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Torsin ATPases are the only members of the AAA+ ATPase
family that localize to the endoplasmic reticulum and
contiguous perinuclear space. Accordingly, they are well
positioned to perform essential work in these compartments,
but their precise functions remain elusive. Recent studies have
deciphered an unusual ATPase activation mechanism relying
on Torsin-associated transmembrane cofactors, LAP1 or
LULL1. These findings profoundly change our molecular view
of the Torsin machinery and rationalize several human
mutations in TorsinA or LAP1 leading to congenital disorders,
symptoms of which have recently been recapitulated in mouse
models. Here, we review these recent advances in the Torsin
field and discuss the most pressing questions in relation to
nuclear envelope dynamics.
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Introduction

The four proteins in the Torsin ATPase family are
members of the larger superfamily of AAA+ (ATPases
associated with a variety of cellular activities) proteins [1].
TorsinA (TorA), the founding member and most studied
Torsin ATPase, was first identified by the Breakefield
laboratory nearly 20 years ago by a positional cloning
approach designed to identify the gene responsible for
early-onset DYT1 dystonia, a highly severe movement
disorder [2]. This study mapped the disease-causing
mutation to an in-frame deletion of a GAG codon result-
ing in the loss of a glutamate residue near the C-terminus
of TorA (Figure 1) (referred to hereafter as TorA AE) [2].
Accumulating evidence suggests that TorA AE results in

a loss of function [3,4°,5°°], but Torsin’s precise function
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is still unknown. Apparent redundancy between Torsins
[6,7], early lethality in mouse models until recently [3,6],
and previously poorly understood biochemical properties
of Torsins have thus far complicated efforts to decipher
their function.

Within the AAA+ superfamily, Torsin’s primary sequence
is most similar to the bacterial Clp proteins [2,8], which
have roles as protein unfolding or disassembly machines
[9]. While early efforts in Torsin research focused on the
hypothesis that Torsin may function similarly in protein
quality control [10,11], a wealth of evidence now indicates
that Torsins have a critical functional role at the nuclear
envelope (NE), as will be discussed below. Recent struc-
tural and biochemical data revealed a much more intricate
biological assembly for the Torsin core machinery than
the homohexameric assembly that was originally assumed
[12—14]. Instead, Torsins are essentially inactive in isola-
tion and strictly require the stimulation of one of two
distinctly localizing transmembrane cofactors, LAP1
(lamina associated polypeptide 1) or LULL1 (luminal
domain like LAP1) via their highly similar luminal
domains (LDs) [4°]. LAP1, an inner nuclear membrane
(INM) protein, interacts with A- and B-type lamins
through its N-terminal nuclear domain [15], while
LULL1 localizes to the ER and has an N-terminal
domain that projects into the cytoplasm [16]
(Figures 1 and 2a). Rather than functioning as peripher-
ally associating activators, these proteins are instead in-
tegral members of the Torsin core machinery (Figure 1b)
[5°°,17°°], which has significant implications for identify-
ing and interpreting Torsin function or dysfunction.
Here, we review what is known about Torsins and their
cofactors, with special emphasis on recent structural and
biochemical progress, as well as emerging functional
implications for these essential but poorly understood
ATPases.

Biochemical and structural advances

The canonical AAA+ domain consists of conserved se-
quence and structural motifs that enable ATP binding
and hydrolysis. Most conserved is the tertiary structure,
which consists of a core wedge-shaped a/f3 RecA fold [18]
that harbors the ATPase active site, and a C-terminal 4-
helix bundle that is involved in oligomerization (Figure 1)
[1]. Key sequence motifs in the AAA+ domain include the
WalkerA motif, which features a conserved lysine residue
that contributes to ATP binding and the WalkerB motif,
which includes a conserved glutamate residue implicated
in A'TP hydrolysis (corresponding to K108 and E171 for
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Structural models of Torsins and cofactors. (a) Domain organization of TorA, TorB, LAP1 and LULL1. ss: signal sequence; H: hydrophobic domain;
AE: in-frame glutamate deletion in TorA that leads to DYT1 dystonia; TM: transmembrane domain. (b) Proposed mixed hexameric assembly for
Torsin and cofactors. Torsin may form a mixed, alternating ring with either cofactor. Note that the Torsin assembly is highly dynamic and can likely
exist in a variety of stoichiometries. Torsin is shown in green, LAP1 or LULL1 are shown in orange, the membrane is shown as grey line. Note that
the precise stoichiometry of the Torsin/cofactor assembly may vary and awaits experimental validation. ER: endoplasmic reticulum, PNS:
perinuclear space. (c) Structural model for the composite active site at the interface of LAP1 (orange) and TorA (green). Key catalytic residues are

highlighted. AMPPNP is shown in purple.

TorsinA, see Figure 1c) [1]. Most AAA+ A'TPases assemble
into homohexameric ring-like structures, where the ATPase
active site is formed by two adjacent subunits [1]. The
WalkerA and WalkerB motifs are present on one subunit,
whereas the neighboring subunit typically projects a

conserved arginine residue into the active site to enable
ATP hydrolysis, in part due to charge neutralization [1].

Since Torsins have significant sequence homology to
many homohexameric AAA+ proteins, early efforts to

Figure 2
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Torsin likely functions at the nuclear envelope. (a) Normal nuclear envelope and contiguous endoplasmic reticulum showing the distinct
localization of Torsin (green) and cofactors. LULL1 (yellow) may form mixed rings with Torsin in the endoplasmic reticulum, while LAP1 (orange)
may form mixed rings with Torsin at the inner nuclear membrane. A nuclear pore complex is shown in pink, the nuclear lamina is depicted in blue.
ER: endoplasmic reticulum, PNS: perinuclear space, C: Cytoplasm, N: Nucleus. (b) Left panel: Representative TEM image of blebs seen in Torsin-
deficient cells. Right panel: Graphical depiction of the blebbing phenotype. The bleb is continuous with the inner nuclear membrane (cyan). The
outer nuclear membrane is red. The electron density seen at the neck (marked by an arrowhead in the left panel) of the blebs is depicted in pink.
The scale bar is 100 nm. C: Cytoplasm, N: Nucleus. ONM: outer nuclear membrane, INM: inner nuclear membrane.
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develop a molecular view relied on AAA+ proteins to
construct similar structural models of TorA [4°,19,20].
Notably, however, Torsins lack the catalytic arginine
residue that is otherwise conserved among AAA+ pro-
teins, drawing into question whether Torsins are indeed
active A'TPases. In fact, when the first comprehensive iz
vitro analysis of purified Torsins and its previously iden-
tified [16] binding partners was conducted, Torsins were
found to be completely inactive in isolation [4°]. Addition
of the LDs of LAP1 or LULL1, which are necessary and
sufficient for Torsin binding, strongly induced ATP hy-
drolysis, with LULL1 being the more potent activator
[4°]. This stimulatory effect was attributable to a substan-
tial stimulation of the ATP hydrolysis step that was
reminiscent of the action of small GTPases by GAPs
[21], suggesting that LAP1 and LULL1 serve similarly to
regulate ATP hydrolysis [4°]. Importantly, this activation
mechanism was defective in the presence of the discase-
causing TorA AE mutation, providing the first link be-
tween compromised enzymatic activity and disease eti-
ology [4°].

Following up on those experiments, two concurrent,
complementary studies have shown that LAP1 and
LULLTI are not simply peripherally associating activators
but are, quite unexpectedly, core components of the
A'TPase machinery. This unusual property is made pos-
sible by the fact the LDs of LAP1 and LULL1 adopt
folds analogous to the RecA domain of AAA+ proteins,
allowing them to assume a position that is equivalent to a
canonical AAA+ subunit (Figure 1b) [5°°,17°°]. While the
WalkerA and WalkerB motifs are not conserved in LAP1
or LULLT1, each protein has a strictly conserved arginine
residue well positioned to project into the active site of a
neighboring Torsin subunit, predicting a critical ‘activa-
tor’ interface between Torsin and the cofactor (Figure 1c)
[5°°,17°°]. Indeed, when this arginine was mutated in
either cofactor, Torsin’s cofactor-induced A'TPase activi-
ty was strongly reduced [5°°,17°°] without changing the
apparent binding affinity between Torsin and the cofac-
tors [5°°]. Finally, when subjected to glutaraldehyde
crosslinking, TorA and either cofactor formed a higher
molecular mass complex consistent with a mixed hexamer
of a 3:3 (torsin:cofactor) stoichiometry [5°°], and ring-
shaped assemblies are observed via electron microscopy
when activator and Torsin are present at an equimolar
ratio [17°°]. It should be noted, however, that the Torsin/
cofactor assembly is highly dynamic and that several, not
mutually exclusive stoichiometries are possible. Indeed,
it is reasonable to speculate that the dynamic properties
are of functional significance iz vivo.

What can we learn about the molecular defect underlying
DYT1 dystonia? Given that the TorA AE mutation per-
turbs cofactor binding [4°,16,20,22] and leads to a strong
reduction of site-specific crosslinks at the activator inter-
face [5°°], one can deduce that the glutamate deletion

interferes with an orderly assembly of the activator inter-
face, with a resulting loss of ATPase activity. This inter-
pretation, which requires structural validation, is in close
agreement with data obtained in several animal models
(see below).

Importantly, these recent findings change our molecular
view of the Torsin system in that we have to think about
these assemblies as membrane-spanning machines capa-
ble of transducing conformational changes across biologi-
cal membranes. It will thus be important to investigate
nucleotide-controlled changes in conformation and stoi-
chiometry by suitable equilibrium measurements and
structural methods and to relate these findings to cell
biological studies.

Mouse models and human diseases of TorA
and LAP1

Early efforts to engineer mouse models of DY'T'1 dystonia
were hampered by the early lethality of TorA and LAP1
knockout (KO) mice [3,6]. Notably, no mouse models of
LULLT1 or any other Torsin have been reported. How-
ever, several important insights into Torsin and cofactor
function were gained from studies in several animal
models. On a cellular level, the unifying hallmark phe-
notype that is frequently observed upon Torsin or cofac-
tor manipulation or knockout is a ‘blebbing’ or herniation
of the INM into the perinuclear space (PNS) of the
nuclear envelope (Figure 2b). In TorA deficient mice,
this phenotype is restricted to neuronal tissues and im-
portantly, the TorA AE mutation fails to rescue this
phenotype as well as viability [3], in excellent agreement
with the aforementioned biochemical data (see above).
Interestingly, in the LAP1 KO model, a highly similar but
more penetrant blebbing phenotype was observed, in-
cluding non-neuronal tissues. Murine embryonic fibro-
blasts (MEFs) from TorA KO mice exhibited normal
NEs, but upon siRNA treatment against TorsinB (TorB),
these cells also exhibited the blebbing phenotype, estab-
lishing functional redundancy between the two Torsins
[6]. This proposed functional redundancy is consistent
with LAP1’s ability to activate both TorA and TorB [4°].

More recently, several conditional mouse models of TorA
have enabled new insights into the disease etiology of
DYT1 dystonia and Torsin function [23°°,24,25]. Mice
with a conditional deletion of TorA from the central
nervous system (CNS) have an average lifespan of 10 days,
lose weight progressively, exhibit dystonic symptoms and
exhibit gliosis in several sensorimotor regions [23°°]. Mice
with one TorA AE allele and one allele with TorA
selectively deleted in the CNS (TorA** ™) are viable
and demonstrate INM blebbing and dystonic symptoms
[23°°]. Interestingly, immunogold labeling from TorA
conditional knockout (CKO) mice revealed ubiquitin
staining in the lumen of the blebs, suggesting a link—
which may be direct or indirect—to cellular protein quality
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control [23°°]. Finally, mice in which TorA was selec-
tively deleted in embryonic progenitor cells of cholinergic
and GAGAergic neurons in mouse forebrains also exhibit
symptoms of dystonia [24°]. These recent advances have
for the first time recapitulated dystonic symptoms in a
viable animal model and should prove invaluable for
future studies of TorA and dystonia.

Interestingly, several recent LAP1 mouse models have
also implicated this protein in muscular dystrophy and
cardiomyopathy [26,27]. LAP1 was found to interact with
Emerin [26], an INM protein whose loss of function in
humans results in Emery-Dreifuss muscular dystrophy.
Mice harboring a CKO of LLAP1 in striated muscle devel-
op muscular dystrophy, which is significantly worsened in
an Emerin deficient background, even though Emerin
KO mice are apparently normal. In addition, a LAP1 CKO
from cardiomyocytes results in an increase in expression
of cardiomyopathy-related genes and cardiac dysfunction
[27]. It remains to be seen whether these LAP1-deficient
phenotypes are tied with Torsins or if LAP1 has Torsin-
independent functions.

Notably, in human patients, there have been multiple cases
of dystonia correlated with mutations in TorA [28-32] and
several recent reports of dystonia, muscular dystrophy, and
cardiomyopathy caused by mutations in LAP1 [33,34]
(Table 1). The recent biochemical and mouse model
advances described above have placed us in a position to
rationalize these disease-causing mutations: the majority of
these mutations map to or near the activator interface,
suggesting that they likewise perturb the Torsin activation
mechanism [35]. It will be interesting to test this hypothesis
by biochemical means as well as in animal models, which
will nurture our understanding of disease etiology.

Functional perspectives: Torsins at the
nuclear envelope

Despite the significant biochemical and animal model
advances described above, the precise biological
function of Torsin and its cofactors remains elusive.
Multiple potential functions for Torsin have been put
forth in the literature, including roles in ER-associated

Table 1

degradation [36,37] and the herpes simplex virus 1 life
cycle [38,39], among others. Discussing all of these po-
tential functions is beyond the scope of this article, and
these studies have been recently reviewed elsewhere
[35]. We restrict this discussion to the putative role of
Torsins at the NE, since it is here where the most robust
phenotypes materialize on a cellular level in a wide range
of animal and tissue culture models.

Accumulating evidence suggests that Torsins have a
critical role at the NE. First, TorA localizes to the NE
in several conditions: TorA AE accumulates at the NE in
DYT1 patient fibroblasts [40], and a hydrolysis-deficient
version of TorA (E171Q) accumulates at the NE
[13,16,40]. This NE recruitment is regulated in the ER
at least in part by LULL1 [13,41]. As mentioned previ-
ously, the hallmark phenotype of TorA- or LAP1-defi-
cient mice is the accumulation of perinuclear blebs at the
INM [3,6,23°°,25]. Structures similar to these blebs have
also been observed in Drosophila melanogaster and Cae-
norhabditis elegans upon Torsin manipulation. D. melano-
gaster Torsin was found to localize to the necks of large
ribonucleoprotein (RNP) granules exiting the nucleus in
a newly discovered nuclear pore-independent export
pathway [42,43°]. Upon siRNA treatment against Torsin,
the number of granules with attached necks significantly
increased [43°]. Thus, Torsins may be required for the
scission reaction that is required to pinch off vesicles from
the INM (Figure 3a) [43°].

Similarly in OOC-5, the C. elegans Torsin homolog, mu-
tant worms, the nuclei exhibited a blebbing phenotype
during development. These worms also displayed mis-
localized nuclear pore complex components, a decrease in
the rate of nuclear import, and a mislocalization of some
linker of nucleoskeleton and cytoskeleton (LINC) com-
plex components [44°]. Consistently, observations from
tissue culture cells also indicate that Torsin may play a
role in regulating the localization of several LINC com-
plex components [7,13,45] (Figure 3b). These misloca-
lized proteins may also be an indirect result if Torsin is
involved in regulating nuclear envelope reformation after
mitosis or nuclear rupture (Figure 3c).

Diseases associated with TorA and LAP1

Year first identified Mutation Disease Reference
1997 TorA dE302/303 Early-onset dystonia [2]

2001 TorA dF323-Y328 Atypical early-onset dystonia [32]

2008 TorA R288Q Early-onset dystonia [31]

2010 TorA F205I Late-onset focal dystonia [30]

2014 TorA dA14-P15 Early-onset dystonia [28]

2014 TorA E121K Early-onset dystonia [28]

2014 TorA D194V Early-onset segmental dystonia [29]

2014 LAP1 E482A Cardiomyopathy, severe dystonia, cerebellar atrophy [33]

2014 LAP1 c. 186deiG Muscular dystrophy [34]

(p.E62fsTer25)

Current Opinion in Cell Biology 2016, 40:1-7
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Models for Torsin function at the nuclear envelope. (a) Budding pathway through the nuclear envelope that may require Torsin and LAP1. The
cargo (cyan) proceeds via a vesicular intermediate from the nucleus, into the perinuclear space and out into the cytoplasm. Torsin is proposed to
mediate the scission reaction that releases the cargo into the perinuclear space. (b) Torsin may mediate the assembly or disassembly of a protein
complex in the NE, such as the LINC complex. (c) Depiction of the nuclear envelope before and after NE reformation following mitosis or nuclear
rupture. Torsin may directly or indirectly mediate this reformation. (d) Torsin may mediate fusion between the inner and outer nuclear membranes
during interphase nuclear pore complex assembly. The observed blebbing phenotype may be an otherwise transient intermediate in this assembly.
Note that these models are purely hypothetical and not mutually exclusive.

There is still, however, uncertainty about the composition
of the blebs and the role of Torsin in their formation.
Since a similar phenotype is observed in several model
organisms upon Torsin manipulation and similar struc-
tures have been observed in mammalian tissues during
development [46-48] this is likely a phenotype that
represents a ‘frozen intermediate’ of an otherwise dynam-
ic process. It is noteworthy that the overall dimensions
and appearance of the fuzzy electron density at the neck
of the blebs (Figure 2b) is somewhat reminiscent of
nuclear pore complexes (NPCs). Given the recently
documented nuclear transport defect upon Torsin muta-
tion [44°], it will be critical to investigate if and which
NPC components reside in those blebs, and if these
structures represent NPC assembly intermediates, repur-
posed NPC components, or disassembly intermediates
(Figure 3d). A compositional analysis of these NE blebs,
which needs to include an identification of Ubiquitin
conjugates observed in the lumen of these blebs [23°°],
will be important next steps towards relating these mor-
phological observations to a molecular inventory and to
explore a possible connection to nuclear quality control
[49]. Knowing the identity of these components, and
establishing their functional relationship to the Torsin/
cofactor system, will enable us to define whether the
observed phenotypes represent direct or indirect conse-
quences of Torsin dysfunction. It is this conundrum that
presently defines the central unresolved question in this
field.

Conclusions

While much progress has been made since TorA was first
discovered nearly twenty years ago, there are still several
outstanding questions. Most importantly, it is imperative

to define the precise biological function(s) of the Torsin
A'TPase/cofactor machinery. While Torsin may—not un-
like other AAA+ ATPases that are often endowed with
impressive functional versatility—have multiple roles
throughout the ER, it is clear that Torsins have critical
functions for NE integrity. Given that closely related
AAA+ ATPases function by investing the energy of
ATP hydrolysis to perform work on a substrate protein
[1], it seems likely that Torsin targets one or several
(membrane) proteins at the NE. However, it is puzzling
that the ATPase activity of Torsins is significantly weaker
than that of related, processively operating ATPases. This
could be attributable to a yet unidentified, missing com-
ponent that was not included in 77 vitro studies. Alterna-
tively, Torsins may not perform processive mechanical
work but could instead serve as a ‘timer’ or holder
chaperone in concert with its distinctively localizing
cofactors to achieve tempo-spatial control, for example
in the context of cellular transport. Understanding the
structure and complex stoichiometry of Torsins and
cofactors will enable us to further dissect the intricate
regulation of the Torsin ATPase machine and ultimately
give insights into how A'TPase activation is achieved and
regulated in cells.

Given the recent advances of CRISPR/Cas9 system for
genome editing and our increasing understanding of the
biochemical and structural properties of Torsins, this
complex system is now becoming more amenable to
decisive experimental attack. We can therefore anticipate
a rapidly evolving understanding of this challenging sys-
tem on a molecular, cellular, and organismal level, with
important ramifications for developing targeted treat-
ments for dystonia.
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