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Biosynthesis of the dystonia-associated AAA+ ATPase torsinA at the
endoplasmic reticulum
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TorsinA is a widely expressed AAA+ (ATPases associated with
various cellular activities) ATPase of unknown function. Previous
studies have described torsinA as a type II protein with a cleavable
signal sequence, a single membrane spanning domain, and its
C-terminus located in the ER (endoplasmic reticulum) lumen.
However, in the present study we show that torsinA is not in
fact an integral membrane protein. Instead we find that the mature
protein associates peripherally with the ER membrane, most likely
through an interaction with an integral membrane protein.
Consistent with this model, we provide evidence that the signal

peptidase complex cleaves the signal sequence of torsinA, and we
show that the region previously suggested to form a transmem-
brane domain is translocated into the lumen of the ER. The
finding that torsinA is a peripheral, and not an integral membrane
protein as previously thought, has important implications for
understanding the function of this novel ATPase.

Key words: AAA+ ATPase, early onset torsion dystonia, endo-
plasmic reticulum, membrane protein, signal peptide, torsinA.

INTRODUCTION

TorsinA is the founding member of a novel family of four
related proteins that belong to the AAA+ (ATPases associated
with various cellular activities) superfamily of ATPases. TorsinA
was first identified as the protein mutated in early onset torsion
dystonia, an inherited neurological disorder characterized by
uncontrollable movements and twisted postures [1]. Although
its biological role is unknown, torsinA is expressed in most
tissues [1] and knockout mice die within 48 h of birth [2],
suggesting that it performs an essential and ubiquitous cellular
function. Interestingly, torsinA and its relative torsinB are the only
AAA+ ATPases known to be located inside the ER (endoplasmic
reticulum) of eukaryotic cells. Experiments in cultured cells have
established that torsinA is membrane-associated and faces the
lumen of the ER [3–6]. However, the mechanisms that mediate
the biosynthesis of torsinA and its association with the ER mem-
brane remain unclear, and current evidence indicates that these
may differ from conventional mechanisms of signal sequence
cleavage and membrane integration. Hence, torsinA contains a
40 amino acid hydrophobic region at its N-terminus (Figure 1A),
and recent studies have shown that the first 20 residues function
as a signal sequence and are removed from the mature protein
by cleavage of the polypeptide after Ala20 [3,5]. The hydrophobic
residues 21–40 that remain after cleavage are proposed to anchor
torsinA in the ER membrane [1,7]. Consistent with this hypo-
thesis, full-length torsinA has been shown to behave as an integral
membrane protein upon alkaline sodium carbonate extraction,
whereas a version lacking residues 24–40 behaves as a soluble
ER luminal protein [3]. These data have lead to the conclusion
that residues 21–40 form a membrane-spanning domain that
anchors torsinA in the ER membrane in a type II orientation,
with its C-terminus containing the AAA+ domain located in the
ER lumen. However, this model of torsinA biosynthesis appears
to create a paradox, as cleavable signal sequences usually impose
a type I orientation on a mature membrane protein [8]. Since

signal sequence cleavage by the SPC (signal peptidase complex)
generates a new N-terminus that resides in the lumen of the ER,
it is difficult to envisage how a protein with a cleavable signal
sequence could become integrated into the ER membrane with a
type II orientation.

In order to address these issues, we have examined the signal
sequence cleavage and membrane association of torsinA in
mammalian cells. We provide evidence that the SPC is responsible
for the N-terminal cleavage of torsinA, and demonstrate that the
remaining hydrophobic region is fully translocated into the lumen
of the ER. In contrast with previous work, the present study
shows that torsinA is not a bona fide integral membrane protein.
Instead, we find that the mature protein is peripherally associated
with the ER membrane, most likely via binding to integral ER
protein(s). This novel finding that torsinA is a peripheral and not
an integral membrane protein as previously thought has important
implications for our understanding of the function of torsinA, and
will help to inform future studies aimed at defining the properties
of this widely expressed AAA+ ATPase.

EXPERIMENTAL

Reagents and antibodies

T7 RNA polymerase, transcription reagents and rabbit reti-
culocyte lysate were from Promega, endo H (endoglycosidase
H) was from New England Biolabs, and Easytag [35S] protein
labelling mix was from PerkinElmer. All other chemicals
were from Sigma or BDH/Merck. TorsinA antiserum was ob-
tained from rabbits immunized with a GST (glutathione S-trans-
ferase)-tagged protein corresponding to residues 191–332 of
human torsinA. Rabbit anti-PDI (protein disulfide-isomerase) was
a gift from Professor Neil Bulleid (Faculty of Life Sciences,
University of Manchester, Manchester, U.K.), rabbit anti-calnexin
was from Stressgen and ribophorin I antiserum was from rabbits
immunized with a synthetic peptide KSAVEAERLVAGKLKKD

Abbreviations used: AAA+, ATPases associated with various cellular activities; CAPSO, 3-(cyclohexylamino)-2-hydroxypropane-1-sulfonic acid;
endo H, endoglycosidase H; ER, endoplasmic reticulum; PDI, protein disulfide-isomerase; SPC, signal peptidase complex; TCA, tricarboxylic
acid; TMD, transmembrane domain.

1 To whom correspondence should be addressed (email lisa.swanton@manchester.ac.uk).
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Figure 1 TorsinA undergoes membrane-dependent processing

(A) Schematic of torsinA showing the sequence of the N-terminal hydrophobic region. The signal sequence is white and the putative TMD is grey. The signal sequence cleavage site is shown with
an arrow and the two glycosylation sites are indicated. (B) TorsinA mRNA was translated in the presence or absence of canine pancreatic microsomes, membrane-associated material was isolated
by centrifugation and analysed by SDS/PAGE and phosphorimaging. (C) Membrane-associated torsinA was treated with endo H or mock treated. Additional product seen after endo H treatment is
labelled with *. (D) Membrane-associated torsinA was treated with proteinase K (PrK), proteinase K and 1 % Triton X-100 (TX-100), or 1 % Triton X-100. Two limited digestion products are labelled �

and �. Schematics illustrate the deduced identity of each product. (E) HeLa cells were transiently transfected with torsinA and lysates analysed by Western blotting with affinity purified anti-torsinA.

(single letter amino acid codes are used). Horseradish peroxidase-
conjugated secondary antibodies were from Dako.

Molecular cloning and DNA manipulations

An expressed sequence tag IMAGE clone (5504660) containing
the 5′ end of torsinA was obtained from the HGMP Resource
Centre (Human Genome Mapping Project, Hinxton Hall,
Cambridge, U.K.) and sequenced to confirm it contained the cor-
rect full-length coding sequence. The coding sequence was
amplified by PCR and cloned into the EcoRI/BamHI sites
of pcDNA3.1(−) (Invitrogen). QuikChange® mutagenesis
(Stratagene) was used to generate the torsinA point mutations.
A phenylalanine residue was chosen to replace Val18 and Ala20 in
the cleavage site mutants since its bulky hydrophobic side chain
should not disrupt the hydrophobic signal sequence or introduce
a charge that might influence the orientation of the protein.

Cell culture and transient transfection

HeLa cells were grown in DMEM (Dulbecco’s modified Eagle’s
medium) supplemented with 10% foetal calf serum. Cells were
transiently transfected using LipofectamineTM 2000 (Invitrogen)
and analysed after 18–24 h.

In vitro transcription and translation

Transcription was performed with T7 RNA polymerase as
described by the manufacturer and the mRNA obtained was puri-
fied with an RNeasy Mini Kit (Qiagen). TorsinA mRNA was
translated in rabbit reticulocyte lysate (Promega) for 20 min at
30 ◦C in the presence of 0.825 µCi/µl [35S] protein labelling
mix (NEN) and canine pancreatic microsomes as a source of
ER membrane [9]. Aurintricarboxylic acid (0.1 mM) was then
added to inhibit translation initiation and samples were incubated
at 30 ◦C for a further 5 min. Membrane-associated products were
isolated by centrifugation through a high salt sucrose cushion
[250 mM sucrose, 500 mM KOAc, 5 mM Mg(OAc)2, 50 mM
Hepes/KOH (pH 7.9)] at 130000 g for 10 min at 4 ◦C. The

resulting membrane pellet was analysed by SDS/PAGE and phos-
phorimaging, or further processed as described below.

Proteinase K treatment

Protease protection was used to identify in vitro translation
products that were not protected within the lumen of the ER.
Membranes were resuspended in low salt sucrose (as high salt
sucrose with 100 mM KOAc) with or without 1% (w/v) Triton
X-100, then incubated with 7.5 µg of proteinase K for 45 min on
ice. Reactions were terminated by the addition of 2 mM PMSF,
and samples were precipitated in a final concentration of 10%
TCA (tricarboxylic acid) and 25% acetone on ice for 1 h. Samples
were centrifuged at approx. 16000 g for 20 min and the resulting
pellet washed with acetone and analysed by SDS/PAGE.

Alkaline extraction

HeLa cells were detached from culture flasks with trypsin,
resuspended in 100 µl KHM [20 mM Hepes (pH 7.2), 110 mM
potassium acetate and 2 mM magnesium acetate) and passed
twenty times through a ball bearing cell cracker. The resulting
homogenate was resuspended in 900 µl of either 25 mM CAPSO
[3-(cyclohexylamino)-2-hydroxypropane-1-sulfonic acid] buffer
(pH 9.5) or 100 mM Na2CO3 (pH 11.3), and incubated on ice
for 1 h with intermittent vortexing. Samples were centrifuged at
130000 g for 10 min at 4 ◦C, and the resulting membrane pellet re-
extracted with the appropriate buffer. Samples were centrifuged as
above to pellet non-extractable proteins, and the two supernatant
fractions containing the alkaline extractable material were pooled
and precipitated with TCA. Samples of the total cell homogenate,
supernatant and pellet fractions were analysed by SDS/PAGE and
Western blotting.

Saponin permeabilization and salt washing

HeLa cells were detached from culture flasks with trypsin,
resuspended in Hepes buffer [20 mM Hepes (pH 7.4), 100 mM
NaCl and 2 mM EDTA) containing 0.2% saponin, and incubated
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on ice for 10 min. Permeabilized cells were pelleted by centri-
fugation at approx. 14000 g for 30, and the resulting cell pellet
resuspended in Hepes buffer containing 0.1–1 M NaCl or 1–
4 M urea. After 10 min incubation on ice, the washed cells were
pelleted by centrifugation at 25000 g for 10 min at 4 ◦C. The
cell pellets were resuspended in SDS/PAGE sample buffer, and the
supernatant was collected and precipitated with TCA as described
above prior to SDS/PAGE and Western blotting.

RESULTS

TorsinA undergoes membrane-dependent processing

Previous studies have found that multiple forms of torsinA are
present in mammalian cells [4,5,10,11]. In order to characterize
these, we first examined the biosynthesis of torsinA in a cell-free
translation system. Four distinct membrane-associated products
were generated when translation was carried out in the presence of
ER-derived membranes (Figure 1B, lane 1). These were denoted
(i)–(iv) on the basis of their migration upon SDS/PAGE. In the
absence of membranes, a single torsinA species was produced,
which appeared to correspond to product (iii) obtained in the
presence of membranes (Figure 1B, compare lanes 1 and 2).
The presence of this product in the absence of ER membranes
suggests that it is a non-glycosylated, uncleaved form of torsinA.
TorsinA contains two N-glycosylation sites [4,12], and treatment
with endo H caused a decrease in the intensity of products
(i) and (ii), with a corresponding increase in the intensity of
product (iv) (Figure 1C, compare lanes 1 and 2). Thus we
conclude that products (i) and (ii) represent doubly and singly
glycosylated forms of torsinA respectively. The mobility of
products (iii) and (iv) were not altered by endo H, confirming
that they are not glycosylated. A faint product migrating at
approx. 30 kDa was occasionally seen in untreated samples and
became more prevalent following endo H treatment (Figure 1C,
lane 2, marked with *). This may represent an alternatively
processed form or a degradation product of torsinA. In order
to examine the orientation of the torsinA species with respect to
the ER membrane, samples were treated with proteinase K. In the
presence of intact membranes, product (iii) disappeared following
proteinase K treatment (Figure 1D, lane 2), confirming that this
species is exposed to the cytosol. In contrast, the other forms of
torsinA were resistant to protease digestion (Figure 1D, lane 2),
consistent with them residing in the lumen of the ER. All of
the torsinA products were digested in the presence of detergent
(Figure 1D, lane 3). Similarly, when torsinA was transiently
expressed in HeLa cells, several forms of the protein were seen
(Figure 1E, lane 1). As found in vitro, products (iv) and (iii) remain
following endo H treatment, with product (iv) increasing in
intensity (Figure 1E, lane 2).

Together these results show that products (i) and (ii) are
glycosylated forms of torsinA located in the ER lumen, product
(iii) is not glycosylated and is exposed to the cytosol, whilst
product (iv) is a non-glycosylated form located in the ER lumen.
The fact that the luminal product (iv) migrates more rapidly
than the cytosolically oriented product (iii), suggests that it has
been subject to cleavage of its N-terminal signal sequence upon
translocation across the ER membrane. The difference in apparent
molecular mass between products (iii) and (iv) is consistent with
this explanation. Furthermore, it is product (iv) that increases in
intensity following endo H treatment (Figure 1B, compare lanes 1
and 2), suggesting that the glycosylated products in the ER lumen
have undergone signal sequence cleavage as would be predicted.

The simplest interpretation of these results is that product
(i) represents the doubly glycosylated, signal sequence-cleaved

‘mature’ form of torsinA, product (ii) is a singly glycosylated,
signal sequence-cleaved intermediate, product (iii) is a non-
glycosylated, uncleaved form of torsinA associated with the
cytoplasmic face of the ER membrane, and product (iv) is a signal
sequence-cleaved but non-glycosylated form of the protein. The
nature of these four torsinA-derived products is summarized in
Figure 1(D).

It is clear that the proportion of torsinA which has undergone
signal sequence cleavage and glycosylation is greater in vivo than
in vitro [product (i), Figure 1C, lane 1 compared with Figure 1E,
lane 1], suggesting that the maturation of torsinA is more efficient
in vivo. Therefore an in vivo expression system was used to
examine torsinA biogenesis.

The SPC mediates cleavage of the torsinA signal sequence

Having established that we could distinguish torsinA that
had undergone signal sequence cleavage from the full-length
uncleaved protein, we examined this cleavage event in more
detail. To determine whether the SPC is responsible for the cle-
avage of torsinA, amino acid substitutions were made in the
cleavage site (Figure 1A). Val18 and Ala20 were replaced with a
phenylalanine residue (V18F and A20F respectively) since these
occupy the −1 and −3 positions relative to the cleavage site
known to be critical for cleavage by SPC [13]. Wild-type and
SPC cleavage site mutants were transiently expressed in HeLa
cells and the extent of signal sequence cleavage was assessed
following endo H treatment. This reduced the complexity of the
torsinA species present, allowing us to differentiate between
the full-length protein and that which had undergone signal
sequence cleavage. Following endo H treatment of wild-type
torsinA, two major products were visible, representing uncleaved
and cleaved torsinA [Figure 2A, lane 2, (iii) and (iv) respectively].
It is clear from this analysis that the vast majority of wild-
type torsinA had undergone signal sequence cleavage. In marked
contrast, a significant amount of uncleaved torsinA was seen
following endo H treatment of the cleavage site mutants
[Figure 2A, lanes 3 and 5, (iii)]. Thus, whilst wild-type torsinA
was almost completely cleaved, both V18F and A20F
torsinA exhibited a dramatic reduction in signal sequence
cleavage. Expression of the mutant proteins also generated a
distinct higher molecular mass form of torsinA (Figure 2A, lanes
3 and 5, indicated by �). This product was sensitive to endo
H (Figure 2A, lanes 4 and 6), suggesting that it represents a
glycosylated form. Its increased size [Figure 2A, � compared
with (i)] is consistent with the signal sequence still being present.
Similar results were obtained with both mutants, and no additive
effect was seen with a double V18F/A20F mutation (results not
shown). Together these data reveal that altering the putative SPC
recognition site of torsinA reduces the extent of signal sequence
cleavage. This strongly suggests that the SPC is responsible
for cleavage of the N-terminal signal peptide in torsinA.

The N-terminal hydrophobic region is fully translocated into
the ER lumen

We next addressed the question of how torsinA adopts the correct
final type II orientation (Figure 2B, box 3) following cleav-
age of the N-terminal signal sequence. One possibility is that
the polypeptide is first inserted with its N-terminus towards the
ER lumen and subsequently re-orientates following cleavage (Fig-
ure 2B, box 1). Alternatively, the putative TMD (transmembrane
domain) could be fully translocated into the lumen of the ER
before being inserted into the lipid bilayer (Figure 2B, box 2).
In order to determine whether the latter scenario occurs, a
third glycosylation site was introduced into the putative TMD
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Figure 2 The SPC mediates cleavage of the torsinA signal sequence

(A) Wild-type (WT) torsinA or cleavage site mutants (V18F and A20F) were transiently transfected into HeLa cells. Cell lysates were treated with endo H or mock treated and analysed by Western
blotting with affinity purified anti-torsinA. A higher molecular mass species generated by the cleavage site mutants is labelled �. An additional product seen after endo H treatment is labelled *. A
singly glycosylated intermediate (ii) was not apparent in this experiment. (B) Potential mechanisms for torsinA to adopt a type II orientation. (C) Wild-type torsinA (WT) or a form containing a third
glycosylation site (V33N) was transiently transfected into HeLa cells, and lysates treated as in (A). An additional species representing triply glycosylated torsinA V33N is labelled �.

[14] by mutating Val33 to an asparagine residue (V33N).
Glycosylation of this site would indicate that the hydrophobic
region is completely translocated into the ER lumen, and does
not exit the translocon laterally as is conventional for TMDs.
When V33N was expressed in HeLa cells, an additional product
migrating more slowly than the wild-type torsinA products was
seen (Figure 2C, lane 3 indicated by �). This abundant product
was sensitive to endo H (Figure 2C, lane 4), and its increased
size is consistent with the presence of a third N-linked glycan.
Thus the third glycosylation site of V33N is efficiently modified,
suggesting that the putative TMD of torsinA is fully translocated
into the lumen of the ER. Therefore in order for this region to act
as a TMD, it would have to be integrated into the membrane from
the ER lumen post-translationally (Figure 2B, box 2). This would
represent extremely unusual behaviour as TMDs usually enter the
lipid bilayer laterally from the Sec61 translocon [15].

TorsinA is not an integral membrane protein

The surprising finding that the putative TMD enters the ER
lumen, raised the possibility that torsinA may not be a bona fide
integral membrane protein. In order to address this issue, alkaline
extractions were performed at two levels of stringency using
buffers at pH 9.5 and 11.3 [16]. HeLa cells were disrupted using a
cell cracker and extracted twice with the appropriate buffer to
completely remove any soluble or peripheral proteins from the ER
membrane. Total cell extract, and the supernatant and membrane
fractions were analysed by SDS/PAGE and Western blotting
(Figure 3). At the less stringent pH 9.5, endogenous torsinA was
distributed equally between the supernatant and pellet fractions
(Figure 3A, top panel, lanes 2 and 3). Unexpectedly, at pH 11.3,
torsinA was found exclusively in the supernatant (Figure 3A,
top panel, lanes 4 and 5). The authentic single spanning integral
membrane proteins calnexin and ribophorin I remained entirely
in the membrane pellet at either pH (Figure 3A, middle panels,
lanes 3 and 5), whereas the soluble ER luminal protein PDI

was located exclusively in the supernatant at both pH 9.5 and
11.3 (Figure 3A, bottom panel, lanes 2 and 4). These results
clearly demonstrate that torsinA does not behave as a typical
integral membrane protein, since extraction at pH 11.3 is sufficient
to completely remove the protein from the ER membrane.
However, torsinA does not behave as a completely soluble
protein either, since approximately half of the protein remains
membrane associated following extraction at pH 9.5, even though
this treatment is sufficient to completely extract PDI. On the
basis of these results, we conclude that torsinA is peripherally
associated with the inner face of the ER membrane.

In contrast, Lui et al. [3] found that overexpressed torsinA
remained in the membrane pellet following extraction at pH 11.3.
However, in their study, extraction was carried out by mixing
alkaline sodium carbonate buffer with an equal volume of cell
lysate. This may have reduced the effective pH of the buffer,
resulting in a lower stringency analysis. Consistent with this
interpretation, we found that lowering the pH of the extraction
buffer significantly increased the proportion of torsinA that
remained membrane associated.

In order to examine the membrane association of torsinA in
more detail, HeLa cells were permeabilized with saponin to
release soluble ER luminal proteins. PDI was efficiently released
into the supernatant following permeabilization (Figure 3B,
bottom panel), whilst calnexin remained associated with the
cell pellet (Figure 3B, middle panel). TorsinA was distributed
equally between the supernatant and pellet (Figure 3B, top panel),
suggesting that only a proportion of the endogenous protein is
associated with the ER membrane under normal conditions. To
provide information on the nature of the association between
torsinA and the ER membrane, permeabilized cells were washed
with buffers containing increasing concentrations of salt or urea.
When cells were washed with low salt buffer in the absence of
urea, torsinA remained associated with the cell pellet (Figure 3C,
lane 3). In contrast, when cells were washed with buffer containing
1.0 M NaCl or 4 M urea, torsinA was released into the wash
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Figure 3 TorsinA is peripherally associated with the ER membrane

(A) HeLa cells were mechanically cracked and extracted twice with CAPSO buffer (pH 9.5) or sodium carbonate (pH 11.3). Membrane-associated material was isolated by centrifugation, and proteins
in the supernatant precipitated with TCA. Samples of the total lysate (T), supernatant (S) and membrane pellet (P) were analysed by Western blotting with affinity purified anti-torsinA, or antibodies
to ribophorin I (Rib I), calnexin or PDI. � shows an approx. 50 kDa protein that cross-reacts with the torsinA antisera. (B) HeLa cells were permeabilized with 0.2 % saponin and isolated by
centrifugation. Samples of total cells (T), supernatant (S) and cell pellet (P) were analysed by Western blotting with anti-torsinA. (C and D) Saponin-permeabilized cells were washed with buffer
containing NaCl, urea, CAPSO buffer (pH 9.5) or sodium carbonate (pH 11.3). Cells were reisolated by centrifugation. Samples of the total cells (T), wash (W) and cell pellet (P) were analysed
as in (B).

fraction (Figure 3C, lanes 6 and 13), suggesting that these
conditions were sufficient to disrupt the interaction between
torsinA and the ER membrane. Consistent with the results of the
alkaline extractions, the membrane-associated torsinA recovered
after saponin treatment was released into the wash fraction at
pH 11.3 (Figure 3D, lane 3), but remained associated with the cell
pellet at pH 9.5 (Figure 3D, lane 2). These results show that the
association of torsinA with the ER membrane is sensitive to salt,
pH and urea, and therefore most likely reflects binding of torsinA
to integral ER membrane protein(s). In this respect it is noteworthy
that two of the three torsinA binding partners identified to date
are integral membrane proteins; LAP1 in the nuclear envelope
and LULL1 in the ER [10,17].

DISCUSSION

Despite recent progress in understanding the biology of torsinA,
several of its fundamental biochemical properties remain
undefined. Previous studies have described torsinA as a type II
protein with a single membrane spanning domain and its C-ter-
minus located in the ER lumen [1,3–5]. This posed the question
of how torsinA is both N-terminally cleaved and integrated into
the ER membrane in the correct orientation. However, we now
show that endogenous torsinA does not behave as a typical
integral membrane protein, since it can be fully extracted from
the ER membrane at pH 11.3. Under less stringent conditions, a
proportion of torsinA does remain associated with the membrane,
but we clearly show that the membrane-associated torsinA can
be removed by a high-salt or urea wash. Based on these results,
we conclude that torsinA is peripherally associated with the ER
membrane, most likely via binding to an integral membrane
protein. Consistent with this notion, we provide evidence that
the SPC mediates the cleavage of torsinA after Ala20, as would be

predicted for an ER luminal protein with a cleavable N-terminal
signal sequence. Moreover, in the present study we show that
the remaining hydrophobic residues are translocated into the ER
lumen and available for N-glycosylation, and are not integrated
laterally into the ER membrane as would be expected for a typical
TMD.

The surprising finding that torsinA is not an integral membrane
protein has some important implications. Although torsinA does
not have an obvious ER retention motif, the wild-type protein is
located primarily in the ER. It has been suggested that TMD-based
signals may be responsible for its ER localization, as has been
shown for a number of ER membrane proteins [18,19]. However,
the lack of a TMD indicates that an alternative mechanism,
such as binding to an ER resident protein, is responsible for
retaining torsinA in the ER. The absence of a TMD, also raises
the possibility that torsinA may interact dynamically with the
ER membrane. Such behaviour is important during the catalytic
cycle of several other AAA+ ATPases, including NSF (N-ethyl-
maleimide-sensitive fusion protein) and p97/VCP (97 kDa valo-
sin-containing protein), which catalyse conformational changes
in membrane-localized substrates [20]. This idea is supported by
our finding that a significant pool of endogenous torsinA is not
tightly associated with the ER membrane.

Based on the results detailed above, we propose a model for
torsinA biogenesis whereby the nascent polypeptide is targeted to
the ER via the hydrophobic sequence at its N-terminus. The first
20 amino acids of this sequence are then removed by the SPC,
and the rest of the polypeptide is completely translocated into
the ER lumen where it associates peripherally with the luminal
face of the ER membrane, most likely via binding to an integral
membrane protein. Future research will be aimed at identifying
the protein(s) that torsinA binds to at the ER membrane, and
establishing whether any such interaction is regulated by ATP
binding and/or hydrolysis.
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