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Early onset (DYT1) torsion dystonia is a dominantly inherited
movement disorder associated with a three-base pair (�GAG)
deletion that removes a glutamic acid residue from the protein
torsinA.TorsinA is an essentialAAA� (ATPases associatedwith
a variety of cellular activities) ATPase found in the endoplasmic
reticulum and nuclear envelope of higher eukaryotes, but what
it does and how changes caused by the �GAG deletion lead to
dystonia are not known.Here, we asked how theDYT1mutation
affects association of torsinA with interacting proteins. Using
immunoprecipitation and mass spectrometry, we first estab-
lished that the related transmembrane proteins LULL1 and
LAP1 are prominent binding partners for torsinA inU2OS cells.
Comparative analysis demonstrates that these two proteins are
targeted to the endoplasmic reticulum or nuclear envelope by
their divergent N-terminal domains. Binding of torsinA to their
C-terminal lumenal domains is stabilized when residues in any
one of three motifs implicated in ATP hydrolysis (Walker B,
sensor 1, and sensor 2) are mutated. Importantly, the �GAG
deletion does not stabilize this binding. Indeed, deleting the
�GAGencoded glutamic acid residue fromany of the threeATP
hydrolysis mutants destabilizes their association with LULL1
and LAP1C, suggesting a possible basis for loss of torsinA func-
tion. Impaired interaction of torsinA with LULL1 and/or LAP1
may thus contribute to the development of dystonia.

TorsinA is the causative protein in early onset torsion dysto-
nia, also known as DYT1 dystonia or Oppenheim Disease (1).
The disease is characterized by severe and generalized abnor-
malities in motor control that typically begin during childhood
(2). DYT1 dystonia is an autosomal dominant disorder associ-
ated with a three-base pair (�GAG) deletion that removes one
of a pair of glutamic acid residues (Glu-302/303) from near the
C terminus of torsinA (3). We will refer to this mutant protein
as torsinA�E. TorsinA is expressed throughout the body,
although its levels vary in different cell types and over the
course of development (1, 4). TorsinA is an essential protein in
the mouse, because Tor1A�/� mice die within a few hours of
birth (5, 6). Because knock-in of torsinA�E does not rescue
these mice from perinatal lethality (5, 6), the disease-linked
deletion is considered to be a loss-of-function mutation.
The cellular functions potentially ascribed to torsinA vary

widely, but in general remain poorly understood. TorsinA

resides within the lumen of the endoplasmic reticulum (ER)2
and contiguous nuclear envelope (NE) (7–10). Based on its
membership in theAAA� (ATPases associatedwith a variety of
cellular activities) family of ATPases (1, 11) and the protein
disaggregating activity of the most closely related AAA� pro-
tein ClpB/Hsp104, it seems likely that torsinA disassembles
protein complexes or otherwise changes the conformation of
proteins in the ER or NE. However, protein complexes acted
upon by torsinA remain elusive, and definitive demonstration
of torsinA activity is still lacking (12, 13). The NE is the favored
binding site for a hydrolysis-deficient “substrate trap” torsinA
mutant (14), and both expression of this substrate trap mutant
and removal of torsinA by gene deletion perturb NE structure
(5, 14). These observations point to a significant role for torsinA
in regulating protein complexes within the NE. A candidate-
based screen to determine whether any of a set of known NE
proteins associate with torsinA uncovered an interaction with
the inner nuclear membrane protein LAP1 (also known as
TOR1AIP1) and a related protein in the ER, LULL1 (also known
as TOR1AIP2 or NET9) (15). Nesprin-3, a resident of the outer
nuclear membrane implicated in connecting the nucleus to the
cytoskeleton, is another NE protein recently reported to inter-
act with torsinA (16).
TorsinA has also been implicated in regulating the secretory

pathway (17–20) and in modulating cellular responses to such
insults as oxidative stress or aggregated proteins (21–23). Most
studies of these effects have focused on differences between
expressing wild-type torsinA and torsinA�E. In a particularly
striking set of studies, overexpressing torsinA�E selectively
impaired efflux of a secreted luciferase from cells (19). Impor-
tantly, this inhibitory effect was also seen in DYT1 patient-de-
rived fibroblasts (with one copy of the gene encoding
torsinA�E), and in this setting could be overcome by RNA
interference-mediated removal of the mutant protein (20).
Although it remains to be determined exactly how the �E dele-
tion changes torsinA structure and function (see Refs. 24 and 25
for structural modeling), these results, together with its inabil-
ity to rescue function in knock-in mice (5, 6), suggest that the
torsinA�E mutation causes both loss- and gain-of-function
changes in torsinA, potentially explaining the autosomal dom-
inant inheritance of DYT1 dystonia.
In the present study, we wanted to better understand the

molecular basis for functional changes caused by the �GAG
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glutamic acid (�E) deletion. We began by identifying de novo
torsinA interacting proteins in the cultured human U2OS cell
line. After finding that the previously discovered transmem-
brane proteins LULL1 and LAP1 were the prominent binding
partners in these cells (15), we proceeded to further character-
ize their interaction with torsinA and to explore how this is
affected by the�E deletion. Our findings indicate that impaired
or destabilized binding of torsinA�E to LULL1 and LAP1 could
provide a molecular explanation for a loss of function that con-
tributes to DYT1 dystonia.

EXPERIMENTAL PROCEDURES

Plasmids and Mutagenesis—Previously described torsinA
expression constructs (wild-type and single mutants) include
untagged torsinA in pcDNA3 (24); torsinA-His6myc in
pcDNA4/TO (24); and torsinA-green fluorescent protein
(GFP) in pEGFP-N1 (14)). All GFP constructs used in this study
were changed tomonomeric GFP (mGFP) byQuikChange site-
directed mutagenesis of L221K in GFP (40). E171Q, N208A,
and K320Mmutations were introduced into torsinA�E by site-
directed mutagenesis to create double mutants as indicated.
LULL1-myc was made by PCR amplification of LULL1
(NM_145034, residues 1–470) from HeLa Quick-clone cDNA
(Clontech) with primers containing HindIII and EcoRI restric-
tion sites followed by ligation into pcDNA4/TO/MycHisC
(Invitrogen). LAP1C-myc (NM_015602, residues 1–462) was
created in the same way except with BamHI at the 3� end.
Expression vectors encoding the cytoplasmic fragments of
LULL1 and LAP1C were prepared by amplifying the indicated
fragments (LULL1-(1–217) and LULL1-(1–241); LAP1C-(1–
217) and LAP1C-(1–240)) again with primers containing 5�
HindIII and 3� EcoRI (LULL1) or BamHI (LAP1C) sites fol-
lowedby introduction into pcDNA4/TO/MycHisC. Expression
vectors encoding the lumenal fragments with the myc epitope
tag and C-terminal KDEL ER-retrieval sequence were prepared
by amplifying the lumenal fragments (LULL1 residues 236–
470; LAP1C residues 237–462) with primers containing 5� SalI
and 3� NotI restriction sites followed by subcloning into
pCMV/myc/ER (Invitrogen). The LAP1C/LULL1 chimeric
protein consists of the LAP1C nucleoplasmic domain (residues
1–216) fused to the LULL1 transmembrane and lumenal
domains (residues 218–470) in pcDNA4/TO/MycHisC. A
Nde1 restriction site was introduced into each fragment to
ligate them together. The LULL1/LAP1C chimeric protein
consists of the LULL1 cytoplasmic and transmembrane
domains (residues 1 - 241) fused to the LAP1C lumenal domain
(residues 237–462). In this case, a KpnI site was introduced to
form the junction. The sequences of all coding regions were
verified by nucleotide sequencing.
Cell Culture and Cell Lines—U2OS-T-Rex cells (Invitrogen)

were grown in Dulbecco’s modified Eagle’s medium and 10%
tetracycline-free fetal bovine serum (Atlanta Biologics). Tetra-
cycline-inducible cell lines expressing wild-type torsinA-
His6myc, E171Qmutant torsinA-His6myc, LULL1-His6myc, or
LAP1C-His6myc were isolated as described previously (41)
using hygromycin (50 �g/ml) and zeocin (100 �g/ml) for selec-
tion and stock maintenance. TorsinA cell lines with a low level
of torsinA-His6myc expression were used without added tetra-

cycline to isolate endogenous binding partners. For tetracy-
cline-induced expression (used with LULL1 and LAP1C stable
lines) 1 �g/ml tetracycline was added at the time indicated.
Transient transfections were carried out using Lipofectamine
2000 (Invitrogen) according to themanufacturer’s instructions.
Antibodies—The following antibodies were used: mouse

anti-torsinA DMA28 (9), mouse anti-myc 9E10 (Developmen-
tal Studies Hybridoma Bank), rabbit anti-GFP (41), and mouse
anti-LAP2 (BD Biosciences). Secondary goat anti-mouse and
goat anti-rabbit antibodies conjugated to Alexa Fluor 488 or
Alexa Fluor 555 were purchased from Invitrogen. Secondary
antibodies conjugated to horseradish peroxidase were pur-
chased from Bio-Rad.
Immunoprecipitation—For identification of torsinA binding

partners (Fig. 1), cells from three confluent 15-cm plates of
torsinA(E171Q) or control U2OS cells were collected and sol-
ubilized in 1.5ml ofMPER buffer (Pierce) supplemented with 2
mM MgCl2, 2 mM ATP, and 1� complete protease inhibitor
(Boehringer). After an incubation of 30 min at 4 °C, samples
were centrifuged to remove insoluble material, and 20 �l of
c-Myc monoclonal antibody pre-conjugated to agarose beads
(Pierce) was added followed by incubation for 4 h. Beads were
washed 3� and bound material was eluted with three 20-�l
batches of lowpHelution buffer. Sampleswere neutralizedwith
3 �l of 1 M Tris, pH 9.5, and prepared for electrophoresis by
adding 10 �l of non-reducing loading dye (Pierce). 50 �l were
loaded and resolved on a 4–15% 1 mmCriterion gel (Bio-Rad),
which was then fixed and stained with SYPRO Ruby (Invitro-
gen) according to the manufacturer’s instructions.
For analysis of binding between variants of torsinA and LULL1

or LAP1C (see Figs. 3–5), LULL1-His6myc or LAP1C-His6myc
expression was induced by adding tetracycline to stable cells cul-
tured in 6-cmdishes, followed6h later by transient transfectionof
plasmid encoding the indicated torsinA protein. 18 h later, cells
were scraped from the dish and solubilized in 500 �l of buffer
containing 25 mMHepes, pH 7.5, 20 mM NaCl, 2 mM ATP, 2 mM

EDTA, 10 mM MgCl2, and 0.5% CHAPS (w/v). Lysates were cen-
trifuged to remove insoluble material, and 3–5 �g of anti-myc
9E10monoclonal antibodywas added.After 2hof rotation at 4 °C,
15 �l of Protein G-Sepharose (Pharmacia) was added followed by
rotation for 1 h. Unboundmaterial was removed, and beads were
washed3�.Beadswere thenresuspended inbuffer (100�l forcells
transfected with mGFP torsinA, 500 �l for cells transfected with
untagged torsinA). All samples were then prepared for and ana-
lyzed by SDS-PAGE and immunoblotting. Immunoblots were
processed and developed as described using Supersignal ECl rea-
gent (Pierce) according to themanufacturer’s directions.
Mass Spectrometry—Proteins were identified using in-gel

trypsin digestion of excised bands followed by liquid chroma-
tography-tandem mass spectrometry and analysis using Mas-
cot (Matrix Science) at theWashington University Protein and
Nucleic Acid Chemistry Laboratory.
Analysis of Protein Solubility—Stable cell lines were induced

to express LULL1- or LAP1C-His6myc for 18 h, followed by
solubilization in buffer containing 20 mM Hepes, pH 7.5, 0.5%
Triton X-100, and the indicated concentration of NaCl (0, 100,
250, and 500 mM). Samples were incubated for 30 min at 4 °C
and then centrifuged at 18,000 � g for 30 min to separate solu-
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ble from insoluble material. Insoluble material was resus-
pended in the same volume as the soluble fraction and dis-
persed by sonication. Equal volumes of soluble and insoluble
material were resolved by SDS-PAGE and analyzed by
immunoblotting.
Immunofluorescence—Immunofluorescence was performed

on cells fixed in 3% paraformaldehyde in phosphate-buffered
saline and permeabilizedwith 0.2%TritonX-100 in phosphate-
buffered saline. Sampleswere blockedwith phosphate-buffered
saline containing 10% goat serum, incubated for 1 h at room
temperature with primary antibody (anti-myc 9E10; 1:1000),
washed, and incubated with fluorescent secondary antibody.
After washing, coverslips weremounted usingMowiol (Calbio-
chem). GFP fluorescence was visualized directly. Epifluores-
cence images were captured with a Leica Diaplan microscope
using a 63� 1.4-numerical aperture objective and a Zeiss Axio-
Cam MRm. Figures were prepared by using Photoshop and
Illustrator software packages (Adobe Systems, San Jose, CA).

RESULTS

Isolation of torsinA-interacting Proteins—Given the still
unknown cellular function of torsinA, we set out to use an unbi-
ased co-immunoprecipitation approach to identify proteins
that bind to human torsinA in a cultured cell line with a well
elaborated ER and a readily detectable level of endogenous
torsinA. We made stable U2OS cell lines expressing wild-type
or ATPase-deficient Walker B mutant (E171Q) torsinA tagged
at theC terminuswithHis6myc. Tomaximize recovery of inter-
acting proteins, we selected cell lines that express tagged
torsinA at levels comparable with those of endogenous enzyme
(Fig. 1A). Immunostaining with a myc-specific antibody con-
firmed that wild-type torsinA localizes diffusely throughout the
ER whereas the E171QWalker B mutant is enriched in the NE
(Fig. 1B), as expected based on previous work (14, 26). Because
most AAA� proteins have the highest affinity for substrates
and cofactors whenATP-bound (11), we focused on identifying
proteins associated with the E171Q mutant.
To do this, we immunoprecipitated torsinA(E171Q)-

His6myc from an extract containing Mg2� ATP and visualized
both torsinA and co-precipitated proteins by SDS-PAGE and
SYPRO-Ruby staining (Fig. 1C). Parallel samples from nonex-
pressingU2OScells provided a control fornonspecifically recov-
ered proteins. Of several bands unique to the torsinA(E171Q)
sample, onemigrating at�90 kDa was identified as the glycopro-
tein chaperone calnexin by immunoblotting (data not shown). To
identify other proteins, we performed in-gel trypsin digestion fol-
lowedby liquidchromatography-tandemmassspectrometrymass
spectrometry. Proteins for which we recovered more than three
peptides are indicated next to the corresponding band in Fig. 1C
and include LULL1 (also known as TOR1AIP2 or NET9) at �70
kDa andTor3A at�50 kDa. Additional proteins identified by one
or two peptides included, among others, LAP1B (also known as
TOR1AIP1) and Tor1B. Although it is unlikely that these are the
only proteins that bind torsinA, the fact that an unbiased analysis
leads to two sets of proteins (LAP1-like transmembrane proteins
and other torsin family members) already defined in tests of can-
didate binding partners (15, 27) indicates that these are likely to be
of general importance. Our particularly efficient recovery of

LULL1 (Fig. 1C) indicates that this is a major torsinA-interacting
protein in U2OS cells, although solubility issues probably limited
the amount of LAP1 that we recovered. Because little is known
about LULL1 other than that it shares sequence similarity with
LAP1 (15), we decided to further characterize LULL1 and LAP1
and their relationship with torsinA. Interactions between torsinA
and other torsins including Tor1B and Tor3A will be considered
further elsewhere.
Subcellular Localization of LULL1 and LAP1 Is Determined

by Divergent N-terminal Domains—LAP1 and LULL1 are type
II single transmembrane domain proteins encoded by adjacent
genes on human chromosome 1 (15). They are homologous to
each other in their C-terminal lumenal domains and bind via
these to torsinA (15). There are three splice variants of LAP1
(LAP1A, LAP1B, and LAP1C) with differing N-terminal initia-
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FIGURE 1. Identification of torsinA-interacting proteins in U2OS cells.
A, immunoblot of torsinA in whole cell lysates of the indicated cells (parental
U2OS-TRex cells, stable wild-type (wt)- or E171Q-torsinA U2OS cell lines)
probed with an antibody specific for torsinA (tA) (DMA28 (9)). The faster
migrating band corresponds to endogenous torsinA, and the slower band
corresponds to His6myc-tagged torsinA. B, immunofluorescence of wild-type
or E171Q torsinA-His6myc in stable U2OS cell lines visualized with anti-myc
antibody. Scale bar, 10 �m. C, material immunoprecipitated with pre-conju-
gated Pierce myc resin from cells expressing torsinA(E171Q)-His6myc or from
control U2OS cells resolved by SDS-PAGE on a 4 –15% gradient gel. Proteins
were visualized by staining with SYPRO-Ruby. Arrows show proteins identi-
fied by immunoblotting (calnexin) or liquid chromatography-tandem mass
spectrometry (LULL1 (14 peptides) or Tor3A (6 peptides)). Additional proteins
identified by 1–2 peptides in the torsinA immunoprecipitate (IP) included
LAP1B and Tor1B.
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tion sites that generate proteins with increasingly long N-ter-
minal domains connected to a common transmembrane and
lumenal domain (28, 29). LAP1 isoforms are abundant proteins
that bind to A- and B-type lamins (30, 31) but how they con-
tribute to NE organization and/or function is still unknown.
LULL1 has been described as a diffusely distributed ER protein
(15) and as a potential NE resident (32, 33). Neither LAP1 nor
LULL1 have any predicted functional motifs. To understand
how these proteins interface with torsinA and other cellular
factors, we first studied their localization in U2OS cells.
After isolating tetracycline-inducible U2OS cell lines that

express LAP1C- or LULL1-His6myc (Fig. 2A), we found that
LAP1C accumulates in the NE, whereas LULL1 is diffusely dis-
tributed throughout the ER and NE (Fig. 2B), consistent with
most previous reports (15, 29). Interestingly, LAP1C concen-
trates in the NE even when highly overexpressed, suggesting

that factors responsible for recruiting it there are not readily
saturated. Overexpressed LAP1C induces abnormalities in the
shape of the nucleus that sometimes include extensions of the
NE into the nucleus (Fig. 2B, lower panel, and data not shown;
note that extensions of theNE into the nucleus appear as bright
areas over the nucleus in these widefield fluorescence images).
In contrast, overexpressing LULL1 has no obvious effect on the
morphology of either the nucleus or the ER (Fig. 2B and data
not shown). As an independent measure of the relationship
between these two proteins and the NE, we took advantage of
the fact that proteins in the inner nuclearmembrane that inter-
act with lamins and/or chromatin typically resist extraction in
low ionic strength buffers (30). LULL1 was completely soluble
in a buffer containing only Triton X-100, whereas approxi-
mately half of the overexpressed LAP1C was insoluble under
these conditions (Fig. 2C). Adding 250 mM NaCl to the buffer
solubilized the remaining LAP1C. For comparison, an endoge-
nous inner nuclear membrane protein, LAP2, in the same sam-
ples was insoluble in 0 or 100 mM NaCl and fully solubilized
when 250 mM NaCl was added.
Why do LAP1 and LULL1 differ so strikingly in their subcel-

lular localization? We separated N-terminal cyto- or nucleo-
plasmic domains from C-terminal lumenal domains and
expressed each as a fragment with or without a transmembrane
domain. The N-terminal LAP1C fragment concentrated in the
nucleuswithout and in theNEwith its transmembrane domain,
whereas the same fragment of LULL1 distributed uniformly
throughout the cell without and throughout the ER with its
transmembrane domain (Fig. 2D). Lumenal fragments of both
proteins (with C-terminal KDELmotifs) were present through-
out the ER (Fig. 2D). Swapping N-terminal domains further
confirmed that these are responsible for the different subcellu-
lar distribution of these two proteins (Fig. 2D). As a likely expla-
nation for their distinct properties, we note that despite some
sequence similarity, the N-terminal domain of LAP1C has a pI
of �9, whereas that of LULL1 has a pI of �4. This difference in
charge is maintained throughout evolution and in splice vari-
ants of LAP1 (LAP1A–C). Taking into account the known cor-
relation between basic pI and localization to the inner nuclear
membrane (34), we suggest that the charge within theN-termi-
nal domains is likely to contribute to the fundamentally differ-
ent distribution of these two proteins. Their shared ability to
interact with torsinA will enable it to engage and affect distinct
networks of proteins.
Effect of Mutations in Defined Nucleotide-interacting Motifs

on torsinA Binding—In their description of the interaction
between LAP1 or LULL1 and torsinA, Goodchild and Dauer
(15) noted that the Walker B E171Q mutant interacted more
efficiently with these proteins than did the wild-type enzyme,
implying regulation by the nucleotide bound to torsinA. How-
ever, because the buffers used did not contain ATP and because
it is yet to be determined exactly how torsinA responds to the
presence or absence of ATP (13), other explanations for the
observed differences are possible. Our recovery of LULL1 and
LAP1 bound toWalker Bmutant torsinA inMg2� ATP (Fig. 1)
supports the hypothesis that ATP-bound torsinA is the form
that binds to these proteins. To more generally define the role
of nucleotide status in these interactions, we asked how torsinA

FIGURE 2. Properties of torsinA-interacting proteins LAP1C and LULL1.
A, immunoblot of LULL1-His6myc (top) or LAP1C-His6myc (bottom) before
and 6 or 24 h after adding tetracycline to stable U2OS cell lines. B, represent-
ative immunofluorescence of LULL1-His6myc (top left) or LAP1C-His6myc (top
right and bottom) in stable U2OS cell lines expressing protein for 18 h. Nuclei
are distorted in a large fraction of cells expressing LAP1C but not in cells
expressing LULL1. Scale bar, 10 �m. C, solubilization of LULL1-His6myc,
LAP1C-His6myc, or endogenous LAP2 in buffers containing 20 mM Hepes,
0.5% Triton-X100, and NaCl as indicated. Equal fractions of soluble and insol-
uble (S and P, respectively) fractions were resolved by SDS-PAGE and
detected by immunoblotting with anti-myc antibody. D, immunofluores-
cence of LAP1C and LULL1 fragments and chimeric molecules. Top panel,
LAP1-(1–217)His6myc, LAP1-(1–240)His6myc, LULL1-(1–217)His6myc, and
LULL1-(1–241)His6myc. Bottom panel, LAP1-(241– 462), LULL1-(242– 470),
LAP1/LULL1 chimera, and LULL1/LAP1 chimera. Scale bar, 10 �m.
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with mutations in each of several independent nucleotide-in-
teracting motifs, including an asparagine (Asn-208) in the sen-
sor 1 motif that forms essential hydrogen bonds with the
�-phosphate of ATP, a lysine (Lys-320) in the sensor 2 motif
also thought to interact with the �-phosphate of ATP, and a
lysine (Lys-108) in theWalkerAmotif that is an essential part of
the nucleotide bindingP-loop (11, 24, 25), interactswith LULL1
and LAP1C. We transiently transfected torsinA-mGFP with
the indicated mutation into U2OS cells already expressing
either LULL1- or LAP1C-His6myc, immunoprecipitated myc-

tagged proteins from lysates pre-
pared in an optimized low-salt
buffer containing CHAPS and
Mg2� ATP, and used immuno-
blots to determine how much
torsinA was recovered together
with LULL1- or LAP1C-His6myc.
Note that because we transfected
torsinA mutants into clonal cell
lines expressing LULL1- or LAP1C-
His6myc, all torsinA has access to
the proteins being immunopre-
cipitated. For comparison, we
included torsinA with the previ-
ously characterized Walker B
(E171Q) mutation. TorsinA with
mutations all three of the motifs
predicted to impair ATP hydrolysis
(Walker B (E171Q), sensor 1
(N208A), and sensor 2 (K320M))
co-immunoprecipitated efficiently
with both LULL1 and LAP1C (Fig.
3A). In contrast, torsinA with a
K108A mutation in its Walker A
motif was not significantly recov-
ered, suggesting that ATP binding is
required for stable interaction of
torsinA with these two proteins
(Fig. 3A). As will be discussed fur-
ther in the next section, recovery of
the wild-type enzyme was interme-
diate between that of the ATP-
locked and ATP-free mutants (data
not shown, see Fig. 4). The fact
that we were able to significantly
deplete extracts of overexpressed
ATP-bound torsinA mutants by
immunoprecipitating overexpressed
LULL1 or LAP1C-His6myc suggests
that interactions between these pro-
teins are likely to be direct.
To probe interactions with

torsinA in their native environment,
we asked how increases in LULL1 or
LAP1C affect the distribution of
torsinA mutants within the ER and
NE. Inspection of GFP fluorescence
revealed shifts in the distribution of

ATP hydrolysis mutants (Walker B E171Q, sensor 1 N208A,
and sensor 2 K320M) in response to increased expression of
LULL1 or LAP1C (Fig. 3B). Each of themutantswas enriched in
theNE inU2OS cells (Fig. 3B, left panel). Increased LULL1-myc
in the ER abolished this (Fig. 3B, middle panel), whereas
increased LAP1C-myc in the NE further concentrated the
torsinAmutants in the NE (Fig. 3B, right panel). These changes
in localization were less pronounced for the Walker A K108A
mutant, although it too shifted somewhat into the NE in cells
overexpressing LAP1, indicating that in the milieu of the intact

FIGURE 3. Binding between torsinA and interacting proteins is stabilized by mutations in motifs impli-
cated in ATP hydrolysis. A, immunoblots monitoring co-immunoprecipitation of the indicated torsinA-mGFP
mutants with LULL1-His6myc (left) or LAP1C-His6myc (right). For each experiment, the total lysate, unbound,
and immunoprecipitated material are shown. Equal volumes of lysate and unbound samples are loaded,
whereas the immunoprecipitated material is enriched 5-fold. GFP blots for each torsinA mutant show the
extent to which torsinA co-immunoprecipitated with LULL1- or LAP1C-His6myc. A representative blot of immu-
noprecipitated (IP) LULL1- or LAP1C-His6myc is shown at the bottom of each panel. Each blot is representative
of at least three experiments. B, localization of torsinA-mGFP mutants in U2OS cells or in U2OS cell induced to
express LULL1-His6myc or LAP1C-His6myc. GFP fluorescence is shown in the left panel, and myc immuno-
staining is shown in the right. Scale bars, 10 �m.
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cell, it remains able to associate to some degreewith these bind-
ing partners. Altogether, the immunoprecipitation and immu-
nofluorescence experiments establish that mutations in three
distinct motifs expected to impair ATP hydrolysis stabilize the
interaction of torsinA with its binding partners. In terms of
localization, the effects of increased expression of LAP1C and
LULL1 confirm that ATP-bound torsinA distributes within the
ER/NE system according to the relative abundance of binding
partners in different places. The fact that LAP1 is an abundant
NE protein inmany cells likely explains the tendency of hydrol-
ysis-deficient mutants to concentrate in the NE (14, 24, 26).
Disease-associated �E Mutation Does Not Stabilize Interac-

tion with LULL1 and LAP1—Studies of the disease-associated
torsinA�E protein transfected into non-neuronal or neuronal
cells show that it enriches in theNE at low expression levels and
in membranous inclusions at high expression levels (14, 26, 35,
36). Endogenous torsinA�E has also been reported to concen-
trate in theNE ofDYT1 patient fibroblasts (26). Because several
distinct ATPase-deficient torsinA mutants accumulate in the
NE (14, 24, 26, and see above), one attractive hypothesis has
been that the�Edeletionmight partially impairATPhydrolysis
(perhaps by perturbing the positioning of the adjacent sensor 2
motif (24, 25)), causing the mutant protein to behave as a weak
substrate trap (15). If this is the case, the prediction is that
interaction of torsinA�E with its binding partners should be

stabilized in a manner similar to that of the three ATP-hydrol-
ysis mutants studied above.
To test this hypothesis, we transfected wild-type or

torsinA�E-mGFP into cells expressing LULL1- or LAP1C-
His6myc and assessed their interaction by co-immunoprecipi-
tation. In contrast to mutants with changes in motifs required
for nucleotide hydrolysis, neitherwild-type torsinA (with either
Asp orHis at the polymorphic residue 216 (24)) nor torsinA�E-
mGFP efficiently co-immunoprecipitatedwith either LULL1 or
LAP1C (Fig. 4A). This is the expected result for enzymes able to
hydrolyze ATP and thereby release their interacting partners.
Because the �E glutamic acid deletion falls within the C-termi-
nal �-helical domain of torsinA (24, 25), we repeated these
experiments with torsinA variants lacking C-terminal mGFP
tags. Untagged torsinA with a Walker B mutation (E171Q)
again co-immunoprecipitated with LULL1 and LAP1C,
whereas wild-type and�Emutant torsinA did not (Fig. 4B).We
note that immunoprecipitating LULL1- and LAP1C-myc
depleted a smaller proportion of untagged compared with
mGFP-tagged E171Q torsinA from cell lysates because of dif-
ferent expression levels, with untagged torsinA expressed at
much higher levels than mGFP-tagged torsinA (data not
shown). These results establish that the disease-associated �E
deletion does not stabilize the interaction of torsinAwith either
LULL1 or LAP1C and thus affects torsinA differently than do
mutations in defined ATP-interacting motifs.
Disease-associated �E Deletion Impairs Binding of ATP-

bound torsinA to LULL1 and LAP1C—If the loss of function
associated with torsinA�E is not attributable to slowed ATP
hydrolysis and stabilized binding to LULL1 and LAP1, we won-
dered whether the deletion might instead impair the interac-
tion of torsinAwith theseproteins.Todiscoverwhether this is the
case, we deleted the glutamic acid from each of the three ATP-
hydrolysis mutants that bound tightly to LULL1 and LAP1 above.
We again coexpressed these torsinA mutants (E171Q-�E,
N208A-�E, and K320M-�E) with LULL1- or LAP1C-myc and
asked whether the expected complexes were present (Fig. 5A).
Strikingly, the �E mutation greatly reduced binding of each of
thesemutants to LULL1 and LAP1C. Based on our previous find-
ing that the polymorphic replacement of Asp-216 with His-216
partially normalizes the subcellular distribution of the �Emutant
protein (24),wealsoaskedwhether changing the typicalAsp to the
polymorphic His might restore binding of torsinA(E171Q-�E) to
LULL1 or LAP1C. As shown, it did not.
Because co-immunoprecipitation is a stringent test of pro-

tein-protein interactions that might not detect transient low
affinity interactions, we also asked how the�Emutation affects
the redistribution of hydrolysis-deficient torsinA mutants
when they are coexpressed with LAP1C or LULL1. As shown in
Fig. 5B, some of the double mutant proteins shifted detectably
when coexpressedwith LULL1 or LAP1C, but the changeswere
less pronounced than seen for the samemutantswithout the�E
deletion (Fig. 3B). Among the three double mutants, the sensor
1N208A-�Emutant was the least responsive to the presence of
LULL1 and LAP1C, indicating that this mutant’s interaction
with these binding partners is more sensitive to the�E deletion
than that of the others.
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FIGURE 4. Dystonia-associated torsinA�E does not interact stably with
LULL1 or LAP1C. A, immunoblots monitoring co-immunoprecipitation of
the indicated torsinA-mGFP mutants with LULL1-His6myc (left) or LAP1C-
His6myc (right). For each experiment, the total lysate, unbound, and immunopre-
cipitated (IP) material are shown. Equal volumes of lysate and unbound samples
are loaded, whereas the immunoprecipitated material is enriched 5-fold. GFP
blots for each torsinA mutant show the extent to which torsinA co-immunopre-
cipitated with LULL1- or LAP1C-His6myc. A representative blot of immunopre-
cipitatedLULL1-orLAP1C-His6mycisshownatthe bottom of each panel. B, immu-
noblots monitoring co-immunoprecipitation of the indicated untagged torsinA
mutants with LULL1-His6myc (left) or LAP1C-His6myc (right). In this case, equal
proportions of lysate, unbound, and bound samples are shown. Each blot is rep-
resentative of at least three experiments. wt, wild type.
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Altogether, our results indicate that the disease-linked �E
mutation does not enhance association between torsinA and
LAP1C or LULL1. Unexpectedly, this mutation instead desta-
bilizes interaction of ATP-bound torsinA with these proteins,
suggesting that the loss of function associated with the�E dele-
tionmay reflect a reduced affinity for thesemajor binding part-
ners caused by a�E-induced structural perturbation of torsinA.

DISCUSSION

Ourprimary goal in this studywas todeterminehow theDYT1-
causative �Emutation changes interactions between torsinA and

proteins that it interacts with in the
ERandNE.After establishing that the
major binding partners for torsinA in
our cell culture model include two
transmembrane proteins, LULL1 and
LAP1C, already known to bind to
torsinA (Fig. 1), we used a panel of
defined mutations to show that
torsinA preferentially interacts with
them in its ATP-bound state (Figs. 3
and 4). Parallel experiments with the
DYT1-causative �E mutant protein
showedthat thismutationdidnot sta-
bilize interaction with LULL1 and
LAP1 (Fig. 4). In fact, introducing the
�E deletion into three independent
ATP-hydrolysis defective torsinA
mutants decreased their otherwise
robust interaction with LULL1 and
LAP1C (Fig. 5). Defects in the cellular
function of torsinA�E may therefore
be caused by impaired interactions
with LULL1 and/or LAP1. Restoring
these could provide a promising ave-
nue for therapeutic development.
The fact that association of torsinA

with these two membrane proteins is
sensitive to mutations expected to
affect nucleotide hydrolysis or nucle-
otide binding extends earlier observa-
tions suggesting that torsinA adopts
distinct conformational states in
response to nucleotide, as expected of
a functional AAA� protein (11). The
high efficiency with which we
co-immunoprecipitated ATP-bound
torsinA with LULL1 or LAP1C
argues that their interaction is likely
to be direct, although definitive
proof of this will require reconstitu-
tion with purified proteins. Binding
of other AAA� proteins to their
substrates is known to be controlled
by nucleotide status, often in exactly
this way, but the same is true of
interactions between AAA� pro-
teins and proteins that function as

cofactors to recruit bona fide substrates. An example of the
latter is the ATP-dependent interaction between the AAA�

protein N-ethylmaleimide-sensitive factor and its cofactor
�-SNAP, which in turn binds to SNARE complexes thatN-eth-
ylmaleimide-sensitive factor ultimately disassembles (37).
Whether LULL1 and LAP1C are substrates or cofactors of
torsinA is therefore not yet clear. It will be important to learn
more aboutwhat LULL1 andLAP1 interactwith, particularly in
the ER lumen, to further define their relationship to torsinA.
An attractive hypothesis to explain some of the cellular prop-

erties of the torsinA�E mutant was that it might be a substrate

FIGURE 5. Dystonia-associated �E mutation impairs interaction of ATP-hydrolysis-deficient mutant pro-
teins with LULL1 and LAP1C. A, immunoblots monitoring co-immunoprecipitation of the indicated torsinA-
mGFP mutants with LULL1-His6myc (left) or LAP1C-His6myc (right). For each experiment, total lysate, unbound,
and immunoprecipitated (IP) material are shown. Equal volumes of lysate and unbound samples are loaded,
whereas the immunoprecipitated material is enriched 5-fold. GFP blots for each torsinA mutant show the
extent to which torsinA co-immunoprecipitated with LULL1- or LAP1C-His6myc. A representative blot of immu-
noprecipitated LULL1- or LAP1C-His6myc is shown at the bottom of each panel. Each blot is representative of at
least three experiments. B, localization of torsinA-mGFP mutants in U2OS cells or in U2OS cell induced to
express LULL1-His6myc or LAP1C-His6myc. GFP fluorescence is shown in the left panel, and myc immuno-
staining is shown in the right panel. Scale bars, 10 �m.
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trap displaying stabilized interactions with NE-localized fac-
tors, similar to what is seen with ATP-hydrolysis defective
mutants, including the well studied Walker B (E171Q) mutant
(14, 26). Our results (Figs. 3–5) demonstrate that this is not the
case and imply that other changes must underlie the tendency
of low concentrations of torsinA�E to accumulate in the NE
(26, 36, 38). Supporting a significant difference between �E
and hydrolysis-impaired torsinA mutants is the fact that
they behave differently when highly overexpressed, with the
�E mutant accumulating in membranous inclusions or
“whorls” structurally reminiscent of ER- or NE-derived kar-
mellae (7, 35), whereas the ATP-boundmutants spill into the
peripheral ER as would be expected following saturation of
NE binding sites (14 and data not shown). Our recent study
of the dynamic control of torsinA distribution between
peripheral ER and NE suggests that the residual interaction
between torsinA�E and LULL1 may play a part in targeting
this mutant to the NE (42).
An important question is raised by these results: what pre-

cisely is wrong with torsinA�E? Our data, showing that this
deletion not only does not trap the enzyme in its ATP-bound
state (Fig. 4) but also overrides the effect of othermutations that
do (Fig. 5), point to a structural effect of the �E deletion that
does not parallel in any simple way the more clearly defined
effects of point mutations in known nucleotide-interacting
motifs. Several recent observations indicate that this single glu-
tamic acid deletion may, among other changes, destabilize the
protein. The overall half-life of the mutant enzyme is shorter
than that of thewild-type protein (36, 39), and expression of the
mutant enzyme in mouse brain leads to lower total levels of
torsinA (5). Underlying this may be the fact that wild-type and
�E torsinA access different pathways for their degradation,
with the �E mutant being handled at least in part by the pro-
teasome presumably via the ER-associated degradation path-
way typically reserved for misfolded proteins (36, 39). In addi-
tion, once in the NE, torsinA�E has less effect on NE
structure and composition than does the wild-type enzyme
(42).Whereas detailed structural information on how the �E
mutation changes torsinA will clearly be required, our find-
ing that ATP-bound torsinA�E is less able to efficiently
engage LULL1 and LAP1C demonstrates that an additional
effect of what appears to be a structurally destabilizing dele-
tion (24, 25) is to perturb the otherwise robust interactions
of torsinA with its major binding partners. Future efforts to
restore a normal interaction between torsinA�E and LULL1
and LAP1 may therefore be promising avenues for therapeu-
tic exploration.
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