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ABSTRACT DYT1 dystonia is caused by an in-frame deletion of a glutamic acid codon in the
gene encoding the AAA+ ATPase TorsinA (TorA). TorA localizes within the lumen of the nucle-
ar envelope/endoplasmic reticulum and binds to a membrane-spanning cofactor, lamina as-
sociated polypeptide 1 (LAP1) or lumenal domain like LAP1 (LULL1), to form an ATPase; the
substrate(s) of TorA remains ill-defined. Here we use budding yeast, which lack Torsins, to
interrogate TorA function. We show that TorA accumulates at nuclear envelope-embedded
spindle pole bodies (SPBs) in a way that requires its oligomerization and the SUN (Sad1 and
UNc-84)-domain protein, Mps3. We further show that TorA physically interacts with human
SUN1/2 within this system, supporting the physiological relevance of these interactions. Con-
sistent with the idea that TorA acts on a SPB substrate, its binding to SPBs is modulated by
the ATPase-stimulating activity of LAP1. TorA and TorA-AE reduce the fitness of cells express-
ing mps3 alleles, whereas TorA alone inhibits growth of cells lacking Pom152, a component
of the nuclear pore complex. This genetic specificity is mirrored biochemically as TorA, but
not TorA-AE, binds Pom152. Thus, TorA-nucleoporin interactions might be abrogated by
TorA-AE, suggesting new experimental avenues to interrogate the molecular basis behind
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nuclear envelope herniations seen in mammalian cells lacking TorA function.

INTRODUCTION

DYT1 dystonia is an early-onset, heritable movement disorder
caused by an autosomal dominant mutation removing a glutamic
acid codon (AE) in the DYT1/TOR1A gene that encodes the AAA+
ATPase TorsinA (TorA) (Ozelius et al., 1997). How expression of the
TorA-AE allele, and several others (Ozelius et al., 1997; Zirn et al.,
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2008; Xiao et al., 2009; Rebelo et al., 2015), causes dystonia remains
ill-defined and requires additional molecular insight into the func-
tion of TorA. It remains unclear whether TorA is a typical AAA+
ATPase, which act as oligomeric ring assemblies that perform me-
chanical work on protein or protein-complex substrates (Hanson
and Whiteheart, 2005), as there is no clear consensus as to the
identity of TorA substrates.

Challenges with identifying TorA substrates likely relate to the fact
that TorA is an unusual member of the AAA+ family. For example, it
is uniquely localized within the contiguous lumen of the nuclear en-
velope (NE)-endoplasmic reticulum (ER) system (Hewett et al., 2000;
Kustedjo et al., 2000). Further, whereas TorA has canonical AAA+
ATPase motifs (Ozelius et al., 1997), its ATP-binding pocket lacks the
arginine finger (Brown et al., 2014; Sosa et al., 2014) required for ATP
hydrolysis (Ogura et al., 2004). To form a functional enzyme, TorA
must bind to one of two membrane-spanning cofactors, lamina
associated polypeptide 1 (LAP1) or lumenal domain like LAP1
(LULL1), that contribute this critical arginine finger to TorA's ATP-
binding pocket (Zhao et al., 2013; Brown et al., 2014; Sosa et al.,
2014; Demircioglu et al., 2016); TorA-AE is unable to bind to LAP1
or LULL1, suggesting that dystonia is caused by a loss of ATPase
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function (Naismith et al., 2009; Zhu et al., 2010; Zhao et al., 2013;
Demircioglu et al., 2016). Of note, LAP1 and LULL1 have distinct
spatial distributions (Goodchild and Dauer, 2005), with LULL1 having
access to the entire ER (Goodchild et al., 2015) and LAP1 being re-
stricted to the inner nuclear membrane (INM) (Senior and Gerace,
1988). This suggests the compelling possibility that these cofactors
may influence TorA ATPase activity (or potential substrates) in distinct
subdomains of the ER, including the NE.

The idea that TorA has a NE-specific role is bolstered by the
appearance of NE herniations or blebs found in the developing neu-
rons of TorA”= and TorAA¥AE mice (Goodchild et al., 2005; Tanabe
etal., 2016). In most cases, these herniations, which have been visu-
alized in several other model systems where TorA function is per-
turbed, bloom from an electron-dense structure at the INM of
enigmatic origin (Naismith et al., 2004; Kim et al., 2010; Jokhi et al.,
2013; VanGompel et al., 2015; Laudermilch et al., 2016; Tanabe
et al., 2016). Recently, electron tomography of Hela cells lacking all
four Torsin isoforms revealed that the electron-dense structures are
morphologically similar to nuclear pore complexes (NPCs) and can
be labeled with anti-nucleoporin antibodies (Laudermilch et al.,
2016). As similar herniations form over defective NPCs in budding
yeast in response to perturbations in NPC assembly and/or the trig-
gering of NPC quality control pathways (Wente and Blobel, 1993,
1994; Aitchison et al., 1995; Murphy et al., 1996; Siniossoglou et al.,
1996, Zabel et al., 1996; Emtage et al., 1997; Ryan and Wente, 2002;
Webster et al., 2014, 2016; Onischenko et al., 2017; Thaller and
Lusk, 2018; Zhang et al., 2018), it seems reasonable that TorA might
play a role in the biogenesis of NPCs. It remains unclear, however,
what components of the NPC could be targeted by TorA, although
gp210/Nup210 is an obvious candidate given its massive (Wozniak
etal., 1994) and structurally conserved lumenal domain rich in repeti-
tive immunoglobulin (Ig)-like domains (Upla et al., 2017).

It is equally likely, however, that TorA might indirectly influence
NPC assembly, for example, by altering the function of proteins that
contribute to lipid metabolism (Grillet et al., 2016) or by binding and
modulating other NE components like LINC (Linker of Nucleoskel-
eton and Cytoskeleton) complexes, which have been implicated in
NPC biogenesis from yeast to humans (Liu et al., 2007; Lu et al.,
2008; Friederichs et al., 2011; Talamas and Hetzer, 2011; Chen et al.,
2014). LINC complexes are composed of trimers of INM SUN (Sad1
and UNc-84) and outer nuclear membrane KASH (Klarsicht, Anc-1,
and Syne homology) domain containing proteins that interact within
and span the perinuclear space, physically coupling the cytoskele-
ton and nucleoskeleton (Padmakumar et al., 2005; Crisp et al., 2006;
Sosa et al.,, 2012). Indeed, the concept that TorA might remodel
LINC complexes remains a compelling narrative, supported by sev-
eral biochemical, genetic, and cell biological data (Nery et al., 2008;
Vander Heyden et al., 2009; Jungwirth et al., 2011; Atai et al., 2012;
Saunders et al., 2017; Dominguez Gonzalez et al., 2018).

Here, we take advantage of a heterologous budding yeast ge-
netic system to interrogate the function of TorA. While yeast lack a
TorA orthologue, they express several evolutionarily conserved NE
components including NPCs, LEM-domain integral INM proteins,
and at least one SUN-domain protein, Mps3 (Webster and Lusk,
2016). Our data are consistent with a model in which human TorA
can interact with and impact the function of yeast NE proteins with
conserved lumenal domains, including Mps3. In fact, we show bind-
ing between human SUN proteins and TorA within the yeast system,
suggesting that SUN proteins are likely TorA substrates. Moreover,
both genetic and physical interaction data support that TorA can
interact with the likely functional homologue of Nup210, Pom152.
That this interaction is lost with TorA-AE points to a new perspective
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on how to interpret the underlying causes of the NE abnormalities
associated with early onset dystonia.

RESULTS AND DISCUSSION

TorA accumulation at SPBs requires oligomerization

Several prior studies have expressed TorA in budding yeast, but no
clear functional insight for TorA has emerged (Valastyan and
Lindquist, 2011; Zacchi et al., 2014; Adam et al., 2017; Zacchi et al.,
2017). However, given that these studies were largely performed
before the discovery of the LAP1 and LULL1 cofactors required for
TorA ATPase activity, we felt it was worthwhile to revisit this system
using the fully functional enzyme complex. We took advantage of
TorA constructs generated by Valastyan and Lindquist (2011) that
were engineered with a yeast-specific promoter, a Kar2 signal se-
quence and a C-terminal green fluorescent protein (GFP) (Figure
1A). To reduce variation in cell-to-cell expression levels, we modified
these constructs to allow for chromosomal integration and gener-
ated yeast strains expressing TorA-GFP and several TorA alleles in-
cluding TorA-AE-GFP, TorA-EQ-GFP, and TorA-GD-GFP (Figure 1A).

We first examined the localization of TorA-GFP in logarithmically
growing wild-type (wt) cells. As previously published (Valastyan and
Lindquist, 2011), TorA-GFP was found in a perinuclear (i.e., NE) and
cortical distribution, consistent with the morphology of the budding
yeast ER (Figure 1, B and C). We remarked, however, that TorA-GFP
accumulated in one or two foci at the NE (Figure 1C, arrows). This
localization was particularly striking in cells expressing low levels of
TorA-GFP, best observed on growing cells to saturation (Supple-
mental Figure STA). In these cases, we observed TorA-GFP in one or
two puncta per cell with a nearly undetectable pool in the rest of the
NE/ER, raising the possibility that TorA preferentially binds to a NE-
specific structure.

The focal accumulation of TorA-GFP at the NE was reminiscent
of spindle pole bodies (SPBs), the yeast centrosome equivalents
that span both membranes of the NE (Jaspersen and Ghosh, 2012)
(Figure 1B). To test this idea, we examined the localization of TorA-
GFP in a strain expressing an mCherry-tagged core component of
the SPB, Spc42. As shown in Figure 1C and Supplemental
Figure S1A, we observed clear coincidence between virtually all
Spc42-mCherry and TorA-GFP NE-foci, confirming that TorA-GFP
likely associates with SPBs. In these logarithmically growing cells, we
also compared the mean fluorescence of TorA-GFP at the SPB (SPBy)
with the broader NE (NEg) on an individual cell basis to provide a
metric of relative SPB enrichment (SPB¢/NE;y), which ranged from
1.04 to 2.82 and had an average SPBy/NE; of 1.40 (Figure 1D).

We next tested whether TorA-AE, TorA-EQ, and TorA-GD would
also enrich at SPBs. While TorA-AE-GFP was produced at lower levels
than TorA-GFP (Supplemental Figure S1B), it nonetheless accumu-
lated at SPBs (mean SPB¢/NE;s of 1.47), similar to its wt counterpart. In
contrast, TorA-EQ-GFP did not enrich at SPBs (mean SPB¢/NE; =
1.05), although we struggled to find conditions in which TorA-EQ-
GFP was stably expressed—note that even the NE/ER signal was low
and there was green fluorescence in the vacuole (see asterisks in
Figure 1C and Supplemental Figure S1A) that could indicate its deg-
radation. Interestingly, in the absence of LAP1 or LULL1, TorA-EQ
can aggregate in vitro (Sosa et al., 2014), which may explain its po-
tential targeting for degradation in our system. Strikingly, however, a
TorA-GD mutant, which cannot oligomerize due to disruption of the
"back interface” (Chase et al., 2017), localized but failed to accumu-
late at SPBs (mean SPBy/NE¢ = 1.06) despite being expressed at lev-
els similar to TorA-AE and TorA-EQ (Supplemental Figure S1B). This
was particularly obvious when comparing these strains grown to
saturation (Supplemental Figure S1A). Taken together, these results
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TorA-GFP and TorAAE-GFP, but not TorA-GD-GFP, accumulate at SPBs. (A) Schematic of TorA-GFP
constructs—relevant motifs and locations (numbers are amino acid residue positions from the start methionine of the
human gene) of amino acid changes are shown. (B) Diagram (not to scale) of a budding yeast cell schematizing the NE/ER
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constructs and Spc42-mCherry. Green and red fluorescence images alongside a merge and magnification of one cell
(zoom) are shown. Arrows point to NE foci that colocalize with Spc42-mCherry. TA-EQ-GFP might accumulate in vacuoles
(asterisks). Bar is 1 ym. (D) Plot of SPB{/NE;s of indicated TorA-GFP constructs in individual cells from three biological
replicates (n = 32/replicate) with mean and SD. Kruskal-Wallis one-way ANOVA with post hoc Dunn’s test. ****p < 0.0001.

suggest that TorA might interact with a SPB component in a manner
that could be amplified by its oligomerization.

LAP1-LD expression releases TorA from SPBs
There is a general consensus that TorA can self-assemble into an
oligomer in its ATP-bound form (Vander Heyden et al., 2009; Jung-
wirth et al., 2010; Chase et al., 2017). Interestingly, recent work also
indicates that binding of the LAP1 lumenal domain (LAP1-LD) to a
TorA hexamer and subsequent ATP hydrolysis causes oligomer dis-
assembly (Chase et al., 2017). We took advantage of these observa-
tions to attempt to recapitulate a putative ATPase cycle in vivo using
TorA-GFP SPB accumulation as a proxy for a substrate interaction.
While efforts to produce full-length LAP1 in yeast were unsuccessful,
by replacing the N-terminus of LAP1 with a fragment of ubiquitin
(NubG), we could express the NubG-LAP1-LD (indicated as LAP1-
LD, below) under the control of a galactose-inducible (GAL1) pro-
moter (Figure 2A), which reached peak levels after ~5 h of growth in
the presence of galactose (Supplemental Figure S1C).

Remarkably, at the highest levels of LAP1-LD expression, TorA-
GFP was no longer visibly concentrated at SPBs (Figure 2, B and E;
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mean SPB¢/NE; = 1.02). Importantly, this reduction in SPB¢/NEs val-
ues was due to lower SPB¢ and not higher NEy, as TorA-GFP levels
remained unaltered on production of the LAP1-LD (Figure 2D). Fur-
ther, and consistent with the idea that the ability of LAP1-LD to re-
duce TorA association with the SPB is direct, LAP1-LD expression at
similar levels (Figure 2F) had no effect on the SPB accumulation of
TorA-AE-GFP, which is unable to stably interact with the LAP1-LD
(Naismith et al., 2009; Zhu et al., 2010; Zhao et al., 2013; Brown
et al., 2014) (Figure 2, C and G).

LAP1 acts as a cofactor for TorA by contributing a critical arginine
residue (at position 563) to the TorA-ATP-binding pocket (Brown
et al., 2014; Sosa et al., 2014); changing this “arginine finger” to
either alanine or glutamic acid reduces or abolishes ATP hydrolysis,
respectively (Brown et al., 2014) (Figure 2A). We therefore tested
whether abrogating LAP1’s ability to stimulate TorA ATP hydrolysis
impacted its accumulation at SPBs by expressing LAP1-LD-RA and
-RE mutants at similar levels as LAP1-LD (Figure 2D). In striking con-
trast to LAP1-LD, expression of LAP1-LD-RA, but in particular LAP1-
LD-RE, leads to increased TorA-GFP accumulation at the SPB (SPBy/
NE;s values reached 3.90, mean of 2.00; Figure 2, B and E). These
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Dunn’s test. ****p <0.0001. (F) Western blot of TorA/AE-GFP (0-GFP) and LAP1-LD (a-HA) levels with reference to
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data suggest that the LAP1-LD mutants lead to the “trapping” ofa ~ GFP when expressed alone, these data raise the intriguing possibil-
potential TorA substrate at the SPB. In addition, as the SPB¢/NE; ity that there is a cofactor endogenous to yeast capable of stimulat-
values of TorA-GFP in the LAP1-LD mutants exceed those of TorA-  ing ATP hydrolysis. Such a model predicts that inhibition of this
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FIGURE 3: TorA and TorA-AE interact with a shared set of proteins, but TorA specifically binds to Pom152.

(A) Coomassie-stained SDS-PAGE gel of bound proteins eluted from o-GFP nanobody beads incubated with cell
extracts expressing TorA-GFP, TorA-AE-GFP, or “no GFP.” Position of MW standards are on the left. (B) Magnification of
plot (full plot in Supplemental Figure S2A) comparing average normalized MS spectra from three replicates identified in
TorA-GFP vs. no GFP control. Dashed lines demarcate 2.5-fold enrichment. Proteins with an average of five or more
spectra that were 2.5-fold enriched in TorA-GFP sample or absent in no GFP sample are colored based on the
classifications indicated. (C) As in B (full plot in Supplemental Figure S2C) but comparing average normalized spectra
(from two replicates) between TorA-GFP and TorA-AE-GFP affinity purifications. (D) Western blots of input and bound
fractions from affinity purifications of TorA-GFP, TorA-AE-GFP with no GFP control. (E) Western blots of input and bound
fractions from affinity purifications of TorA-GFP, TorA-A but comparing average normalized spectra (from two replicates)

between TorA-GFP and TorA-AE-GFP affinity purifications.

putative cofactor would mirror the hyperaccumulation of TorA at
SPBs observed on expressing the LAP1-RA/E alleles. Regardless, in
the aggregate, these data support that TorA-GFP is capable of un-
dergoing an ATP-hydrolysis cycle by binding and releasing a sub-
strate that is a likely component of the SPB.

TorA and TorA-AE specifically interact with NE proteins

The ability of the "back interface” mutation to disrupt accumula-
tion of TorA-GFP at the SPB and the release of TorA-GFP from
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the SPB on expression of LAP1-LD suggest that TorA may bind
to a substrate at the SPB. To facilitate the identification of poten-
tial TorA-binding partners, we affinity-purified TorA-GFP and
TorA-AE-GFP from cryolysates derived from wt cells using anti-
GFP nanobody-coupled magnetic beads. As shown in Figure 3A,
we pulled out both TorA-GFP and TorA-AE-GFP alongside at
least one major binding partner of ~70 kDa, which we identified
by mass spectrometry (MS) to be Kar2 (the orthologue of the ER
chaperone, binding immunoglobulin protein [BiP]). This result is
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consistent with previous work and suggests that Kar2 plays a
critical role in ensuring ER translocation and/or stability of these
human proteins (Zacchi et al., 2014). It also remains formally
possible that TorA forms a functional complex with Kar2 and
contributes to protein quality control pathways in the ER.

Next, to fully identify the TorA interactome, we subjected the
entire TorA-GFP- and TorA-AE-GFP- bound fractions to shotgun
LC-MS/MS. As expected from these highly sensitive approaches,
we identified hundreds of proteins, most of which were nonspecific
and present in the “no GFP” control (complete peptide lists can be
found in Supplemental Table S1, “all normalized spectra” tab). We
therefore plotted mean-normalized spectral counts identified from
three independent affinity purifications and considered proteins
identified from peptides that were at least 2.5-fold enriched in the
TorA-GFP-bound fractions relative to the no GFP control (Supple-
mental Figure S2A, dashed lines) to be likely interactors. To
facilitate visualizing proteins less abundant than Kar2, we have
magnified the region of the plot with the majority of specific pro-
teins (Supplemental Figure S2A, box) and have color-coded those
with an average of more than five peptides based on our own func-
tional classification scheme (Figure 3B). Strikingly, whereas the top
two hits identified were Mnn2 and Kre5 (two highly abundant en-
zymes involved in glycosylation), the third protein with the most
peptides (with none found in the no GFP control) was Pom152
(Figure 3B).

Pom152 is the functional homologue of Nup210 and is the only
component of the NPC with a large (>10 kDa) lumenal domain. We
could also detect at least one additional nucleoporin, Nup192, and
two nuclear transport factors, but these had fewer peptides with
some in the no GFP control (Supplemental Table 1, TorA vs. no
GFP tab). Thus, despite the specific interaction with Pom152, it was
unlikely that TorA-GFP was binding to NPCs. Consistent with this,
using a drug-inducible NPC-clustering strain (Colombi et al., 2013),
we did not observe enrichment of TorA-GFP within the NPC cluster
(Supplemental Figure S1, D and E). It is most likely then that Pom152
binds to TorA within a pool that is outside of NPCs, perhaps NPC
assembly intermediates, or even at SPBs (Sezen et al., 2009; Katta
et al., 2015; Ruthnick et al., 2017).

To identify putative factors that might specifically interact with
TorA-GFP but not with TorA-AE-GFP, we directly compared normal-
ized spectral counts from two independent TorA-GFP and TorA-AE-
GFP affinity purifications (Figure 3C and Supplemental Figure S2C).
Here, Pom152 immediately stood out. In fact, we did not identify
any peptides for Pom152 in either replicate of TorA-AE-GFP (Sup-
plemental Figure S2B, Supplemental Table 1, TorA-AE vs. no GFP
tab), a result that we further confirmed by Western blotting using
anti-Pom152  antibodies of additional affinity purifications
(Figure 3D). Whereas there were several other proteins that also
show specificity to TorA-GFP (and a few to TorA-AE-GFP as well; see
Supplemental Table S1), fewer peptides for each were identified,
and the potential functional relevance of these proteins with respect
to TorA or TorA-AE is not obvious and difficult to ascribe.

Remarkably, the only other lumenal domain-containing NE pro-
tein identified in all replicates of both TorA-GFP and TorA-AE-GFP
pullouts was the SUN-domain-containing protein, Mps3 (Figure 3, B
and C). Critically, Mps3 is the only component of the SPB identified
in any replicate of TorA-GFP or TorA-AE-GFP purifications, strongly
supporting the specificity of this interaction. We further confirmed
TorA and TorA-AE interactions with Mps3 by Western blotting by
detecting a hemagglutinin (HA) epitope-tagged version of Mps3 in
bound fractions (Figure 3E). Interestingly, we also found that TorA-
GD-GFP can specifically bind to Mps3-HA, suggesting that, while
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oligomerization might be required to amplify interactions with the
SPB (Figure 1, C and D), TorA might interface with Mps3 as a mono-
mer. Finally, to examine whether interactions with Mps3 reflected
physiological interactions with human SUN-domain proteins, we ex-
pressed HA-tagged versions of human SUN1 and SUN2 in budding
yeast. As shown in Figure 3E, both HA-SUN1 and HA-SUN2 could
be specifically copurified with TorA-GFP. Thus, taken together, our
data support a model in which TorA-GFP can functionally interact
with SUN domain-containing proteins and strongly suggest that
they might be TorA substrates.

TorA/TorA-AE specifically impact the fitness of mps3 and
pom152 strains

The localization of TorA in an oligomerization and ATPase activity-
dependent manner to the SPB, combined with the identification of
Pom152 and Mps3 as likely TorA binding partners, raise the possibil-
ity that TorA could influence the function of these (or other) NE pro-
teins. We therefore tested whether TorA expression impacted the
fitness of yeast strains with alleles of POM152 and MPS3. For these
experiments, we placed TorA and TorA-AE under the control of the
conditional GALT promoter as we observed progressive loss of
TorA-GFP expression on serial culturing in some strain backgrounds.
Consistent with our hypothesis and biochemistry, strains null for
POM152 were specifically sensitive to the expression of TorA but
not TorA-AE (Figure 4A, galactose panels). This result suggests that
TorA acts as a dominant negative in the absence of Pom152, per-
haps by binding and inhibiting an essential factor that lacks the ca-
pacity to interact with TorA-AE. Alternatively, particularly in light of
our biochemical analysis, we favor a model where Pom152 could
directly interact with TorA in a way that modulates its activity.

We next tested whether conditional expression of TorA impacted
the growth of a mps3A strain complemented by either MPS3 or a
temperature-sensitive allele (mps3-F5925) that disrupts the SUN do-
main and the function of Mps3 (Jaspersen et al., 2006). Interestingly,
while expression of TorA or TorA-AE did not alter growth of MPS3-
containing cells, both specifically impacted the fitness of strains ex-
pressing the mps3-F592S allele (Figure 4B), suggesting that TorA
can perturb a compromised SPB and/or impaired SPB insertion
mechanism. TorA-GD had a similar effect, further bolstering the idea
that TorA need not oligomerize to impact SPB function. As Mps3
likely contributes to both SPB insertion and NPC biogenesis into the
NE (Jaspersen et al., 2002, 2006; Jaspersen and Ghosh, 2012; Frie-
derichs et al., 2011; Chen et al., 2014), we tested whether shared
components of the SPB and NPC (e.g., Ndc1) (Winey et al., 1993;
Chial et al., 1998) are also impacted by TorA expression. For this
experiment, we took advantage of our prior observation that C-ter-
minal tagging of Ndc1 with GFP partially impairs its function (Yewdell
et al.,, 2011) and, consistent with this, TorA and TorA-AE inhibited
the growth of Ndc1-GFP-expressing cells, particularly at 37°C
(Figure 4A). We also observed a slight impact on the fitness of
heh1A cells but not those lacking HEH2 or POM34 (Figure 4, A
and C). Thus, while TorA also genetically interacts with MPS3 and
HEHT1, in these cases, the interactions are not specific to TorA and
are also seen with the TorA-AE allele, again consistent with our bio-
chemical analysis (Figure 4C).

mps3 and pom152 alleles differentially affect SPB
accumulation of TorA

Finally, we tested whether disruption of MPS3 and POM 152 function
altered the distribution of TorA-GFP at the SPB. Interestingly, we
observed lower SPB¢/NE; ratios of both TorA-GFP and TorA-AE-GFP
at the SPB in mps3-F592S cells compared with the wt MPS3
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counterpart, even at permissive growth temperatures (room tem-
perature [RT]) (Figure 5, A, B, and F). These data open up the possi-
bility that TorA (and TorA-AE) is recruited to the SPB through a direct
interaction with the Mps3 SUN domain. In contrast to the loss of SPB
recruitment observed in mps3-F592S cells, we observed higher
SPB#/NE;¢ values for TorA-GFP (up to 3.53, mean SPB¢/NE; of 2.05) in
pom152A cells (Figure 5, C and H), which resembles the hyperaccu-
mulation of TorA-GFP at SPBs seen on expression of the LAP1-LDs
deficient in stimulating TorA-GFP ATP hydrolysis (Figure 2B). Perhaps
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most interestingly, this effect was specific, and we observed no
change in SPB¢/NEs levels of TorA-AE-GFP in pom152A cells (Figure
5, D and H). These data thus closely mirror the genetic and bio-
chemical analysis and support the concept that Pom152 could im-
pact TorA function analogously to its established activator, LAP1.

Outlook
In conclusion, we have employed the budding yeast model to in-
terrogate the function of TorA. By uncovering an interaction
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between TorA and SPBs that can be altered by the introduction of
the LAP1-LD, we have developed a visual in vivo assay to investi-
gate the molecular determinants and perhaps the function (in the
future) of a TorA-mediated ATP hydrolysis cycle. Perhaps most criti-
cally, our data point to the discovery of a likely substrate at the NE
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with the most obvious candidate being the SUN domain-contain-
ing Mps3. This interpretation is strengthened by our use of the
yeast system in that there are no other conserved membrane pro-
teins that anchor the SPB (as the mammalian centrosome does not
span the NE), and budding yeast lack an obvious KASH domain
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partner (Mps2 is considered to be “KASH-like"[Friederichs et al.,
2011], but we did not identify any peptides to Mps2 in our affinity
purifications). Indeed, the Mps3 SUN domain shares ~30% se-
quence identity with its mammalian counterparts (Jaspersen et al.,
2006) and importantly, we show that human SUNT and SUN2 can
copurify with TorA in the yeast system. There are also several addi-
tional studies that would support the conclusion that SUN proteins
are TorA substrates (Nery et al., 2008; Vander Heyden et al., 2009;
Jungwirth et al., 2011; Atai et al., 2012; Saunders et al., 2017,
Dominguez Gonzalez et al., 2018). In the future, we look forward to
the direct reconstitution of a SUN protein-TorA complex, although
it is possible the interaction between TorA and SUN-domain-con-
taining proteins is not with the SUN domain per se, as we also de-
tect structural homology (with ~99% confidence per Phyre2 [Kelley
etal., 2015]) between the recently identified auto-inhibitory domain
in either SUN1T (Xu et al., 2018) or SUN2 (Nie et al., 2016) with the
analogous region preceding the Mps3 SUN domain (Supplemental
Figure S2, D-F).

Clearly, an additional priority going forward is to determine
whether Pom152, and, most critically, its functional homologue
Nup210, directly interacts with TorA. The most exciting feature of
this putative interaction, be it direct or indirect, is that it is specific
for TorA and is disrupted by the AE mutation. These data are com-
pelling as they lend support to the concept that defects in NPC
biogenesis could arise in the absence of a putative TorA-Nup210
interaction and, in turn, contribute to the formation of the NE her-
niations that are the cellular hallmark of the dystonia disease pheno-
type. Perhaps most interestingly, our data hint at the existence of
another cofactor that could be capable of stimulating TorA
hydrolysis. While there is nothing obvious about the structure of the
Pom152 lumenal domain, which consists of repetitive g motifs
(Wozniak et al., 1994; Upla et al., 2017), that resembles the RecA
fold of the LAP1 or LULL1 lumenal domains (Brown et al., 2014; Sosa
et al., 2014), our data nonetheless raise the possibility that Pom152
could contribute to TorA-mediated ATP hydrolysis. Thus, we hope
that this study facilitates direct testing of these hypotheses in mam-
malian systems and provides additional avenues to uncover the
molecular basis of early onset DYT1 dystonia.

MATERIALS AND METHODS

Plasmid generation

All plasmids used in this study are listed in Supplemental Table S2
under the “Plasmids” tab. To generate pMC13/pMC25, pMC14/
pMC26, and pMC22/pMC28, the coding sequences of TorA-GFP,
TorA-AE-GFP, and TorA-EQ-GFP (Valastyan and Lindquist, 2011)
were subcloned into p406ADH1/p406GAL1 using Xhol and Xbal.
The promoter and coding region of pMC13, pMC14, and pMC22
were then subcloned into pRS403 (American Type Culture Collec-
tion) using Eagl and Sacl to generate pMC15, pMC16, and pMC24.
The Gibson Assembly Mastermix (NEB) was used to insert the cod-
ing sequence for amino acids 328-583 of human LAP1 (LAP1-LD),
which was PCR-amplified by Q5 DNA polymerase, into pDSL-NX
(Dualsystems Biotech; 2y, TRP1), which was used to generate NubG
(N-terminus of Ubiquitin) fusions behind the control of the CYC1 pro-
moter, to generate pDTO7. Subsequently, pMC12 was made by sub-
cloning the NubG-HA-LAP1-LD coding sequence from pDTO07 into
p406GALT using Spel and Smal. pMC31/pMC32, pMC33, and
pMC35 encode the TorA-GD, LAP1-LD-R563A, and LAP1-LD-R563E
point mutants, respectively, which were generated using Quikchange
Site-Directed Mutagenesis with Pfu Turbo (Agilent Technologies). To
produce pMC43 and pMC45, the coding sequences for human
SUN1 (amino acids 287-811) and full-length SUN2 (May and Carroll,
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2018) (TCP1104, TCP442) were subcloned into pMC38 (p406GAL1
containing NubG-HA coding region) using Ascl and Pacl.

Yeast strain generation, growth, and genetic analysis

All yeast strains are derived from a wt W303 genetic background
and are listed in Supplemental Table S2, “Yeast Strains” tab. Gene
knockouts and fluorescent protein/epitope-tagging of endogenous
genes were performed using a PCR-based integration approach
(Longtine et al., 1998; Van Driessche et al., 2005). To integrate TorA-
GFP or LAP1-LD constructs into the genome at the URA3 or HIS3
loci, plasmids were digested with BstBl or Bmtl, respectively, prior to
transformation using standard methods (Sikorski and Hieter, 1989;
Burke et al., 2000). As indicated in Supplemental Table S2, some
strains were generated by mating and subsequent sporulation and
tetrad dissection using standard methods (Burke et al., 2000). Yeast
strains were grown at 30°C in YPA (1% yeast extract, 2% peptone,
0.025% adenine) with 2% dextrose (YPAD), 2% raffinose (YPAR), or
2% galactose (YPAG).

To test genetic interactions, relative growth of yeast strains was
assessed by plating 10-fold serial dilutions of overnight cultures
onto YPD or YPG plates. Plates were incubated at 30°C, 33°C, or
37°C and imaged at the times indicated in the figure legends.

Preparation of whole-cell protein extracts and Western
blotting
To generate whole-cell protein extracts for Western blotting, ~2
ODgqo of cells were collected by centrifugation, washed once with 1
mM EDTA, and lysed for 10 min on ice with 250 pl of 2 M NaOH.
Proteins were subsequently precipitated for 30 min after the addi-
tion of 250 pl 50% trichloroacetic acid. Samples were centrifuged at
18,000 x g for 10 min at 4°C to pellet precipitated proteins, washed
once with 1 ml -20°C acetone, resuspended in 40 ul 5% SDS
followed by 40 pl of 2x SDS Laemmli sample buffer containing
100 mM dithiothreitol (DTT), and heat-denatured for 5 min at 95°C.
Protein samples were separated on a 4-20% gradient gel (Bio-
Rad) and transferred using the Mini Trans-Blot Cell (Bio-Rad) at 100
V for 60 min onto 0.2 um nitrocellulose (Bio-Rad). Protein samples
collected during affinity purification experiments (below) were sepa-
rated on a 4-12% gel (NUPAGE) and transferred using Mini Blot
Module (Invitrogen) at 25 V for 70 min onto 0.2 um nitrocellulose
(Bio-Rad). Nitrocellulose was subsequently blocked with 5% skim
milk in Tris-buffered saline with 0.1% Tween-20 (TBST) for 1 h at RT,
incubated with primary antibodies for 1 h at RT, extensively washed
in TBST, incubated with horseradish peroxidase (HRP)-conjugated
secondary antibodies. After washing, proteins were detected by
ECL. Antibodies used in this study are listed in Supplemental Table
2, "Antibodies” tab.

Affinity purification of TorA and TorA-AE-GFP

To identify the interactome of TorA-GFP and TorA-AE-GFP, 1-I cul-
tures of W303 (no GFP control), MC99 (TorA-GFP), or MC108 (TorA-
AE-GFP) were grown to an ODggg of ~2 and pelleted at 4000 x g for
15 min at 4°C. Cell pellets were transferred to a 50-ml conical tube,
washed once with dH,O, weighed, and suspended in 100 pl freezing
buffer (20 mM HEPES, pH 7.5, 1.2% polyvinylpyrrolidone, protease
inhibitor cocktail [1:200]) per gram of cell pellet to make a slurry. A
20-gauge needle was used to puncture a hole into the bottom of a
50-ml conical tube, and a plunger was used to force the slurry, drop-
wise, through the hole into a second 50 ml conical tube filled with
liquid nitrogen. Frozen cell pellets were cryomilled with a ball mill
(Retsch) to generate a frozen powder of cell lysate (Alber et al., 2007).
For each affinity purification, 800 pl of extraction buffer (100 mM
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HEPES, pH 7.5, 300 mM KCI, 1 mM EDTA, 100 mM MgOAc, 1%
Triton X-100, 10 mM 2-mercaptoethanol) was added to 200 mg of
lysate powder. The sample was vortexed to resuspend prior to cen-
trifugation at 14,000 rpm at 4°C for 10 min to clear the lysate. The
supernatant was added to 10 pl GFP-Trap magnetic-agarose beads
(ChromoTek) previously equilibrated in 1 ml lysis buffer. After a 1-h
incubation at 4°C, the unbound fraction was collected, and the
beads were washed 5x in 1 ml extraction buffer. To elute bound pro-
teins, beads were resuspended in 20 pl lithium dodecyl sulfate sam-
ple buffer (NuPAGE), denatured at 70°C for 10 min, and centrifuged
at 18,000 x g for 1 min prior to physical separation of beads from the
elution using a magnet. The elution was transferred to a fresh micro-
centrifuge tube, reduced by the addition of 1 pl 1 M DTT (final con-
centration of 50 mM DTT), and heated again for 10 min at 70°C.
Bound proteins were identified by MS or Western blotting.

Mass spectrometry

Eluted proteins were loaded onto a 4-12% gel (NUPAGE) until the
dye front entered the gel. Proteins were visualized using Imperial
Protein Stain (Thermo Fisher Scientific). After washing with dH,0, a
clean razor blade was used to excise the protein band (~10 pg). The
gel piece was transferred to a clean 1.5 ml tube, and an in-gel tryp-
tic digest was performed. Peptides were separated on a Waters
nanoACQUITY ultra-high-pressure liquid chromatograph prior to
detection on either a Waters/Micromass AB QSTAR Elite (two repli-
cates for wt cells [no GFP] and those expressing TorA-GFP; one
replicate for cells expressing TorA-AE-GFP) or a Thermo Fisher
Scientific LTQ-Orbitrap XL Fusion (third replicate for wt [no GFP]
and TorA-GFP samples and second replicate for TorA-AE-GFP) mass
spectrometer.

Mascot was used to analyze all MS/MS data (Matrix Science, Lon-
don, UK; version 2.6.0). Mascot searched the SwissProt_2017_01
database (selected for Saccharomyces cerevisiae, unknown version,
7904 entries) assuming strict trypsin enzyme digestion, a fragment
ion mass tolerance of 0.020 Da, and allowed oxidation of methio-
nine and propionamide of cysteine.

To validate MS/MSbased peptide and protein identifications,
Scaffold (version Scaffold_4.8.7; Proteome Software, Portland,
OR), a program that incorporates the ProteinProphet algorithm
(Nesvizhskii et al., 2003), was used with the following parameters:
peptide identifications needed at least 95.0% probability by the
Scaffold Local FDR algorithm; protein identifications required at
least 22.0% probability to achieve an FDR less than 2.0% and at
least two identified peptides; proteins that could not be distin-
guished by MS/MS analysis alone due to similar peptides were
grouped to satisfy the principles of parsimony.

Scaffold (version Scaffold_4.8.7, Proteome Software, Portland,
OR) was used to generate normalized spectral counts for each rep-
licate. To identify proteins at least 2.5-fold enriched in TorA-GFP or
TorA-AE-GFP relative to the no GFP control, normalized peptide
counts for individual proteins were averaged; TorA/AE-GFP average
for each protein was divided by the corresponding average no GFP
control. Proteins present in TorA/AE-GFP but absent in the no GFP
control were also considered to be 2.5-fold enriched.

Structure prediction

To identify domains in Mps3 that are structurally similar to other
SUN domain proteins, the region between the transmembrane do-
main and the established SUN domain (Jaspersen et al., 2006)
(amino acids 171-458) was threaded into Phyre 2.0 (Kelley et al.,
2015). PyMOL was used to superimpose the predicted structure
onto mouse Sun1 crystal structure (Xu et al., 2018).
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Microscopy

A Deltavision widefield deconvolution microscope (Applied Preci-
sion/GE Healthcare) with a 100x, 1.40 numerical aperture objective
(Olympus), solid-state illumination, and a CoolSnap HQ? CCD cam-
era (Photometrics) was used to acquire all images. Unless otherwise
stated in the text, all micrographs presented are of cells grown to
mid-log phase at 30°C. To prepare cells for imaging, they were
gently pelleted by centrifugation, suspended in complete synthetic
medium, and pipetted onto a glass slide. Z-stacks with a 0.25 pm
step were acquired with the exception of cells expressing TorA-EQ-
GFP, where only a single plane was imaged to prevent signal loss
due to photobleaching because of its low levels. To cluster NPCs,
MCCPL561 was treated with 10 ug/ml rapamycin for 30 min prior to
imaging as described in Colombi et al. (2013).

Image processing, analysis, and statistics

Allimages presented were deconvolved via softWoRx (Applied Pre-
cision/GE Healthcare). Subsequent processing was performed using
Fiji/imageJ (Schindelin et al., 2012) and Photoshop (Adobe). Image
analysis (detailed below) was performed on raw (i.e., nondecon-
volved) images using Fiji/ImageJ.

To determine the relative accumulation of TorA-GFP at the SPB,
the GFP fluorescence at the SPB (SPBy) was divided by the NE GFP
signal (NEg. To calculate SBP;, a 6 x 6 pixel square was used to
measure the mean GFP fluorescence at the GFP accumulation that
colocalized or overlappedlapped with the SPB, as visualized with
Spc42-mCherry. To obtain a NE value, a portion of the NE was out-
lined and the mean GFP fluorescence was measured. After subtract-
ing mean background fluorescence, SPBf was divided by NE; for
each cell. To simplify the analysis, only cells with a single SPB were
analyzed. Thirty-two cells per genotype per biological replicate were
analyzed, and each experiment represents three independent bio-
logical replicates, totaling 96 cells per genotype per experiment.

The SPB¢#/NE; distribution in TorA-GFP-expressing cells failed the
D’Agostino and Pearson normality test; therefore, the nonparamet-
ric Kruskal-Wallis one-way analysis of variance (ANOVA) was used to
compare multiple genotypes within an experiment simultaneously,
and a post hoc Dunn’s test was used to identify significant
differences.
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