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Interaction of two hereditary spastic paraplegia gene
products, spastin and atlastin, suggests a common
pathway for axonal maintenance
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Hereditary spastic paraplegia (HSP) is a neurodegenerative disor-
der that is characterized by retrograde axonal degeneration that
primarily affects long spinal neurons. The disease is clinically
heterogeneous, and there are >20 genetic loci identified. Here, we
show a physical interaction between spastin and atlastin, two
autosomal dominant HSP gene products. Spastin encodes a micro-
tubule (MT)-severing AAA ATPase (ATPase associated with various
activities), and atlastin encodes a Golgi-localized integral mem-
brane protein GTPase. Atlastin does not regulate the enzymatic
activity of spastin. We also identified a clinical mutation in atlastin
outside of the GTPase domain that prevents interaction with
spastin in cells. Therefore, we hypothesize that failure of appro-
priate interaction between these two HSP gene products may be
pathogenetically relevant. These data indicate that at least a
subset of HSP genes may define a cellular biological pathway that
is important in axonal maintenance.

microtubule | AAA ATPase | microtubule severing

H ereditary spastic paraplegia (HSP) is a genetically and
clinically heterogeneous disorder that is characterized clin-
ically by spastic gait, mild vibratory sensory impairment, and
urinary urgency and pathologically by a retrograde axonopathy
that primarily involves the long neurons of the corticospinal tract
and fasciculus gracilis (1). There are >20 genes linked to HSP.
No molecular interaction between any of the proteins encoded
by these genes has been described.

Broadly speaking, the proven or inferred functions of HSP genes
have led to several broad hypotheses about the molecular patho-
genesis of HSP. HSP has been suggested to be a mitochondrial
disorder, based on the fact that two HSP genes, paraplegin (2) and
mtHSP 60 (3), are mitochondrial proteins with roles in protein
quality control and folding. Mutations in KIF5a, a conventional
kinesin that is highly expressed in neurons, cause HSP (4), suggest-
ing that impaired axonal transport may underlie some forms of the
disease. Mutations in spastin (SPG-4), an AAA ATPase (ATPase
associated with various activities), cause 40% of the autosomal
dominant cases of HSP (5). We and others have shown that spastin
is a microtubule (MT)-severing enzyme and that disease mutations
impair this activity (6, 7).

Several HSP genes are associated with various membranous
organelles and have inferred roles in vesicular trafficking. Spastin
and spartin (SPG-20) (8), another HSP gene, both contain an MIT
(microtubule interacting and transport) domain (9), which is often
found in endosome-associated proteins, including Vps4, an AAA
ATPase that disassembles ESCRT (endosomal sorting complex
required for transport) protein complexes as part of the multive-
sicular body pathway (10). Spastin’s MIT binds CHMP1B (11), one
of a family of proteins implicated in the multivesicular body
pathway. Mutations in atlastin (12), an integral membrane protein
GTPase that is primarily localized to the Golgi apparatus (13), also
cause HSP. Mutations in alsin, which has Rab 5 and Rac guanine
nucleotide exchange domains, suggest that a defect in intracellular
trafficking may cause HSP (14, 15).
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Clinically, HSP can be variable with respect to age of onset,
penetrance, expressivity of phenotype, and the range of neurolog-
ical abnormalities found in patients. Given the heterogeneity and
the myriad hypotheses of the molecular basis of axonal loss in HSP,
a central question arises as to what degree HSP is a single disease.
In other words, do any or some of these disease genes function
together in a single cellular pathway whose function is important in
axonal maintenance? The interaction we describe between spastin
and atlastin suggests that a subset of HSP gene products may
function in this manner.

Results

To identify spastin-interacting proteins, we performed a yeast
two-hybrid screen that used full-length spastin as bait. The assay
yielded 12 independent clones, one of which encoded a fragment
of atlastin-1 (Fig. 14). Like spastin, atlastin is an autosomal
dominant HSP gene (12). Atlastin is a Golgi-localized integral
membrane protein GTPase (13). The recovered clone was
in-frame and lacked the GTPase domain but encoded the two
transmembrane segments and cytoplasmic tail (C-tail) of atlas-
tin. Deletion of the C-tail domain from this clone (496 Stop) in
human atlastin-1 abolished interaction in the yeast two-hybrid
assay (Fig. 1A4).

Next, we cotransfected HeLa cells with plasmids encoding 2HA-
tagged spastin and either atlastin-6xHis or B-gal-6xHis (Fig. 1B).
Clarified lysates were subjected to immunoprecipitation with an
anti-6xHis antibody. Immunoprecipitates were probed for spastin
by anti-hemagglutinin (HA) Western blotting. Spastin coprecipi-
tated with atlastin but not with B-gal, despite the fact that the
control protein was expressed at a higher level than atlastin (Fig.
1B). Western blotting with an anti-HA antibody confirmed that
both lysates expressed equivalent amounts of spastin. The HA
antibody detected two spastin-related bands. Although we do not
know why, we imagine that the upper band may represent a
posttranslationally modified form of spastin. Although it appears as
though only the lower band associates with atlastin, we cannot
exclude the possibility that the upper band binds but that we were
unable to detect it because of the lower abundance of this form.

Because the yeast two-hybrid analysis indicated that the C-tail of
atlastin was binding spastin, we produced and purified recombinant
GST-atlastin C-tail. The GST moiety was cleaved off of recombi-
nant spastin with a site-specific protease. The spastin/GST/
protease reaction mixture was added to bead-immobilized GST-
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Fig. 1. Spastin-atlastin interaction. (A) A yeast two-hybrid screen identified
atlastin as a spastin interactor. Full-length human spastin was used as a bait
and interacted with a clone encoding amino acids 408-558 of human atlas-
tin-1. This clone and a deletion mutant lacking the C-tail of atlastin (ACtail)
were used to retransform yeast in the two-hybrid assay. The original clone, but
not the ACtail clone, interacted with spastin in this assay. (B) Coimmunopre-
cipitation of spastin and atlastin. HeLa cells were transiently transfected for
24 h with 2HA-spastin and either atlastin-His-6x (lysate 1) or His-6x-tagged
B-gal (lysate 2) as a negative control. Cell lysates were subjected to immuno-
precipitation with a His-6x antibody followed by anti-HA (Left) or anti-His-6x
(Right) Western blotting. Both lysates expressed equivalent amounts of HA-
spastin (SM) and spastin coimmunoprecipitated with atlastin but not g-gal.
The 50- and 20-kDa bands are Ig heavy and light chains. (C) Coomassie
blue-stained gel showing that spastin binds to the atlastin C-tail. The GST was
cleaved from GST-spastin with precision protease (PP), and the crude reaction
mixture (lane 3) containing 10 pg of spastin was applied to glutathione-
Sepharose beads containing 10 ug of GST-atlastin C-tail or GST alone (lanes
4-6) in a total volume of 200 pl. Lanes 1 and 2 show samples of the beads
containing only GST-atlastin C-tail or GST. All of the added spastin but none
of the cleaved GST or PP bound to the atlastin C-tail, and ATP was not required
for binding (compare lanes 4 and 5). In contrast to GST-spastin, the GST-
atlastin C-tail protein does not contain a PP cleavage site.

atlastin C-tail or GST. The GST-atlastin C-tail fusion protein does
not contain a precision protease site and was therefore not cleaved
by the protease. Spastin bound to GST-atlastin C-tail, but not to
GST, in an ATP-independent manner, demonstrating direct inter-
action (Fig. 1C). We also performed this experiment with full-
length GST-spastin immobilized on beads and pulled down
full-length recombinant maltose binding protein-atlastin (in deter-
gent-containing buffers) (see Fig. 6, which is published as support-
ing information on the PNAS web site).
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Addition of a 10-fold molar excess of GST-atlastin C-tail but not
GST caused a very slight increase in spastin’s ATPase activity in
vitro (Fig. 7, which is published as supporting information on the
PNAS web site). Next, we asked whether this slight increase in
ATPase activity results in enhanced MT severing. To this end, we
incubated GST-spastin with taxol-stabilized, rhodamine-labeled
MTs in the absence or presence of a 10-fold molar excess of
GST-atlastin C-tail. At various time points, aliquots of each reaction
were removed, and severing was stopped by addition of glutaral-
dehyde. MT length was measured from micrographs, and mean
lengths were calculated. Fig. 24 shows that the average length of
MTs decreases over time. We did not detect any atlastin-induced
alterations in the extent or apparent rate of MT shortening in this
assay. Although we did not detect any atlastin effect, the assay likely
has a large margin of error, and we cannot exclude a role for atlastin
in modulating spastin activity. In agreement with the in vitro data,
cooverexpression of atlastin-FLAG along with yellow fluorescent
protein (YFP)-spastin in Cos-7 cells did not prevent spastin-
mediated severing (Fig. 2B).

However, we did notice that in the cotransfected cells, the
atlastin-FLAG staining pattern appeared altered (Fig. 2B) com-
pared with cells transfected only with atlastin-FLAG (Fig. 8, which
is published as supporting information on the PNAS web site).
Whereas most endogenous atlastin is found in the Golgi (13), and
overexpressed atlastin-FLAG mostly colocalizes with a Golgi
marker (Fig. 8) in the cotransfected cells, atlastin-FLAG was
codistributed in puncta with spastin. As is the case with MT
disruption induced by many treatments, spastin-induced MT loss
results in dispersion of the Golgi (data not shown). Although
overexpressed spastin and atlastin are colocalized in this experi-
ment (Fig. 2B), neither protein shows a staining pattern that is
typical of either endogenous protein (see Fig. 44).

Nevertheless, this experiment suggested that cotransfection ex-
periments might be a convenient way to identify domains of spastin
and atlastin required for coassociation in cells. To circumvent the
fact that WT spastin destroys MTs, which in turn might alter the
subcellular localization of proteins, we used E442Q mutant spastin,
which binds MTs but cannot release or sever (6) and consequently
decorates MTs in transfected cells. Surprisingly, cotransfection with
E442Q spastin and atlastin-FLAG resulted in atlastin being dis-
tributed along with the spastin on the MTs (Fig. 3). In the same
cells, the Golgi morphology as assessed by GM130 staining ap-
peared relatively normal (Fig. 9, which is published as supporting
information on the PNAS web site). Because atlastin is an integral
membrane protein, we imagine that vesicles carrying newly synthe-
sized atlastin-FLAG from the endoplasmic reticulum to the Golgi
or post-Golgi vesicles carrying atlastin must have been recruited to
the MT-bound spastin. From this assay, we conclude only that the
two proteins interact in cells in a manner such that one influences
the localization of the other. In affected patients where mutant
spastin is not overexpressed, no stable association of mutant spastin
with MTs has been observed (16).

Atlastin lacking the C-tail was not recruited to the E442Q spastin
(Fig. 3), consistent with the in vitro binding data that showed that
spastin binds to the atlastin C-tail. To define the domain of spastin
that is responsible for atlastin interaction, we made a series of single
domain deletions in spastin. Broadly speaking, spastin is a bipartite
molecule with a C-terminal AAA ATPase domain (amino acids
344-616). The N-terminal region of spastin (amino acids 1-343)
contains four distinct subdomains. The first 115 amino acids of
spastin contain a proline-rich region and a hydrophobic domain.
Amino acids 116—194 comprise the MIT domain (9). Exon 4 (amino
acids 195-227) is alternatively spliced, and little is known about this
domain (17). The N-terminal domain, but neither the MIT domain
nor exon 4, is required for atlastin recruitment (Fig. 3). Together,
these results suggest that the N-terminal domain of spastin binds to
the C-tail of atlastin. Two polymorphisms (S44L and P45Q), which
may act as genetic modifiers (18), and a disease-associated mutation

PNAS | July 11,2006 | vol. 103 | no.28 | 10667

CELL BIOLOGY



SINPAS

7|

A Minus Atl. Plus Atl.

10 min

30 min

Spastin- =«
-

microns

Tub- (ge———

Atl-tail- we—

- minutes

Atlastin

Fig. 2. Atlastin C-tail does not inhibit spastin-mediated MT severing. (A)
Taxol-stabilized, rhodamine-labeled MTs and spastin were used, severing
assays without or with recombinant atlastin C-tail as described in Materials
and Methods. At the indicated time points, reactions were stopped by fixation
in glutaraldehyde. MTs were photographed, and average lengths were cal-
culated as described in Materials and Methods. The bar graph shows the mean
lengths =+ standard error. Representative photomicrographs show the extent
of MT severing. There was no appreciable difference between reactions
incubated with or without C-tail. The Coomassie blue-stained gel shows the
relative amounts of each protein (tubulin, 0.1 mg/ml; spastin, 0.02 mg/ml).
The C-tail was used at 10-fold molar excess compared with spastin. (B) Cos-7
cells were cotransfected with YFP-spastin and atlastin-FLAG. After 24 h, cells
were fixed and stained with anti-FLAG and anti-tubulin antibodies. Spastin
(green) and atlastin (red) colocalize. Transfected cells show decreased MT
(blue) content compared with neighboring cells. (Scale bar, 15 um.)

(dupA102,S103) (19) are located in this N-terminal region of
spastin. None of these changes in spastin prevented atlastin recruit-
ment in the cotransfection assay (Table 1, which is published as
supporting information on the PNAS web site). Using transfection
assays and working with purified MTs in a videomicroscopic
severing assay (6), we found that A1-227 spastin (lacking the
N-terminal region, the MIT domain, and exon 4) can still sever MTs
and has an ATPase activity similar to that of full-length protein
(data not shown and unpublished data).
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Fig. 3. Spastin-atlastin interaction in cells. In Cos-7 cells cotransfected with
YFP-E442Q spastin and atlastin-FLAG, atlastin is “‘recruited” to the MTs along
with the spastin mutant, indicating that the two proteins interact in cells
(A-C). Deletion of the N-terminal region (residues 1-132) of spastin (G-/), but
not the MIT (residues 116-194) (J-L) or exon 4 (residues 195-227) (M-0)
domains, prevented recruitment of atlastin. Deletion of the C-tail from atlas-
tin prevented recruitment (D-F).

We examined several mutations in both spastin and atlastin by
using this assay (see Tables 1 and 2, which are published as
supporting information on the PNAS web site). We analyzed two
clinical mutations in the atlastin C-tail and found that R495W (20),
but not ins1688A, interacted with spastin (Fig. 10, which is pub-
lished as supporting information on the PNAS web site).

We raised antibodies to both spastin and atlastin and examined
whether endogenous spastin and atlastin colocalize in Cos cells.
Western blots of cell lysates using affinity-purified antibodies are
shown (Fig. 11, which is published as supporting information on the
PNAS web site). The atlastin antibody showed a perinuclear
staining pattern (Fig. 4) similar to that published by Zhu et al. (13).
Staining intensity varied among cells. The intensity of endogenous
spastin staining was proportional to the amount of atlastin ex-
pressed (Fig. 44). Also, there was partial colocalization of the two
endogenous proteins.

We asked whether RNA interference (RNAi)-mediated silenc-
ing of either spastin or atlastin affected the other protein. Spastin
suppression, achieved by using a short interfering RNA (siRNA),
resulted in decreased but not abolished spastin staining (Fig. 4B)
but did not appreciably alter either the atlastin staining pattern or
intensity. In the Western blot analysis, suppression of spastin by
50% by RNAI did not result in altered atlastin levels (data not
shown). To suppress atlastin, we transfected cells with a plasmid
containing a short hairpin RNA (shRNA) specific to atlastin.
Transfected cells coexpress GFP along with the shRNA. Western

Evans et al.
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Fig.4. Colocalization of endogenous spastin and atlastin. (A) Cos cells were stained with antibodies to atlastin and spastin. Signals were detected by using a
Cy-5-conjugated or Alexa Fluor 488 secondary antibody. Spastin signal was detected by using Alexa Fluor 488. Note the partial colocalization of the two proteins.
Atlastin staining intensity was variable, and the spastin signal is higher in cells expressing more atlastin. (B) Spastin RNAi does not appreciably alter atlastin
staining. Spastin expression (Left) was partially suppressed by transfection of a spastin-specific siRNA but not a scrambled siRNA. Transfection with a
rhodamine-labeled siRNA showed that >90% of the cells are transfected (data not shown). Duplicate coverslips prepared from the same transfections were
stained for endogenous atlastin (Right), which appeared unaltered. (C) Effects of atlastin RNAi on spastin. Cells were fixed 48 h after transfection, and duplicate
coverslips were stained for either spastin or atlastin. In this experiment, background staining of nuclei was sometimes observed. Transfected cells, identified by
GFP expression (Insets), are indicated by arrowheads. Nuclei were stained with DAPI (blue). Compared with nontransfected cells, atlastin staining is partially
suppressed in atlastin RNAi but not in control RNAi cells. Compared with control transfected cells, a smaller percentage of cells subjected to atlastin RNAi showed
the perinuclear concentration of spastin (29% vs. 45%, n = 135 cells from each transfection). Quantitative Western blot analysis of equal numbers of transfected
cells obtained by flow cytometry demonstrates that atlastin suppression was 60% and that spastin levels were also reduced to a similar degree. Signals were

normalized to actin intensity. (Scale bars, 15 um.)

blotting of transfected cells obtained by flow cytometry (Fig. 4C)
showed 60% suppression of atlastin. Interestingly, atlastin RNAi
also resulted in a similar decrease in spastin levels. Atlastin RNAI
resulted in variably decreased atlastin staining compared with
control cells (Fig. 4C). With regard to spastin staining, 45% of
control transfected cells showed a perinuclear region with concen-
trated spastin staining (see Fig. 4C). In contrast, only 29% of the
atlastin RNAI transfected cells showed this feature. The decrease
in the perinuclear spastin staining could result from either de-
creased spastin levels or the inability to concentrate spastin to
atlastin-containing areas.

We wondered whether atlastin overexpression would result in
recruitment and perhaps an increased steady-state level of endog-
enous spastin. Also, to test whether the atlastin C-tail is necessary
and sufficient for these phenomena, we created two additional
constructs. Among the reported disease-causing mutations in at-
lastin is one that deletes most of the C-tail (21). This mutation, an
insertion of an adenine at position 1688, changes the reading frame
10 aa into the C-tail, adds nonnative sequence, and introduces a
premature stop codon. Like the AC-tail construct used in Fig. 3, this
mutation prevented spastin interaction in the cotransfection assay
(Fig. 10). We also created a construct (atlastin C-tail-Golgi) with
the atlastin C-tail- FLAG moiety fused to a Golgi-localization
moiety (the residues of galactosyl transferase encoding amino acids
that are responsible for Golgi localization).

We transfected cells with plasmids encoding WT-atlastin-
FLAG, ins1688A-atlastin-FLAG, or atlastin C-tail-Golgi. Cells

Evans et al.

were fixed and double stained for FLAG and endogenous spastin
(Fig. 5). In cells overexpressing atlastin lacking the C-tail
(atlastin-ins1688A), endogenous spastin was not colocalized
with the overexpressed atlastin. In these cells, spastin staining
was also less intense (the image shown in Fig. 5SE was obtained
by using a longer exposure time to make the spastin staining
visible). Also, the spastin staining in both the transfected cell and
the nontransfected cell appear similar in intensity and distribu-
tion. In contrast, in cells overexpressing WT atlastin-FLAG or
atlastin C-tail-Golgi, endogenous spastin was colocalized with
overexpressed atlastin. In comparing the three cells depicted in
Fig. 5 G and H, the amount of endogenous spastin staining is
proportional to the amount of atlastin C-tail Golgi expressed.
These results suggest that the C-tail of atlastin is necessary and
sufficient for spastin recruitment. Together with the data in Fig.
4A4, they also suggest that atlastin and spastin levels correlate.
We measured atlastin-FLAG fluorescence and fluorescence
from endogenous spastin in randomly selected transfected and
nontransfected cells. A plot of atlastin-FLAG intensity vs.
spastin intensity shows that there is a good correlation between
levels of atlastin and spastin on a cell-by-cell basis (Fig. 5).
Next, we transfected cells with YFP, atlastin-YFP, or atlastin
C-tail Golgi. After 24 h, levels of spastin were examined by
quantitative Western blotting (Fig. 5). Examination of the YFP and
YFP-expressing cells before lysis revealed equal transfection effi-
ciencies of ~70%. Overexpression of atlastin-YFP, but not YFP
alone, resulted in an ~3-fold increase in the spastin signal, whereas
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ins1688A-atlastin-FLAG (D-F), or atlastin C-tail Golgi (G-/) for 48 h. Cells were
stained by using FLAG antibodies (Cy-5 secondary antibody in A, D, and G,
shown in red) and stained for endogenous spastin (Alexa Fluor 488 detection
in B, E, and H, shown in green). Note the partial colocalization of spastin with
WT and atlastin C-tail Golgi but not with ins1688A-atlastin. Spastin intensity
isincreased in cells expressing more atlastin C-tail Golgi (compare cellsin Gand
H). The image in E was obtained with an increased exposure time to better
visualize the spastin staining. Note that spastin levels are the same in the
transfected and nontransfected cells and that spastin is not localized with
atlastin. The Western blot shows that cells transfected with plasmids encoding
atlastin-YFP or atlastin C-tail-Golgi, but not YFP, show increased levels of
endogenous spastin (shown in green). The numbers above each lane show the
relative increase in spastin levels [compared with YFP transfected cells and
normalized for actin expression (red)]. The graph shows spastin fluorescence
intensity as a function of the atlastin-FLAG fluorescence intensity in randomly
selected cells. Cells not overexpressing atlastin-FLAG had an average spastin
intensity of 95 arbitrary units.

overexpression of atlastin C-tail-Golgi resulted in a 7.8-fold increase
in spastin.

Discussion

We showed that the N-terminal domain of spastin binds directly
to the C-terminal cytoplasmic domain of atlastin. This interac-
tion between two HSP disease gene products suggests that some
of the >20 HSP genes may define a cellular biological pathway
that is important in axon maintenance. We also showed the
HSP-associated mutant ins1688A-atlastin does not interact with
spastin, suggesting that HSP could result from a lack of normal
interaction between spastin and atlastin.

Neither deletion of nor missense mutations in atlastin’s N-
terminal GTPase domain prevented recruitment (Tables 1 and 2).

10670 | www.pnas.org/cgi/doi/10.1073/pnas.0510863103

Thus, the role of the GTPase activity, if any, in regulating atlastin—
spastin interaction is unclear.

While this paper was under revision, Sanderson et al. (22)
reported that spastin and atlastin interact in a yeast two-hybrid
assay. In contrast to our findings, they reported that the N-terminal
portion of atlastin binds spastin. This conclusion was based on an
experiment where lysates from cells transfected with spastin were
incubated with GST-1-447 atlastin or with GST alone. Because the
endogenous atlastin was also present in these cells and because
atlastin is capable of homooligomerization (13), it is possible that
the observed interaction was indirect. Using the yeast two-hybrid
assay (Fig. 1), the recruitment assay where the C-tail but not the first
447 amino acids of atlastin are required for recruitment (Figs. 3 and
5 and Tables 1 and 2), and purified recombinant proteins (Fig. 2)
and by examining endogenous spastin (Fig. 5), we show that the
atlastin C-tail binds directly to spastin and is both necessary and
sufficient for spastin interaction.

Because atlastin binds to a region of spastin that is dispensable
for MT severing (data not shown) and because we found that
recombinant atlastin C-tail did not alter spastin-mediated MT
severing in vitro (Fig. 2), we believe that atlastin may function to
localize spastin. Current evidence suggests that atlastin is found in
the Golgi and is associated with vesicles in axons and in growth
cones in neurons (23), raising the possibility that some atlastin from
the Golgi gets packaged into Golgi-derived vesicles. Atlastin could
recruit spastin to the Golgi or possibly to post-Golgi vesicles under
as yet undetermined circumstances. Consistent with this notion,
cells expressing higher amounts of either endogenous atlastin (Fig.
4A4) or overexpressed atlastin show increased steady-state levels of
spastin and enhanced colocalization with spastin. Partial suppres-
sion of atlastin also resulted in decreased steady-state levels of
spastin and in a mildly altered cellular distribution in some cells.

Materials and Methods

Culture of Hela and Cos-7 Cells and Transfections. Cell cultures and
transfections were as described in ref. 6. Deletion of the original
YFP-spastin constructs (6) was accomplished with the QuikChange
mutagenesis system (Stratagene), and mutations were confirmed by
DNA sequencing. The AN construct deleted amino acids 1-132, the
AMIT construct deleted amino acids 116-194, and the Aexon 4
construct deleted amino acids 195-227. An atlastin IMAGE clone
was obtained and FLAG- or His-6x-tagged at the C terminus. To
construct the atlastin C-tail-Golgi construct, an initiator Met codon
was added to the DNA encoding the atlastin C-tail-FLAG. The
sequence responsible for localizing galactosyl transferase to the
Golgi (the 81 N-terminal residues) was fused 3’ to the FLAG
sequence.

Yeast Two-Hybrid Screening. The yeast two-hybrid screening was
performed with the Clontech Matchmaker system. Human spastin
was cloned into the pGBK-T7 plasmid by using the Ndel and
BamHI restriction sites, and the plasmid was used to transform
strain AH109. These yeasts were mated with strain Y187 that had
been pretransformed with a HeLLa cDNA library (Clontech) cloned
into pGAD T7 rec. Diploids were plated on triple dropout medium
(low stringency selection), and positives were replated onto qua-
druple dropout plates (high stringency) containing X-a-gal. Plas-
mids were prepared from positive clones and used to transform
KC8 Escherichia coli. Recovered plasmids were sequenced and
retransformed into strain AH109, and the two-hybrid assay was
repeated to confirm that we had isolated the correct plasmids.

Recombinant Proteins. Spastin expression and purification was as
described in ref. 6. A fragment encoding the C-tail of atlastin
(amino acids 495-558) was PCR-amplified with primers adding
BamHI and EcoRI restriction sites for cloning into pGEX2T.
GST-atlastin C-tail was expressed in BL21 RILP cells (Stratagene)
by induction of logarithmic-phase cultures with 0.4 mM isopropyl

Evans et al.



Lo L

P

1\

=y

B-D-thiogalactoside at 37°C for 4 h. Washed cells were disrupted,
and GST fusion protein purification was the same as for GST-
spastin (6). GST was cleaved from recombinant spastin by using
precision protease (GE Healthcare).

In Vitro MT Severing. Rhodamine-labeled, taxol-stabilized MTs
prepared as described in ref. 6 (0.1 mg/ml final concentration) were
used in severing assays performed at 25°C with spastin (0.02 mg/ml)
and ATP (1 mM) in the absence or presence of a 10-fold molar
excess of atlastin C-tail. At times indicated in Fig. 24, aliquots were
removed and fixed in glutaraldehyde. Samples were diluted and
spotted onto coverslips, and MTs from at least 10 randomly selected
microscopic fields were photographed and measured by using
METAMORPH. Approximately 125-250 MTs were photographed
and measured for each time point.

Coimmunoprecipitations. HeLa cells in six-well plates were trans-
fected for 24 h and lysed in RIPA buffer (50 mM Hepes, pH 7.4/100
mM NaCl/2 mM MgCl,/10% glycerol/1% Triton X-100/0.5%
deoxycholate/0.1% SDS/protease inhibitor mixture; Roche Ap-
plied Science, Indianapolis), and lysates were clarified by centrif-
ugation (20,000 X g, for 20 min at 4°C). Supernatants were
precleared with protein G Sepharose, and 2.5 ug of His-6x anti-
bodies and protein G were added for 1 h at 4°C. Beads were washed
three times in RIPA buffer and eluted in SDS sample buffer.
Lysates were probed for spastin and atlastin by e-HA and o-His
Western blotting, respectively. Immunoprecipitates were probed
for spastin content by HA blotting.

Antibodies and Immunofluorescence. Chickens were immunized
with GST-spastin, and antibodies were affinity-purified from a
yolk-derived IgY fraction by using an affinity matrix where myelin
basic protein (MBP)-spastin was immobilized with Affigel. Purified
antibodies were recovered at a concentration of 0.2 mg/ml and
stored in 50 mM Tris (pH 8.0). To make the atlastin antibody,
rabbits were immunized with GST-atlastin C-tail. Antibodies were
affinity-purified on an MBP-atlastin matrix.

Detection of endogenous spastin by immunofluorescence
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microscopy required blocking of methanol fixed cells in Block-
Hen IT (Aves Labs, Tigard, OR) to reduce background staining.
Also, antibodies were used at 1:5,000-1:20,000 dilutions, and
signal was amplified with an Alexa Fluor 488 or Alexa Fluor 594
Tyramide Signal Amplification Kit (Molecular Probes). Atlastin
antibodies were used at a 1:500 dilution or at 1:5,000-1:10,000
when used with tyramide signal amplification. Antibodies were
used at the following dilutions: Y11/2 (Chemicon) for tubulin at
1:500, rabbit anti-FLAG (Affinity BioReagents, Neshanic Sta-
tion, NJ) at 1:250, anti-His-6x (Clontech) at 1:250, mouse
anti-GM130 (BD Biosciences) at 1:250, and rat anti-HA (Roche
Applied Sciences) at 1:250. Quantitative Western blotting was
performed with the use of infrared dye-conjugated secondary
antibodies in conjunction with a Licor Odyssey infrared imag-
ing/scanning system.

RNAi. Spastin RNAi was achieved by using a duplex siRNA
(antisense, 5'-rArUrArCrCrArUrUrCrCrArCrArGrCrUrUr-
GrCrUrCrCrUrUrCrUrG-3'; sense, Sphos-rGrArArGrGrAr-
GrCrArArGrCrUrGrUrGrGrArArUrGrGrUAT). Cells were
transfected with duplex siRNA at 20 nM duplex by using
Silentfect (Bio-Rad) for 48 h. A scrambled siRNA was used at
the same concentration as a control (sense, 5Sphos-rCrUrU-
rCrCrUrCrUrCrUrUrUrCrUrCrUrCrCrCrUrUrGrUGA; anti-
sense, rUrCrArCrArArGrGrGrArGrArGrArArArGrArGrAr-
GrGrArArGrGrA). Atlastin RNAi was achieved by using a short
hairpin RNA (shRNA) that was previously shown to suppress
atlastin (23). A control shRNA to alphafetoprotein (GGATC
TGTGCCAAGCTCAGTTCAAGAGACTGAGCTTGGCA
CAGATCCTTTTTT) was cloned into pLentilox (24). Plasmids
were use to transfect Cos-7 cells, and cells were examined 48-72
h after transfection.
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