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The early-onset torsion dystonia-associated protein, torsinA,
displays molecular chaperone activity in vitro
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Abstract TorsinA is a member of the AAA+ ATPase
family of proteins and, notably, is the only known ATPase
localized to the ER lumen. It has been suggested to act as a
molecular chaperone, while a mutant form associated with
early-onset torsion dystonia, a dominantly inherited move-
ment disorder, appears to result in a net loss of function in
vivo. Thus far, no studies have examined the chaperone
activity of torsinA in vitro. Here we expressed and purified
both wild-type (WT) and mutant torsinA fusion proteins in
bacteria and examined their ability to function as molecular
chaperones by monitoring suppression of luciferase and
citrate synthase (CS) aggregation. We also assessed their
ability to hold proteins in an intermediate state for
refolding. As measured by light scattering and SDS-
PAGE, both WT and mutant torsinA effectively, and
similarly, suppressed protein aggregation compared to
controls. This function was not further enhanced by the
presence of ATP. Further, we found that while neither form
of torsinA could protect CS from heat-induced inactivation,
they were both able to reactivate luciferase when ATP and
rabbit reticulocyte lysate were added. This suggests that
torsinA holds luciferase in an intermediate state, which can

then be refolded in the presence of other chaperones. These
data provide conclusive evidence that torsinA acts as a
molecular chaperone in vitro and suggests that early-onset
torsion dystonia is likely not a consequence of a loss in
torsinA chaperone activity but might be an outcome of
insufficient torsinA localization at the ER to manage
protein folding or trafficking.
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Abbreviations
CS Citrate synthase
RRL Rabbit reticulocyte lysate
ER Endoplasmic reticulum
DYT1 Early-onset torsion dystonia
NE Nuclear envelope
MBP Maltose binding protein
WT Wild type
SDS-
PAGE

Sodium dodecyl sulfate–polyacrylamide gel
electrophoresis

Introduction

Early-onset torsion dystonia (or DYT1 dystonia) is a severe
and heritable neurological disorder characterized by sus-
tained muscle contractions and abnormal postures, typically
beginning during a developmental window at an early age
(Faun et al. 1998). Although there is no evidence of
neurodegeneration (Rostasy et al. 2003), the disease may
result from more subtle changes in neuronal function such
as altered dopaminergic or cholinergic transmission, as has
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been observed in DYT1 mouse models (Dang et al. 2005;
Shashidharan et al. 2005; Balcioglu et al. 2007; Zhao et al.
2008; Martella et al. 2009). The causative genetic mutation
appearing in most cases of this disease is a loss of one of
two adjacent glutamic acid residues (ΔE 302/303) resulting
from deletion in the DYT1 gene encoding human torsinA.
Heterozygous carriers with one WT copy and one mutant
copy of torsinA (ΔE) display the disorder in a dominant
manner with only 30–40% penetrance (Risch et al. 1990;
Bressman et al. 1994; Ozelius et al. 1997; Klein et al.
1999). Studies have shown the expression of torsinA to be
ubiquitous and present in both neuronal and non-neuronal
tissues (Augood et al. 1999; Ozelius et al. 1997; Rostasy et
al. 2003). Importantly, investigations in Dyt1 mouse models
have demonstrated that regulation of torsinA expression is
critical as high levels of both WT torsinA and torsinA (ΔE)
result in comparable phenotypic defects (Grundmann et al.
2007). Furthermore, mice containing knockouts of torsinA
do not survive long after birth (Dauer and Goodchild 2004).

TorsinA is a member of the AAA+ (ATPases associated
with cellular activities) family of proteins (Ozelius et al.
1997). Many members of this family form hexameric
oligomers and perform diverse cellular functions through
chaperone-like activity with implications in membrane
fusion, complex assembly and disassembly, and protein
processing and folding (White and Lauring 2007). TorsinA
appears to be no exception, with evidence demonstrating its
involvement in protein processing in the secretory pathway,
synaptic vesicle recycling, assembly/disassembly of the
cytoskeletal network in the nuclear envelope, reduction of
toxic misfolded protein aggregates, and serving in a
neuroprotective capacity against α-synuclein-induced neu-
rodegeneration (McLean et al. 2002; Cao et al. 2005;
Hewett et al. 2007; Hamamichi et al. 2008; Granata et al.
2008; Nery et al. 2008). Interestingly, torsinA is the only
AAA+ family member residing primarily in the ER lumen
(Kustedjo et al. 2000; Hewett et al. 2003). An N-terminal
hydrophobic domain is thought to anchor torsinA to the ER
membrane; however, biochemical evidence suggests that
torsinA remains peripherally associated (Callan et al. 2007;
Liu et al. 2003). Considering that interaction partners of
torsinA have been shown at the nuclear envelope (NE)
(Goodchild and Dauer 2005; Nery et al. 2008), this
peripheral association with the ER membrane suggests that
torsinA may be involved in protein trafficking between the
ER and NE. Indeed, a recent study has shown that LULL1,
a known interacting partner of torsinA, directs it to the NE
to displace certain LINC complex proteins, altering the
structure of the NE (Heyden et al. 2009).

Current evidence suggests that mutant torsinA (ΔE)
appears to result in a net cellular loss of torsinA
function, as its presence may interfere with WT torsinA
localization (Shashidharan et al. 2004; Torres et al. 2004).

Firstly, evidence in both mice and cell cultures has shown
torsinA (ΔE) to relocalize predominantly to the NE,
similar to that of an ATP hydrolysis mutant E171Q in
torsinA, which can bind, but not hydrolyze, ATP (Good-
child and Dauer 2004; Naismith et al. 2004). This suggests
torsinA (ΔE) might act like an ATP hydrolysis mutant
transferred to the NE by a permanently ATP bound
substrate. Secondly, studies with human cell culture have
shown that torsinA (ΔE) does not reduce misfolded
protein aggregates as WT torsinA does (McLean et al.
2002). Finally, recent work has shown that the torsinA
(ΔE) mutation results in a significantly reduced half-life
compared to WT torsinA, indicating a high turnover rate
(Giles et al. 2008; Gordon and Gonzalez-Alegre 2008).
While these data suggest that expression of torsinA (ΔE)
alone exerts reduced activity, the presence of both forms
together, as in DYT1 patients, tells a different story.
Importantly, studies have shown that cultured DYT1
patient fibroblasts display a significant reduction in
secretory pathway efficiency compared to normal human
cells (Hewett et al. 2008). However, knockdown of
torsinA (ΔE) in these fibroblasts resulted in an increase
in the secretory pathway efficiency, suggesting that
torsinA (ΔE) is partially inhibiting the endogenous
function of the WT form. Thus, it is speculated that the
disease state may result from a loss of torsinA function
due to association with the mutant form. Considering the
implications for torsinA in the secretory pathway, a
reduction in the activity of this suspected molecular
chaperone may have substantial consequences on the
proper processing of proteins and homeostasis in the ER,
mechanisms that have significant consequences on neuro-
nal transmission (Verkhratsky 2005).

Some, but not all members of the AAA+ family,
display chaperone function through either ATP-dependent
or ATP-independent mechanisms, thus supporting their
role as classical molecular chaperones (Zolkiewski 1999;
Zhou et al. 2001; Song et al. 2007). The ATP-independent
chaperone activities include the ability to recognize
misfolded proteins, as well as hold them in an intermedi-
ate state for refolding (Ben-Zvi and Goloubinoff 2001).
While much cellular evidence suggests that torsinA may
function as a molecular chaperone, studies to date on
torsinA have been limited to indirect observations of co-
localization and reduction of misfolded aggregates in vivo
or in cell cultures only; they have not assessed whether
torsinA has the ability to recognize misfolded proteins
itself or if it participates in a complex to exhibit this
chaperone-like activity. Here, for the first time, we report
direct biochemical evidence of the chaperone function of
torsinA in vitro using established and well characterized
assays for chaperone activity involving luciferase and
citrate synthase (Jakob et al. 1995; Herbst et al. 1997;
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Morrow et al. 2006). We assessed not only the capacity of
both torsinA and mutant torsinA (ΔE) to function as
chaperones in the recognition of non-native misfolded
proteins but also their ability to hold them in an
intermediate state for proper refolding.

Materials and methods

Plasmid constructs

The DYT1 WT (wild type) and DYT1 (ΔE 302/303)
cDNAs, encoding torsinA and mutant torsinA (ΔE),
respectively, were obtained from Ben Cravatt (Scripps
Research Institute, La Jolla, CA, USA) (Kustedjo et al.
2000). The DYT1 E171Q mutant was obtained from Phyllis
Hanson (Naismith et al. 2004). All torsinA constructs were
truncated 50 amino acids from the N-terminus and PCR-
amplified using torsinA Fwd and Rev primers from Table 1
containing BamHI and HindIII sites. PCR products were
blunt-end-ligated to pGEMT easy vector (Promega). The
PCR fragments were then cut out of the pGEMT easy
vector with BamHI and HindIII and gel-purified followed
by ligation into a maltose binding protein (MBP) vector (a
gift from Steve Pascal, Palmerston North Campus, New
Zealand) (Alexandrov et al. 2001) precut with BamHI and
HindIII. MBP was PCR-amplified from the MBP vector
using MBP GTWY5 and MBP GTWY3 in Table 1 and
cloned into pDONR221 to create an entry vector through
the Gateway Cloning System (Invitrogen). MBP was then
cloned into pDEST17, which contains an N-terminal
histidine tag. All final products were verified by sequencing
(MWG Sequencing).

Protein expression/purification

Triton X-114 (Sigma) was precondensed by adding 2 ml of
Triton X-114 to 98 ml of 20 mM Tris–HCl 150 mM NaCl
(pH 8.0) (buffer A). The solution was mixed at 4°C for
30 min and incubated overnight at 37°C. The detergent
condensed and separated into two phases, and the upper
aqueous phase was removed and replaced by the same
buffer and brought back to 100 ml. The detergent was
condensed twice more as above, and the concentration was
determined at 268 nm.

Expression of recombinant WT torsinA, torsinA (ΔE),
torsinA (E171Q), and MBP was carried out in Escherichia
coli strain BL21-AI (Invitrogen). Transformed cells were
induced with 10 μM IPTG at 20°C for 12 h. Cells were
spun down and resuspended in buffer A containing 1 mM
DTT, 0.1 mM PMSF, 1 mM EDTA, and 0.1 mM meta-
bisulfite and frozen at −80°C. They were then lysed by
sonication followed by centrifugation at 4°C (25,000×g) in
a Sorvall centrifuge using a SS-34 rotor to eliminate
insoluble proteins and cellular debris. Soluble extracts were
then ultracentrifuged (222,000×g) at 8°C in a Beckman
Ultracentrifuge using a 55.2Ti rotor. E. coli membranes
containing torsinA fusions were then resuspended in buffer
A, and precondensed Triton X-114 was added to 1.5%
along with 10% glycerol. The membranes were then stirred
at 4°C for 1 h then incubated at 25°C for 10 min until
turbidity was observed. The phases were separated by
centrifugation (1,800×g) at room temperature for 10 min.
The upper aqueous phase containing torsinA fusions was
removed and re-extracted with Triton X-114 and glycerol as
described above. The upper aqueous phase from the second
extraction was loaded on an amylose resin column and
washed with buffer A until the absorbance of detergent at
268 nm was negligible. The column was washed with
buffer A containing 1 M NaCl and eluted with buffer A
containing 10 mM maltose according to manufacturer’s
instructions (New England Biolabs).

Soluble extracts of MBP were loaded directly on an
amylose resin column and purified as described above.
After purification, the proteins were dialyzed against
40 mM HEPES-KOH (pH 7.5) and 150 mM NaCl and
visualized by SDS-PAGE followed by Coomassie staining.
Protein concentrations were determined by BCA assays
using BSA as a standard.

Materials

Citrate synthase (CS) from porcine heart mitochondria
was obtained from Roche and prepared as described
previously (Buchner et al. 1998). CS concentration was
determined using the published extinction coefficient of
1.78 for a 1-mg/ml solution (Buchner et al. 1998). Luciferase
and the luciferase assay system were purchased from Promega.
Oxaloacetate, acetyl-CoA, and dithio-1,4-nitrobenzoic acid
were purchased from Sigma.

Name Primer sequence

MBP GTWY 5 ggggacaagtttgtacaaaaaagcaggctggaaaatcgaagaaggtaaactgg

MBP GTWY 3 ggggaccactttgtacaagaaagctgggtgtcaagtctgcgcgtctttcagg

TorsinA Fwd gttggtttcggatccggaggtggaggtgggcagaagcggagccttag

TorsinA Rev gaaaccaacaagctttcaatcatcgtagtaataatc

Table 1 Primers used for clon-
ing MBP and torsinA variants

Primers are listed in the 5′→3′
direction
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CS inactivation

Thermal inactivation of CS occurred by incubating the
native protein at 43°C. CS (15 μM) was first diluted 1:100
into 40 mM HEPES-KOH (pH 7.5) and 0.1 mM EDTA in
the presence or absence of additional proteins at 25°C.
Inactivation was initiated by shifting the sample to 43°C.
Aliquots were taken at specific time points, and CS activity
was measured (Srere et al. 1963).

Aggregation assays

To measure CS aggregation, CS (15 μM) was diluted 1:100
in 40 mM HEPES-KOH (pH 7.5) and equilibrated at 44°C
in the presence and absence of chaperones or controls.
Luciferase (10 μM) was diluted as above and equilibrated
at 42°C with and without chaperones or controls. To
monitor kinetics of thermal aggregation, light scattering
was measured in a PerkinElmer LS50-B luminescence
spectrophotometer at 370 nm with a spectral bandwidth of
2.5 nm. For aggregation assays involving ATP, MBP or
torsinA, constructs were incubated with luciferase in the
presence and absence of 3 mM ATP, and aggregation was
measured as described above.

For monitoring aggregation of luciferase and CS by
SDS-PAGE and Coomassie staining, luciferase (0.8 μM)
or CS (1.6 μM) was incubated at 42°C and 44°C,
respectively, for 30 min in the presence and absence of
MBP, WT torsinA, or torsinA (ΔE). Reactions were then
spun down at 13,000 rpm in a microcentrifuge to
separate the soluble fraction from the insoluble pellet.
The pellet was resuspended in an equal volume to the
supernatant, and bands were visualized by SDS-PAGE
and Coomassie staining.

Luciferase refolding assay

Luciferase refolding assays were performed as described by
Lee et al. (1997) and as modified by Abdulle et al. (2002).
Luciferase (0.17 μM) was incubated with various concen-
trations of torsinA, torsinA (ΔE), and MBP in refolding
buffer [5 mM MgCl2, 10 mM KCl, 50 mM HEPES-KOH
(pH 7.5), and 2 mM DTT] at 22°C or 42°C for 15 min, then
cooled to room temperature. To prevent luciferase adsorp-
tion to walls, tubes were treated with 1 mg/ml BSA for
15 min then rinsed with water before use. Ten microliters of
the mixtures was added to a solution pre-incubated at 30°C
containing 18 μl of rabbit reticulocyte lysate (RRL)
(Promega) and 2 μl of 0.1 M ATP. At various times, 2 μl
of the sample was removed, added to 48 μl of 50 mM
HEPES-KOH (pH 7.5), vortexed, and diluted 10-fold into
luciferase assay reagent (Promega). Luciferase activity was
measured with a Promega GloMAX 20/20 luminometer.

ATPase assay

WT torsinA, torsinA (ΔE), torsinA (E171Q), and MBP, all
at 11 μM, were incubated in 20 mM Tris, 150 mM NaCl
pH 8.0 along with 2 mM ATP (Sigma) and 5 μCi of α32P-
ATP (Perkin Elmer) for 1 h at 37°C in a total reaction
volume of 10 μl. Soluble lysate from E. coli was used as a
positive control. At the end of the reaction period, PEI-
cellulose thin-layer chromatographic plates (Sorbent Tech-
nologies) were spotted with 1 μl of the reaction mixture and
developed with 1 M formic acid (Sigma) and 0.5 M LiCl
(Sigma) as previously performed (Liberek et al. 1991;
McClellan et al. 1998). After drying, radiolabeled ATP and
ADP spots were located by autoradiography and cut out,
and radioactivity was determined by scintillation counting.

Statistics

Statistical analysis for chaperone activity was performed
using the Student’s t test to compare torsinA and torsinA
(ΔE) endpoint results in various assays. Significance was
determined as P<0.05.

Results

Production of recombinant WT and mutant torsinA fusions

To examine the potential molecular chaperone activity of
torsinA, we used a previously published torsinA fusion
protein construct whereby the first 50 amino acids were
truncated from the N-terminus to eliminate the hydrophobic
domain (Hewett et al. 2003) (Fig. 1a). Both WT torsinA
and torsinA (ΔE) were prepared in this manner and fused to
MBP. Ultracentrifugation was used to clean up the soluble
protein extracts from E. coli. Surprisingly, however, we
found that both WT torsinA and torsinA (ΔE) fusion
proteins remained associated with E. coli membranes
despite the removal of the hydrophobic domain. TorsinA
fusions were pulled away from the membranes using Triton
X-114 and found to be in the aqueous fraction after phase
separation, suggesting a peripheral association (Fig. 1b).
The purified fusion proteins were resolved on SDS-PAGE
and migrated as 75-kDa bands as expected (Fig. 1b, c). All
chaperone assays were based on the monomeric 75-kDa
form.

WT and torsinA (ΔE) prevent aggregation of luciferase
and CS

To determine if torsinA displays molecular chaperone
activity, we investigated whether or not it could recognize
and bind misfolded proteins directly. We made use of
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luciferase and CS as substrates for our chaperone assays.
Luciferase and CS are two proteins that have the tendency
to aggregate at temperatures greater than 40°C. Using light
scattering, their aggregation can be measured over time.
Figure 2a illustrates the suppression of luciferase aggrega-
tion by WT torsinA at 42°C through a time course of
20 min. WT torsinA effectively suppressed 55.1±1.5%
aggregation of luciferase at a 2× molar excess concentra-
tion; this suppression increased to 67.8±3.6% at higher
concentrations (4×). Surprisingly, torsinA (ΔE) also sup-
pressed luciferase aggregation with 46.7±9.8% suppression
at 2× molar excess and 58.8±1.9% suppression at 4× molar
excess. There was no significant difference in luciferase
aggregation suppression between the WT and ΔE forms of
torsinA at either concentration tested (2×, P=0.24, 4×, P=
0.10) (Fig. 2a, b). The negative control MBP revealed
aggregation levels similar to that of luciferase alone
demonstrating that MBP does not suppress aggregation in
any way (Fig. 2a, b). Figure 2c depicts a comparative
analysis of final time points, demonstrating that there was
no significant difference between WT and mutant torsinA
(ΔE). To verify the results of the light scattering data, we
heated luciferase at 42°C in the presence and absence of
MBP, WT torsinA, and torsinA (ΔE). The soluble and
insoluble fractions were separated by centrifugation and
analyzed by SDS-PAGE and Coomassie staining. Consis-
tent with the light scattering assay, we found that both WT
and mutant (ΔE) torsinA significantly suppressed luciferase
aggregation, while MBP had no effect (Fig. 2d).

To confirm that torsinA was not specific for just one
misfolded substrate, we also tested whether or not WT

torsinA and torsinA (ΔE) could suppress the aggregation of
CS. Figure 3 demonstrates that both WT and torsinA (ΔE)
could also suppress CS aggregated at 44°C at equimolar
concentrations. WT torsinA (Fig. 3a) decreased aggregation
by 76.7±4.4% at 2× molar excess and 79.5±3.0% at 4×
molar excess. Likewise, torsinA (ΔE) exhibited a similar
protective effect of 69.1±6.3% at 2× molar excess and 75.4
±4.6% at 4× molar excess (Fig. 3b). Thus, both WT torsinA
and torsinA (ΔE) significantly suppressed CS aggregation
(P<0.01). There was no difference in CS aggregation
prevention between WT torsinA and torsinA (ΔE) at 2×
molar excess (P=0.17) or at higher concentrations of
protein (P=0.28) at the 20-min time point. The suppression
of CS aggregation as monitored by light scattering was
confirmed by SDS-PAGE and Coomassie staining of CS
incubated with and without MBP, WT torsinA, or torsinA
(ΔE) as described above (Fig. 3c). Taken together, these
data revealed that both WT torsinA and torsinA (ΔE) can
recognize and bind directly to misfolded protein substrates
with general specificity.

ATP does not affect the chaperone function of torsinA

Since torsinA belongs to the AAA+ family of ATPases, we
investigated whether or not the presence of ATP affected
the ability of torsinA to suppress aggregation. We incubated
luciferase with both WT torsinA and torsinA (ΔE) in the
presence and absence of 3 mM ATP. However, we found no
significant difference in the chaperone function of torsinA
in suppressing luciferase aggregation with or without ATP
(Fig. 4a,b). Furthermore, we did not obtain any detectable

Fig. 1 Purification of WT torsinA and torsinA (ΔE) fusions. a
Structural organization of torsinA before and after cloning modifica-
tions. Domains are indicated by abbreviations as follows: SS (signal
sequence), HD (hydrophobic domain), A (Walker A domain), B
(Walker B domain—also the location of the E171Q hydrolysis
mutant), 1 (sensor 1 domain), 2 (sensor 2 domain); asterisks indicate
location of ΔE 302/303 mutation. The SS and HD domains were
removed from torsinA and replaced with the MBP for purification
purposes. b Uninduced E. coli (lane 1), induced E. coli (lane 2),

supernatant from 25,000×g spin (lane 3), supernatant from 222,000×g
spin (lane 4), membrane fraction from 222,000×g spin (lane 5),
aqueous fraction from Triton X-114 separation (lane 6), purified
torsinA (lane 7) (75 kDa). c MBP (45 kDa) from the pDEST17 vector
purified by amylose resin column (lane 1). WT torsinA (lane 2) and
torsinA (ΔE) fusions (lane 3) (75 kDa) from MBP vector were
purified by amylose resin column chromatography and analyzed by
gel electrophoresis with Coomassie staining
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level of ATPase activity with WT torsinA or torsinA (ΔE);
both of these were compared to the negative control, the
torsinA E171Q hydrolysis mutant (data not shown). This
suggests that ATP does not affect the chaperone function of
torsinA alone, but may require the addition of a cofactor to
activate its ATPase activity and influence its chaperone
abilities as others have suggested (Zhu et al. 2008; Giles et
al. 2009).

WT torsinA and torsinA (ΔE) maintain denatured
luciferase in a folding competent state

To determine whether or not the partially unfolded proteins
captured by these chaperones were in a refoldable state, an
in vitro luciferase refolding assay was employed. In this

assay, luciferase is heat-denatured in the presence or
absence of chaperones, and then allowed to refold at a
lower temperature in the presence of ATP and other
chaperone machinery present in RRL. Luciferase main-
tained at 25°C remained fairly stable throughout the
refolding period (active luciferase—Fig. 5). However, when
luciferase was incubated at 42°C for 15 min in the absence
of any chaperones, or with 15× molar excess MBP, the
activity decreased to around 10% with no recovery
throughout the time course of luciferase refolding
(Fig. 5a, b). In the presence of a 10× and 15× molar excess
concentration of WT torsinA, luciferase regained 51.2±
11.0% and 47.6±9.1% activity, resulting in significantly
more reactivation than heated luciferase alone or in the
presence of MBP (P<0.05).

Fig. 2 WT torsinA and torsinA (ΔE) inhibit heat-induced aggrega-
tion of luciferase. Luciferase (0.1 μM) was incubated at 42°C for
20 min either alone (filled circles), in the presence of MBP (0.4 μM,
open circles), WT torsinA (0.2 μM, open triangles; 0.4 μM, filled
triangles) in a, or torsinA (ΔE) (0.2 μM, open triangles; 0.4 μM,
filled triangles) in b. Aggregation was determined by light scattering
at 370 nm. c There was no significant difference in the aggregation of
luciferase between WT torsinA and torsinA (ΔE). Comparative
analysis among torsinA constructs, MBP, and luciferase at 20-min
time points. For all time points, data are representative of three trials

and were calculated as a percentage of the maximum aggregation of
luciferase after 20 min for each trial and are expressed as the mean ±
the standard deviation. d Suppression of luciferase aggregation
monitored by SDS-PAGE and Coomassie staining. Lanes 1, 3, 5,
and 7 represent the soluble fractions. Lanes 2, 4, 6, and 8 represent the
insoluble fractions. Lanes 1 and 2 are 0.8 μM of luciferase only. Lanes
3 and 4 are 4.8 μM of MBP and 0.8 μM of luciferase. Lanes 5 and 6
are 4.8 μM of WT torsinA and 0.8 μM of luciferase. Lanes 7 and
8 are 0.8 μM luciferase and 4.8 μM torsinA (ΔE)
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However, no enhanced effect was observed with increasing
torsinA concentrations (P=0.68) (Fig. 5a).

When luciferase was denatured in the presence of a
10× and 15× molar excess of torsinA (ΔE), 44.5±8.1%
and 46.5±12.2% activity was recovered, demonstrating
considerably more reactivation than heated luciferase
alone or in the presence of MBP (P<0.05). Further
increasing concentrations of torsinA (ΔE) had no effect
(P=0.82) (Fig. 5b). Similar to the aggregation assays,
there was no significant difference between WT torsinA
and torsinA (ΔE) in restoring luciferase activity at either
concentration tested (10×, P=0.44; 15×, P=0.91) (Fig. 5a,

b). From these data, it is clear that both WT torsinA and
torsinA (ΔE) can maintain heat-denatured luciferase in a
refoldable state that allows it to be refolded by other
chaperones into a fully active enzyme.

�Fig. 3 WT torsinA and torsinA (ΔE) inhibit heat-induced aggrega-
tion of citrate synthase (CS). CS (0.15 μM) was incubated at 44°C for
20 min either alone (open circles), in the presence of MBP (0.6 μM,
filled circles), WT torsinA (0.3 μM, filled triangles; 0.6 μM, open
triangles) in a, or torsinA (ΔE) (0.3 mM, filled triangles; 0.6 mM,
open triangles) in b. Aggregation was determined by light scattering
at 370 nm. Data are representative of three trials and were calculated
as a percentage of the maximum aggregation of CS after 20 min for
each trial and are expressed as the mean ± standard deviation. c
Suppression of CS aggregation monitored by SDS-PAGE and
Coomassie staining. Lanes 1, 3, 5, and 7 represent the soluble
fractions. Lanes 2, 4, 6, and 8 represent the insoluble fractions. Lanes
1 and 2 are 1.6 μM of CS only. Lanes 3 and 4 are 6.4 μM of MBP and
1.6 μM of CS. Lanes 5 and 6 are 6.4 μM of WT torsinA and 1.6 μM
of CS. Lanes 7 and 8 are 1.6 μM CS and 6.4 μM torsinA (ΔE).
Arrowheads represent slight contaminants and/or degradation products
present in CS preparation from Roche

Fig. 4 ATP does not influence the prevention of luciferase aggrega-
tion by WT torsinA or torsinA (ΔE). Luciferase (0.1 μM) was heated
at 42°C for 20 min in the presence and absence of 3 mM ATP with
0.2 μM MBP or 0.2 μM WT torsinA in a or 0.2 μM torsinA (ΔE) in
b. Aggregation was determined by light scattering at 370 nm. Data are
representative of two trials and were calculated as a percentage of the
maximum aggregation of luciferase after 20 min for each trial and are
expressed as the mean ± standard deviation
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WT and ΔE torsinA cannot protect CS from thermal
inactivation

We next sought to investigate whether torsinA can protect CS
from inactivation at increased temperatures. If a chaperone is
capable of binding and efficiently releasing early intermediate
states of CS during heating, the result will be an extended
activity of CS during longer heating periods. We thus tested
whether or not torsinA could also hold CS in an intermediate
folding state as well as release it without the aid of other
chaperones, as in the luciferase refolding assay.

We found that neither WT torsinA nor torsinA (ΔE) could
protect CS from inactivation when compared to the negative
control MBP (Fig. 6). Further, we observed no effect at
higher concentrations tested (data not shown). The loss of

CS activity followed first-order enzyme kinetics with an
inactivation rate of 16.1×10−3 s−1 for MBP. Both WT
torsinA and torsinA (ΔE) had slightly higher rates (Table 2).
These data, combined with the aggregation results, suggest
that torsinA must be holding CS in a very stable complex
and may require other chaperones to remove the misfolded
protein from torsinA for proper refolding.

Discussion

The large and diverse AAA+ family of proteins to which
torsinA belongs contains a variety of proteins that function
with chaperone-like activity (White and Lauring 2007).
However, not all members of this family have been
demonstrated to behave as classical molecular chaperones
in recognizing misfolded proteins and holding them in an
intermediate state for refolding. For example, the AAA+
protein, valosin/p97, can recognize and suppress aggrega-
tion of non-native misfolded proteins, while another, NSF,
lacks this capability (Zhou et al. 2001; Song et al. 2007).

Fig. 6 WT torsinA and torsinA (ΔE) do not affect the rate of heat-
induced inactivation of CS. CS (0.15 μM) was incubated for 30 min at
43°C in the presence of 0.6 μM MBP (filled circles), 0.6 μM WT
torsinA (open circles), or 0.6 µM torsinA (ΔE) (filled triangles), and
CS activity was measured at various time points. The enzymatic
activity of CS was expressed as a percentage of initial CS activity

Fig. 5 Luciferase can be refolded in the presence of either WT
torsinA or torsinA (ΔE). Active luciferase (0.17 μM, filled circles)
was measured after incubation at 25°C for the indicated times. All
other measurements were made after incubation at 42°C for 15 min.
Luciferase (0.17 μM) was incubated either alone (open circles), or in
the presence of 15× MBP (2.5 μM; filled triangles). In a, luciferase
was incubated with WT torsinA (1.7 and 2.5 μM), and in b, luciferase
was incubated with torsinA (ΔE) (1.7 and 2.5 μM). The refolding step
was performed at 30°C for 120 min in RRL supplemented with ATP,
and luciferase activity was determined at the time points indicated.
Data are representative of three trials and are presented as percentage
of luciferase activity after 15 min of incubation at 42°C. Data are
expressed as mean ± standard deviation

Table 2 Influence of various proteins on the rate of thermal
inactivation of CS at 43°C

Addition to
inactivation buffer

Rate constant (×10−3s−1)
of CS thermal inactivationa

0.6 µM MBP 16.1

0.6 μM WT torsinA 17.0

0.6 μM torsinA (ΔE) 19.1

a Rate constants were obtained from the inactivation kinetics shown in
Fig. 6
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While the precise cellular function of torsinA remains to be
elucidated, it has been speculated that this essential protein
can function as a molecular chaperone based on cellular
assays (McLean et al. 2002; Caldwell et al. 2003).

We have shown that torsinA does indeed possess the
ability to recognize non-native misfolded proteins and bind
them directly using two different substrates. The data
presented from the aggregation assays involving luciferase
and CS demonstrate that torsinA prevents aggregation
considerably and with general specificity for misfolded
proteins, thus fulfilling one of the basic criteria of a
classical molecular chaperone (Ben-Zvi and Goloubinoff
2001). The comparative activity of torsinA in suppressing
aggregation is similar to that observed for hsp90, as well as
some small heat shock proteins, further demonstrating its
effectiveness as a molecular chaperone (Jakob et al. 1993;
Ehrnsperger et al. 1997; Buchner et al. 1998). Strikingly,
we found that the DYT1 dystonia-associated form of this
protein, torsinA (ΔE), also exhibited chaperone activity
equal to that of the WT form. Since both WT and torsinA
(ΔE) are fully capable of acting as molecular chaperones,
this suggests the cellular dysfunction associated with
dystonia may be more related to mislocalization of the
protein to the NE and/or absence of sufficient torsinA
function at the ER.

Although torsinA is a member of the AAA+ family, we
did not detect any ATPase activity of the torsinA constructs
or influence of chaperone function by the presence of ATP.
This is not surprising though, for a number of reasons.
Firstly, studies of the torsinA worm homolog ooc-5,
revealed no detectable ATPase activity when compared to
its ATP hydrolysis mutant (Zhu et al. 2008). Secondly, as
Zhu and others have pointed out, previous studies that have
investigated the ATPase activity of WT torsinA and torsinA
(ΔE) have been contradictory and did not have an ATP
hydrolysis mutant as a negative control. These studies have
also shown much lower rates of activity than that of other
AAA+ proteins as well as conflicting results between the
ATPase activity of WT torsinA and torsinA (ΔE) (Kustedjo
et al. 2000; Konakova and Pulst 2005; Pham et al. 2006).

Finally, studies have shown that the torsinA family lacks
critical residues needed for ATP binding and hydrolysis
(Zhu et al. 2008; Nagy et al. 2008). An elegant study by
Nagy and others found that while most AAA+ family
members such as ClpB contain a threonine or serine
directly flanking the critical lysine residue in the Walker
A binding motif, the torsinA family contains an asparagine
residue instead. Their data showed that in ClpB, replacing
the threonine with asparagine compromised its ATPase
activity as well as its ATP-dependent chaperone function.
Thus, the threonine residue may be involved in nucleotide
binding (Nagy et al. 2008). Further, DnaC also contains an
asparagine residue in the same position as torsinA in its

Walker A motif and, in addition, lacks ATPase activity
without the presence of other factors such as ssDNA or
DnaB (Davy et al. 2002; Nagy et al. 2008). Finally, many
AAA+ members contain a highly conserved arginine finger
located near the sensor II motif, which is needed for ATP
hydrolysis (Ogura et al. 2003). As others have found, the
torsinA family also lacks this critical residue. It remains
possible, however, that torsinA may require some unknown
cofactor to activate its ATPase activity, as previously
suggested (Zhu et al. 2008; Giles et al. 2009). This in turn
could influence its chaperone abilities, although further
studies will be needed to test this hypothesis.

Since both torsinA forms were capable of suppressing
aggregation, we were curious to know whether or not the
torsinA–luciferase complex was a “dead-end complex” that
rendered the misfolded substrate incapable of being
refolded, or whether torsinA could in fact hold the
luciferase in a state for proper refolding by other chaper-
ones. To this end, a luciferase reactivation assay was
employed. We found that both WT and torsinA (ΔE) could
maintain luciferase in a state for refolding, resulting in 40–
50% reactivation of luciferase. This evidence indicates that
the torsinA–luciferase complex was not in a dead-end state,
and the misfolded protein could be salvaged.

The results of the luciferase reactivation assay prompted
us to further examine the intermediate folding states of the
misfolded protein, as well as the efficiency of torsinA in
binding and releasing it. The CS inactivation assay differs
from the luciferase reactivation because the refolding of the
early intermediate states of CS depends upon their
equilibrium with native CS. Thus, this assay depends on
the ability of torsinA to bind and release these intermediates
efficiently, thereby creating a reservoir of early CS
intermediates, rather than requiring additional chaperones
to remove it from torsinA and refold it themselves (Buchner
et al. 1998). If torsinA can bind and release CS efficiently
during heating, the activity of CS should be significantly
extended compared to heating of CS with the negative
control MBP. However, neither WT nor torsinA (ΔE) could
protect CS from inactivation, suggesting that torsinA holds
CS in a very stable complex that is not readily dissociated.
This is not too surprising, as a number of small heat shock
proteins can suppress CS aggregation but are unable to
release it; these data often are suggestive of a requirement
for other chaperones (Lee et al. 1995; Bose et al. 1996;
Chang et al. 1996; Ehrnsperger et al. 1997).

Members of the AAA+ family share a highly conserved
AAA domain responsible for their ATPase activity. The
number of AAA domains in the protein classifies them as
class I (containing two AAA domains) or class II (contain-
ing a single AAA domain) members, with a few proteins
such as dynein containing six AAA domains (White and
Lauring 2007). TorsinA is classified as a class II AAA+
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protein containing a single AAA domain. Previous studies
have found that the AAA domain is involved in the
prevention of protein aggregation in both class I and II
members that are capable of this function (Wawrzynow et
al. 1995; Weibezahn et al. 2003; Song et al. 2007).

Past and present structural model predictions suggest
that the structure of torsinA is most similar to that of the
second AAA domain of ClpA and ClpB (Kock et al. 2006;
Zhu et al. 2008). ClpB is an ATP-dependent chaperone
present in E. coli, which is capable of preventing the
aggregation of misfolded proteins as well as disaggregating
them (Zolkiewski 1999). Although studies have shown that
substrate interaction with ClpB occurs within the N-
terminal AAA domain, its full chaperone capabilities
require communication between both AAA domains in a
cycle of ATP binding and hydrolysis, which is linked to
substrate binding and release (Schlieker et al. 2004; Doyle
et al. 2007).

ClpA is another bacterial protein with ATP-dependent
chaperone abilities similar to ClpB (Doyle et al. 2007).
However, in contrast to ClpB, ClpA can also prevent
aggregation in the absence of ATP (Wickner et al. 1994).
Our study demonstrates that torsinA, which contains a
single AAA domain, may function similar to ClpA in its
ability to prevent aggregation in the absence of ATP. This is
also similar to that of another AAA+ protein, valosin p97
(Song et al. 2007). Furthermore, both torsinA and ClpA can
protect luciferase from thermal inactivation, although they
require other chaperones for luciferase reactivation (Wick-
ner et al. 1994). Despite the lack of altered chaperone
function in the presence of ATP, it remains possible that
torsinA, with the addition of activating cofactors of ATPase
activity, might still act as an ATP-dependent chaperone
similar to ClpA and ClpB.

The realization that torsinA (ΔE) possesses chaperone
activity equal to that of the WT torsinA protein is interesting
considering that previous studies have suggested that torsinA
(ΔE) appears to result in loss of function (Hewett et al. 2000;
McLean et al. 2002; Caldwell et al. 2003; Misbahuddin et al.
2004). Prior reports demonstrated that overexpressed torsinA
(ΔE) was not only unable to recognize and prevent the
aggregation of misfolded proteins but also formed membra-
nous inclusions itself in cell cultures. In contrast, our in vitro
data conclusively show that mutant torsinA (ΔE) was fully
capable of recognizing and suppressing the aggregation of
both luciferase and CS, as well as able to hold luciferase in
an intermediate state for refolding.

It is possible that the overall reduction of chaperone
activity seen in previous studies is due to sequestration of
torsinA (ΔE) into membranous inclusions when overex-
pressed in cell culture and in vivo, thus rendering it
incapable of activity. Notably, membranous inclusions are
not observed when experiments are performed using DYT1

dystonia patient cells that have endogenous levels of
torsinA (ΔE) (Walker et al. 2002; Rostasy et al. 2003;
Bragg et al. 2004). Thus, the absence of torsinA (ΔE)
chaperone function associated with overexpression in cell
cultures could possibly be an artifact of the expression
levels employed, as has been suggested by others (Gordon
and Gonzalez-Alegre 2008).

Studies have shown that WT torsinA is a relatively long-
lived protein that is degraded by autophagy while torsinA
(ΔE) is short lived, and is prematurely degraded through the
proteasome and autophagy (Giles et al. 2008; Gordon and
Gonzalez-Alegre 2008). Furthermore, human genetic studies
have found that torsinA contains a single nucleotide
polymorphism (SNP) that changes aspartic acid (D) to
histidine (H) at residue 216. Interestingly, this SNP is found
more often in torsinA (ΔE) carriers lacking dystonia
symptoms but less often in those displaying symptoms
(Kock et al. 2006; Risch et al. 2007). Likewise, studies have
shown that co-expression of Δ216H and torsinA (ΔE) in
trans, but not in cis, leads to an overall reduction in inclusion
formation (Kock et al. 2006). In the context of our work,
where we show that both the WT and torsinA (ΔE) proteins
retain chaperone function, it is possible that the multimeric
complex of these proteins together in vivo leads to an
instability of the oligomer resulting in its early degradation.

To date, much of the accumulated evidence on torsinA
suggests potentially distinct functions or differential inter-
actions at both the NE and the ER. On one hand, the
interaction of torsinA with LULL1 regulates its trafficking
to, and subsequent restructuring of, the NE through
interacting LINC complex proteins (Goodchild and Dauer
2005; Heyden et al. 2009). On the other hand, evidence has
clearly shown torsinA to have implications on secretory
pathway function, with the WT protein serving a necessary
role in maintaining secretion efficiency in the ER (Hewett
et al. 2007). The biochemical outcomes of our study lend
solid evidence to the hypothesis that torsinA does in fact
function as a molecular chaperone, irrespective of its
intracellular locale or mutated state in dystonia. In this
regard, torsinA chaperone activity need not presuppose a
mutual exclusivity of function at either the ER or NE, as the
diversity of chaperone functions in protein folding and
trafficking are well established. Nevertheless, it remains
important to further discern the consequences of torsinA
activity in the context of its cellular localization, especially
as it may pertain to the disease state.
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Sentence summary

TorsinA is a member of the diverse AAA+ family of proteins that
includes molecular chaperones and is an evolutionarily conserved, ER-
resident protein for which a precise function remains to be elucidated.
Importantly, a 3bp deletion in the DYT1 gene encoding human torsinA
results in a movement disorder termed early-onset torsion dystonia,
wherein this mutation leads to protein mislocalization and is thought to
result in a net loss of torsinA function in vivo. Here, for the first time,
we biochemically investigate the chaperone function of torsinA, as well
as the dystonia-associated mutant form, and report that both proteins
display comparable chaperone-like activity in vitro, thereby implying
that the neuronal dysfunction linked to torsinA may not be a direct
consequence of a deficit in chaperone capacity but is, perhaps, an
outcome of insufficient torsinA localization at the ER to manage protein
folding or trafficking.
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