa) and therefore the presence of nuclear
material in these samples (Fig. 3A, panel 5, and supple-
mental Fig. 1, panel 3).

When SK-N-SH cells were transfected with pcDNA3.1-
FTH1-V5-HIS and imaged by confocal microscopy,
very little nuclear immunofluorescence was seen (Fig.
4, B–D). When SK-N-SH cells were cotransfected with
both pcDNA3.1-FTH1-V5-HIS and pEGFP-AAAS vec-
tors, FTH1 was readily visible in the nucleus (Fig. 4,
F–H). Examination of several images by an indepen-
dent observer indicated that zero of 22 transfected cells
showed obvious nuclear localization in the absence of
ALADIN, whereas 52 of 76 transfected cells showed
evidence of nuclear FTH1 in the presence of ALADIN.
This provides supportive evidence that the nuclear
translocation of FTH1 is dependent on the presence of
ALADIN.

FTH1 and ALADIN are protective against
oxidative stress

To test whether increased FTH1 in the nucleus could
protect against oxidative stress induced by exogenous hy-
drogen peroxide, neuroblastoma cells were transfected
with pEGFP-AAAS, pcDNA3.1-FTH1 or pEGFP-AAAS
and pcDNA3.1-FTH1 and subjected to an acute hydrogen
peroxide stress. Poly(ADP-ribose) polymerase (PARP) was
used a marker of apoptosis via immunoblot analysis. PARP
cleavage from a full-length protein of 116- to 85-kDa and
27-kDa fragments is a well-documented effect of cell
death by apoptosis (17, 18).

Untransfected cells treated with 1 mM hydrogen per-
oxide showed a marked increase in cleaved PARP relative
to untreated controls (Fig. 5, Western blot). Cells cotrans-
fected with pEGFP-AAAS and pcDNA3.1-FTH1 showed
a significant decrease in the amount of cleaved PARP
relative to untransfected cells. Interestingly, transfection
of pEGFP-AAAS or pcDNA3.1-FTH1 alone also signifi-
cantly reduced the relative amounts of cleaved PARP.

Discussion

The triple A syndrome is a rare, poorly understood, and
highly disabling disease. Thus far, the molecular mecha-
nism of this complex disorder resulting from mutations in
a protein of unknown function named ALADIN has re-
mained obscure (5, 6). Our results suggest that ALADIN

TABLE 1. Statistical analysis

�1 (nsec) �2 (nsec) x1
a �m (nsec)

Donor only (CFP-ALADIN) 3.61 � 0.09 0.47 � 0.03 0.23 � 0.04 2.63 � 0.11
CFP-ALADIN � FTH1-YFP 3.44 � 0.11 0.46 � 0.05 0.44 � 0.14 2.40 � 0.17
CFP-ALADIN � NUP88-YFP 3.63 � 0.11 0.46 � 0.02 0.21 � 0.03 2.61 � 0.10

For CFP-ALADIN alone and in combination with FTH1-YFP, the exact parameters of the double-exponential fitted decay curves are displayed. The
negative FLIM-FRET result of the analysis of the combination CFP-ALADIN and NUP88-YFP is included in this table for comparison.
a x1 � A1/(A1�A2).

FIG. 3. Immunoblots of wild-type (ALADINWT) and triple A
(ALADINMut). FTH1 is detected by immunoblotting using anti-FTH1
antibody in ALADINWT and ALADINMut fibroblast cell lysates. C,
Cytoplasmic fraction; N, nuclear fractions; T, total cell lysate. Nuclear
FTH1 is detectable (arrows; 21 kDa) in panel 1 (ALADINWT) but not in
triple A (ALADINMut) fibroblast cell lysates (panel 2, ALADIN
IVS14�1G3C; panel 3, ALADIN p.S263P or panel 4, ALADIN
p.Q387X). The ALADIN IVS14�1G3C fibroblast immunoblot (panel 2)
stripped and re-immunoblotted with anti-Nup 62 antibody (nuclear
marker, arrow; 62 kDa) confirms the presence of nuclear material in
the ALADINMut cell lysates (panel 5).
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interacts with and is involved in the nuclear translocation
of FTH1. This provides a plausible disease mechanism for
triple A syndrome because ALADIN deficiency, either
because the protein is incomplete or because it fails to
localize correctly to the nuclear pores, results in impaired

FTH1 nuclear uptake, rendering cells more
susceptible to oxidative damage.

FTH1 was identified as a partner protein
for ALADIN by independent screens of two
cDNA libraries. This interaction was repro-
ducibly verified in vivo by co-immunopre-
cipitation and photobleaching FRET as-
says. FTH1 has a well established role as an
iron-storage protein and is classically found
in the circulating blood plasma or in the
cytoplasmic fraction of the cell. An emerg-
ing body of evidence suggests that FTH1 is
also present in the nucleus where it has a
DNA-protective role (19–24). Ferrous iron
catalyzes the conversion of reactive oxygen
species into free radicals (the Fenton reac-
tion), and consequently, free iron in the nu-
cleus exacerbates oxidative and UV-in-
duced DNA damage (25). Free iron has
been shown to induce DNA nicks and sin-
gle-strand breaks, but in the presence of

FTH1, this activity is retarded (23). In astrocytoma cells,
FTH1 associates closely with DNA, preventing cellular
damage due to oxidative stress (24), and in corneal epi-
thelial cells, nuclear FTH1 protects against iron and UV-
induced oxidative damage (20, 21). The nuclear import of
FTH1 is an active, importin-independent process via the
NPC (19). This process is poorly defined except in the
corneal epithelium where a nuclear import mechanism
has been identified involving a ferritin-related protein,
ferritoid, which contains a simian virus 40-type nuclear
localization signal (22). However, this mechanism ap-
pears to be highly specific to this cell type (21–23).

Ferritin heavy chain protein was found to be absent in
the nuclei of fibroblasts isolated from triple A patients,
and the nuclear translocation of FTH1 appears to be fa-
cilitated when it is coexpressed with ALADIN. These data
support the possibility that ALADIN (which bears no
structural homology to ferritoid) might be involved in the
nuclear translocation of FTH1. ALADIN has no nuclear
localization signal, and there is little evidence that it
crosses the nuclear membrane as other nuclear transport-
ers such as importins or ferritoid do (12). Thus, it seems
very probable that other components are required for the
successful uptake of FTH1, and this may relate to the
small number of cases of triple A syndrome that are not
associated with AAAS mutations (7, 13). It is possible that
ALADIN may be involved in the nuclear translocation of
other cargoes, although no other consistent hits were
identified in our B2-H screens. It is surprising that no
other nucleoporins were identified by the B2-H screening,
because ALADIN should be incorporated into the NPC

FIG. 4. FTH1-V5-His localizes to the nucleus in cotransfected SK-N-SH cells. SK-N-SH
cells were either transfected with the pcDNA3.1-FTH1-V5-His vector alone (A–D) or
cotransfected with the pcDNA3.1-FTH1-V5-His and pEGFP-AAAS vectors (E–H). Cells
were incubated with the primary (anti-V5) antibody followed by the secondary
(antimouse Cy3) antibody and visualized by laser scanning confocal microscopy. Images
show the localization of DAPI nuclear stain (blue, A and E) and localization of the V5-
His-tagged FTH1 (red, B and F). The merged DAPI/V5-His-tagged FTH1 image is shown
in a single cell (C) and a population of cells (D).The merged DAPI/V5-His-tagged FTH1/
GFP-tagged ALADIN image is shown in a single cell (G) and a population of cells (H). The
V5-His-tagged FTH1 has a mainly cytoplasmic localization when transfected alone (B–D)
but is clearly visualized in the nucleus when coexpressed with GFP-ALADIN (F–H)
(arrows). Images are 73.1 � 73.1 �m. Scale bars, 10 �m.

FIG. 5. FTH1 and ALADIN are protective against oxidative stress. A,
Western analysis of SH-SY5Y cells transfected with pEGFP-AAAS,
pcDNA3.1-FTH1, or pEGFP-AAAS and pcDNA3.1-FTH1 and treated
with or without hydrogen peroxide. Hydrogen peroxide treatment
causes an increase in PARP cleavage relative to untreated controls, and
cotransfection of pEGFP-AAAS and pcDNA3.1-FTH1 reduces the
amount of PARP cleavage relative to untransfected cells. B,
Densitometric analysis showed a significant (P � 0.01) decrease in
cleaved PARP between untransfected cells and cells cotransfected with
pEGFP-AAAS and pcDNA3.1-FTH1. Values are intensities of cleaved
PARP relative to GAPDH relative to untreated controls (dark bars).
*, P � 0.05; **, P � 0.01; n � 4.
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by protein-protein interactions. This may represent a
false-negative result of the B2-H. However, in humans,
ALADIN undoubtedly undertakes a critical functional role
at the NPC, and FTH1 also appears to have a fundamental
function in the nuclear compartment (12, 13, 21, 23).

An intriguing question is why the triple A syndrome
affects such a specific combination of tissues. One possi-
bility is that certain tissues have a greater inherent suscep-
tibility to the type of oxidative damage that ALADIN
protects against compared with those tissues that are not
affected. Alternatively, it may be that there are other
FTH1 transport mechanisms active in those unaffected
tissues such that ALADIN is redundant. Certainly, the
central nervous system is particularly vulnerable to oxi-
dative stress (25), and oxidative damage contributes to
the progressive adrenal cortex destruction of X-linked
adrenoleukodystrophy (26). The adrenal cortex is rich in
mitochondria, and redox changes in adrenal cells were
used as the basis of the original bioassays for ACTH.

It is also possible that ALADIN has other functional
roles or that other DNA-protective mechanisms exist in
parallel in some cell types. The fact that the Aaas knock-
out mouse exhibits a minimal phenotype might also re-
flect a lack of exposure to oxidative stress or the presence
of murine proteins or transporters other than ALADIN
that are responsible for these protective processes (27).

A higher frequency of chromosomal breakages is ob-
served in triple A patients, which may indicate that the
cells are more susceptible to free-radical-induced damage
(28). Hirano and colleagues (29, 30) showed that cultured
fibroblasts from a triple A syndrome patients were more
sensitive to oxidative stress than control fibroblasts. Here
we are able to confirm that oxidative stress in the form of
exposure to hydrogen peroxide leads to increased PARP
cleavage and that this is significantly reduced by overex-
pression of AAAS or FTH1 or both. In summary, our
work provides consistent evidence that oxidative stress is
involved in the triple A syndrome disease progression.
ALADIN may bind FTH1 alone or as part of a complex
and assist the nuclear import of FTH1. Alternatively, it
may be involved in the association or dissociation of the
FTH1 nuclear transport complex.

The neurological phenotype of triple A syndrome has
been compared with that of amyotrophic lateral sclerosis
(31). It is notable that mutations of superoxide dismutase
(SOD1), an important cellular antioxidant enzyme, have
been identified in cases of familial amyotrophic lateral
sclerosis (32). Oxidative damage has been implicated in
the pathogenesis of other neurodegenerative disorders in-
cluding Alzheimer’s, Parkinson’s, and Huntingdon’s dis-
eases (33). Furthermore, mice that are heterozygous
(�/�) for a FTH1 null mutation have evidence of in-

creased oxidative damage to the central nervous system
and provide a useful model of neurodegenerative diseases
(25). All the major characteristic symptoms of triple A
syndrome can exhibit clinical progression (1, 4, 7). This
well-recognized feature of the disorder would be highly
consistent with an ongoing process of cellular destruction
secondary to oxidative damage. This pathogenic mecha-
nism would also be consistent with the highly heteroge-
neous nature of the syndrome in which even siblings with
the same AAAS mutations may have entirely discordant
clinical findings (7, 34). Furthermore, antioxidant thera-
pies, which are being considered as therapeutic options in
other neurodegenerative disorders, might be valuable as
interventions to prevent or slow disease progression in
triple A syndrome (33, 35).

Materials and Methods

B2-H screens
B2-H screens were performed and positive interactors were

identified as described previously (36). The full-length human
ALADIN coding region was used as a bait fused by a (Gly4Ser)3
repeat flexible linker (FL) to the bacteriophage �-cl repressor
protein (�cI). The complete sequence and frame of the recom-
binant pBT-AAAS bait vector were verified by DNA sequenc-
ing. It was hypothesized that the protein partners interacting
with ALADIN would be prevalent in the same tissues and cell
lines as ALADIN. The pBT-AAAS bait vector was used to screen
a human HeLa S-3 cell cDNA library and a human cerebellar
cDNA library (Stratagene, Amsterdam, The Netherlands). In-
teractors that were out of frame and/or contained in-frame stop
codons were treated as false positives and discarded from fur-
ther investigations.

Construction of recombinant vectors
The full-length human ALADIN coding sequence was sub-

cloned into the following two vectors from Invitrogen (Paisley,
UK): pCR2.1 (pCR2.1-AAAS) and pEGFP-C1 (pEGFP-AAAS).
For the construction of the pBT-AAAS bait vector, the ALADIN
sequence was PCR-amplified from pCR2.1-AAAS, the forward
primer incorporated the sequence encoding a FL (Gly4Ser)3. The
PCR-amplified FL-AAAS was then subcloned into the pGEMT
Easy cloning vector (Promega, Southampton, UK). The full-
length human coding sequences of AAAS (with the 5�-FL se-
quence) and FTH1 were PCR amplified from pGEMT-FL-
AAAS and human adrenal cDNA, respectively, using primers
incorporating an EcoRI restriction enzyme site at the 5� end of
the forward primer and an XhoI site at the 5� end of the reverse
primer. The AAAS and FTH1 sequences were then cloned into
the EcoRI and XhoI restriction enzyme sites of pBT bait plasmid
(Stratagene) to produce the pBT-AAAS vector and pcDNA3.1
and pcDNA3.1/V5-His-TOPO (Invitrogen) to produce the
pcDNA3.1-FTH1 and pcDNA3.1-FTH1-V5-HIS vectors, re-
spectively. All constructs were verified by DNA sequencing, and
all primer sequences are available on request.
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Cell culture, transfection, and immunodetection
Human control and patient fibroblast cells were used as they

have been used in other similar studies and appear to be a good
model system for the disease (29). SK-N-SH and fibroblast cells
were cultured in 50% F-10 Nutrient Mixture (Ham) (GIBCO,
Paisley, UK) and 50% DMEM (Sigma Chemical Co., St. Dorset,
UK) or 100% MEM (GIBCO), respectively. EBV-transformed
lymphocytes were cultured in RPMI 1640 medium. All media
were supplemented with 10% fetal bovine serum and 1% pen-
icillin/streptomycin solution, and the cells were incubated in a
humidified incubator at 37 C and 5% CO2. Total cell lysates
and cytoplasmic and nuclear fractions were prepared as de-
scribed (36).

SK-N-SH cells were grown to approximately 50–70% con-
fluency before transfection using FuGENE 6 (Roche, Burgess
Hill, UK) according to the manufacturer’s protocol. Cells were
either transfected with pcDNA 3.1 (control transfection) or
pEGFP-AAAS alone or cotransfected with pEGFP-AAAS and
pcDNA3.1-FTH1-V5-HIS or pEGFP-AAAS and pcDNA3.1-
FTH1. Total cell lysates were prepared 48 h after transfection
and incubated overnight with rotation at 4 C with 2.5 �g anti-
FTH1 rabbit polyclonal antibody (AbCam, Cambridge, UK) or
Anti-6XHis tag mouse monoclonal antibody (AbCam) before
adding 50 �l Trueblot rabbit or mouse immunoprecipitation
beads (eBioscience, Hatfield, UK), respectively. Samples were
incubated for 2 h at room temperature with rotation and then
centrifuged at top speed for 1 min and the supernatant removed.
The beads were washed with 500 �l PBS three times and cen-
trifuged at top speed for 1 min after each wash to pellet the
beads. The beads were then resuspended in sample buffer and
heated to 99 C for 10 min before SDS-PAGE. Gels were sub-
jected to Western blotting analysis using 1:1000 anti-GFP
mouse monoclonal antibody (Roche). Secondary horseradish
peroxidase-conjugated mouse (Cell Signaling Technology,
Hitchin, UK) antibody was used at a concentration of 1:5000,
and blots were developed using the ECLplus chemiluminescence
system (Amersham, Little Chalfont, UK).

Retroviral vectors and vector production
The �-retroviral vector backbone was derived from the vec-

tor SERS11.SF.gp91s.iGM.W (37). Using XbaI and SalI, the
cassette containing gp91phox-IRES-�MGMT-GFP was ex-
changed by the full-length coding region of wild-type ALADIN
fused to enhanced cyan fluorescent protein at its carboxy or
amino terminus resulting in an expression of CFP-ALADIN or
ALADIN-CFP in the subsequently transduced HeLa cells. Cell-
free viral supernatants were generated by transient cotransfec-
tion of HEK293T cells as described elsewhere (38). HeLa target
cells were plated in 1.5-cm dishes and were transduced with
retroviral titers. Forty-eight hours after transduction, the
cells were subcultured. Single-cell colonies were obtained by
single-cell sorting into 96-well plates with a flow cytometer,
cultured, and analyzed by fluorescence microscopy.

Confocal microscopy
SK-N-SH cells were plated in eight-well glass chamber slides

at a concentration of 5,000–10,000 cells per well and tran-
siently transfected (as above) with pEGFP-AAAS or pcDNA3.1-
FTH1-V5-HIS or both vectors, and 48 h after transfection, cells
were fixed in 3.7% formaldehyde followed by permeabilization
with 0.1% (vol/vol) Triton X-100. To minimize nonspecific
cross-reactivity, cells were incubated in buffer A (3% BSA, 10%

normal donkey serum in PBS) for 45 min before incubation with
1:200 anti-V5 mouse antibody (Invitrogen) in buffer A for 90
min. Cells were then incubated with secondary Cy3-conjugated
donkey antimouse antibody (Jackson ImmunoResearch, New
Market, UK) diluted 1:100 in buffer A. Vectashield (Vector
Laboratories Inc., Peterborough, UK) fluorescent mounting me-
dium containing 4�,6-diamidino-2-phenylindole (DAPI) was
added to the slides, and immunofluorescence was visualized using
a Zeiss LSM 510 laser scanning confocal microscope. The follow-
ing excitation/emission conditions were used in separate channels
with either the �40 or �63 oil immersion objective: DAPI 364/
475–525 nm, GFP 488/505–530 nm, and Cy3 543/560–600 nm.

FLIM-FRET
All FLIM-FRET experiments were undertaken in HeLa cells

stably expressing CFP-ALADIN and were transfected with C-
terminal YFP-tagged FTH1 or with C-terminal YFP-tagged
NUP88. Twenty-four hours after transfection, the cells were
fixed for 10 min using 3.7% formaldehyde and embedded in
Vectashield mounting medium. The transfection efficiency was
shown to be 90–95% before performing the FLIM-FRET
measurements.

Fluorescence lifetime measurements were performed by
wide-field time-domain FLIM as described previously (39) with
minor changes. Briefly, an excitation wavelength of 440 nm was
used. Images were recorded on a Zeiss Axiovert S100TV with a
�63 1.4 NA oil immersion objective through a 455LP dichroic
mirror and a D480/40m emission filter (Chroma filter set
31044v2). The fluorescence decay curves were recorded by 18
images with increasing delay times (step 0.5 nsec) after the ex-
citation laser pulse with a camera binning of 4 � 4 and an
exposure time of 200–400 msec for each image. The laser
power was reduced by ND filters to avoid photobleaching dur-
ing the acquisition. Images were background corrected by sub-
tracting the mean value of a region without any fluorescence
signal. The fluorescence lifetime of CFP was calculated by tail
fitting of the decay curve for each pixel according to a single-
exponential decay function: I(t) � A � e�t/�. Additionally, we
analyzed the fluorescence decay of a whole cell by a double-
exponential decay function I(t) �A1 � e�t/�1�A2 � e�t/�2 with I
being the measured intensity at a time point t, the preexponen-
tial factors A1 and A2, and the fluorescent lifetimes �1 and �2.
The mean lifetime �m was calculated as a weighted average
according to: �m � (A1�1

2 � A2�2
2)/(A1�1 � A2�2).

Significance of the fluorescence lifetime shifts was analyzed
using the two-tailed Mann-Whitney U test. P values � 0.0001
were considered as significant.

PARP cleavage
Human neuroblastoma SH-SY5Y cells were used for these

studies in view of their greater transfection efficiency. Cells were
plated in six-well plates and allowed to reach 60–70% conflu-
ency before being transiently transfected with either pEGFP-
AAAS, pcDNA3.1-FTH1 or pEGFP-AAAS and pcDNA3.1-
FTH1 using Lipofectamine and Plus reagent (Invitrogen),
according to the manufacturer’s instructions. At 24 h after
transfection, cells were incubated in serum-free medium con-
taining 1 mM H2O2 for 30 min before the medium was replaced
with fresh serum-containing medium in all cells (40). After over-
night recovery at 37 C, cells were lysed and analyzed via West-
ern analysis, using PARP polyclonal antibody at 1:1000 (Cell
Signaling Technology) and GAPDH at 1:2000 (Santa Cruz Bio-
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technology, Santa Cruz, CA). PARP cleavage was quantified
using densitometric analysis from four representative experi-
ments and normalized to GAPDH. Student’s t test was used for
statistical analysis.
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