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ER network formation and membrane fusion 
by atlastin1/SPG3A disease variants
Idil Ulengin, John J. Park and Tina H. Lee
Department of Biological Sciences, Carnegie Mellon University, Pittsburgh, PA 15213

ABSTRACT At least 38 distinct missense mutations in the neuronal atlastin1/SPG3A GTPase 
are implicated in an autosomal dominant form of hereditary spastic paraplegia (HSP), a mo-
tor-neurological disorder manifested by lower limb weakness and spasticity and length-de-
pendent axonopathy of corticospinal motor neurons. Because the atlastin GTPase is sufficient 
to catalyze membrane fusion and required to form the ER network, at least in nonneuronal 
cells, it is logically assumed that defects in ER membrane morphogenesis due to impaired 
fusion activity are the primary drivers of SPG3A-associated HSP. Here we analyzed a subset 
of established atlastin1/SPG3A disease variants using cell-based assays for atlastin-mediated 
ER network formation and biochemical assays for atlastin-catalyzed GTP hydrolysis, dimer 
formation, and membrane fusion. As anticipated, some variants exhibited clear deficits. Sur-
prisingly however, at least two disease variants, one of which represents that most frequent-
ly identified in SPG3A HSP patients, displayed wild-type levels of activity in all assays. The 
same variants were also capable of co-redistributing ER-localized REEP1, a recently identified 
function of atlastins that requires its catalytic activity. Taken together, these findings indicate 
that a deficit in the membrane fusion activity of atlastin1 may be a key contributor, but is not 
required, for HSP causation.

INTRODUCTION
Hereditary spastic paraplegia (HSP) is an uncommon but not rare 
disorder (afflicting ∼3–9/100,000 individuals) that causes weakness 
and spasticity in the lower limbs of affected individuals while largely 
sparing the upper extremities (Fink, 2006; Depienne et al., 2007; 
Salinas et al., 2008; Blackstone, 2012). Postmortem analysis of HSP 
patients revealed a length-dependent degeneration of the longest 
axons in the corticospinal tract (Deluca et al., 2004). More than 55 
distinct spastic paraplegia genes (SPGs) have been identified 
(Lo Giudice et al., 2014), and the products can be grouped into 
functions having to do with axon path finding, myelination, receptor 

trafficking, organelle movement, mitochondrial function, and endo-
plasmic reticulum (ER) morphogenesis (Blackstone et al., 2011). 
Consequently, a deficit in one or more cellular pathways necessary 
for long-axon maintenance has been proposed to underlie the 
symptoms of HSP (Blackstone, 2012).

The original identification of atlastin1/SPG3A occurred through 
genetic analysis of three independent kindreds (autosomal domi-
nant [AD] HSP-P, -T, and -S), each presenting with an early-onset 
autosomal dominant form of HSP (Zhao et al., 2001). In each case, 
the disease segregated with a single genetic locus termed SPG3A 
(Hazan et al., 1993; Gispert et al., 1995), which was ultimately nar-
rowed to a 2.7-cM region on chromosome 14 (Rainier et al., 2001). 
Sequencing the open reading frames within the mapped region un-
covered a point mutation in the atlastin1 gene in all three kindreds 
(Zhao et al., 2001). Each kindred had a distinct mutation, but within 
each kindred, the affected members were invariably positive for the 
same mutation at one of two alleles. None of the asymptomatic in-
dividuals had the mutation, indicating a high degree of penetrance 
(Zhao et al., 2001). Since its original identification, >30 additional 
atlastin1/SPG3A mutations, mostly missense mutations within the 
GTPase domain, have been identified in early-onset HSP patients 
(Guelly et al., 2011).
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neurons expressing the SPG3A disease mutations remains unknown. 
This is due in part to the lack of an appropriate animal model for the 
disease. It may also be due to the peculiarities of neuronal cell 
shape, which make the details of the branched tubular ER network a 
challenge to image (Dailey and Bridgman, 1989; Terasaki et al., 
1994). In any case, further investigation is needed to determine 
whether atlastin1/SPG3A mutations invariably perturb ER network 
structure.

Our lab previously established a functional replacement assay 
that demonstrated the capacity of an exogenously introduced non-
neuronal atlastin2 to mediate ER network formation in HeLa cells 
depleted of endogenous atlastins (Morin-Leisk et al., 2011). We re-
cently showed that Drosophila atlastin was also capable of function-
ally replacing human atlastins in this system (Faust et al., 2015). Be-
cause Drosophila atlastin can catalyze membrane fusion in a robust 
manner (Orso et al., 2009) and shares 66% amino acid identity with 
atlastin1 in its GTPase domain, we reasoned that analysis of the at-
lastin1/SPG3A mutations transferred to the Drosophila orthologue 
afforded a unique opportunity to assess simultaneously individual 
atlastin1/SPG3A mutations for their effects on both ER morphogen-
esis and membrane fusion catalysis. On the basis of current thinking 
in the field, we started with the hypothesis that each atlastin1/
SPG3A mutant variant would exhibit a measurable deficit both in its 
ability to mediate network formation and in its ability to catalyze 
membrane fusion. Surprisingly, our results indicated that although 
this was the case for some of the variants, it was not the case for 
others. In particular, two of the three mutations (in the ADHSP-T and 
-S kindreds) that led to the original identification of atlastin1/SPG3A 
(Zhao et al., 2001) caused no measurable deficit in any assay. Our 
findings lead us to question whether impaired ER membrane fusion 
is the sole driver of SPG3A HSP.

RESULTS
Atlastin1/SPG3A mutations
Atlastins consist of a large, globular, cytoplasmic GTPase domain 
followed by a 3HB, which is in turn anchored to ER membranes by 
a pair of transmembrane helices and a cytoplasmic tail (Rismanchi 
et al., 2008; Bian et al., 2011; Byrnes and Sondermann, 2011). 
Figure 1 shows the identity and location of the 38 distinct atlas-
tin1/SPG3A mutations identified at the time of a recent report 
(Guelly et al., 2011) and further updated on the Human Gene 
Mutation Database (www.hgmd.cf.ac.uk/ac/search.php). A num-
ber of variants were previously produced in truncated form and 
analyzed in the soluble phase (Byrnes and Sondermann, 2011). 
Some were insoluble when expressed in Escherichia coli, consis-
tent with protein folding or stability issues (Figure 1; underlined 
mutations; Byrnes and Sondermann, 2011); others, including 
R217Q and Q191R, were stably expressed but strongly defective 
in dimerization and/or GTP hydrolysis (Byrnes and Sondermann, 
2011). The basis for disease causation for those variants seemed 
clear. It is of interest, however, that a substantial number of the 
remaining variants showed only modest impairment (Byrnes and 
Sondermann, 2011). To understand better the basis for disease for 
these mildly impaired variants, we set out to analyze them using 
broader functional assays encompassing ER network formation 
and membrane fusion catalysis.

Not all SPG3A/atlastin1 mutations impair ER 
network formation
To assess ER network formation, we used HeLa cells because their 
relatively flat shape makes imaging of the branched tubular mor-
phology of the ER network straightforward. As previously reported 

Atlastin1/SPG3A expression in vertebrates is enriched in the 
CNS (Zhao et al., 2001; Zhu et al., 2006). Accordingly, the first stud-
ies aimed at elucidating function used a neuronal cell culture model 
in which silencing of atlastin1 impaired axonal outgrowth (Zhu et al., 
2006). Concurrent studies showed overexpression of an atlastin1/
SPG3A mutant variant, localized to the ER in HeLa cells, perturbing 
ER network morphology in a dominant-negative manner, suggest-
ing a possible role in ER morphogenesis (Rismanchi et al., 2008). In 
support, siRNA-mediated depletion of the more ubiquitously ex-
pressed atlastin2 and atlastin3 isoforms also caused ER morphologi-
cal abnormalities (Hu et al., 2009). Collectively the data suggested 
a role for the atlastins in ER network morphogenesis.

Precisely how atlastins mediate ER morphogenesis remains to be 
elucidated. The similarity of the GTPase domain of atlastin to that of 
dynamins and mitofusins, mechanochemical enzymes that mediate 
membrane fission and fusion, respectively (Praefcke and McMahon, 
2004), led investigators early on to hypothesize a direct membrane-
remodeling role (Rismanchi et al., 2008). Soon thereafter, purified 
Drosophila melanogaster atlastin was demonstrated to be sufficient 
to catalyze lipid bilayer fusion when incorporated into synthetic lipid 
vesicles (Orso et al., 2009). Fusion was GTP hydrolysis dependent, 
prompting the idea that atlastin might represent the long-sought 
GTP-dependent fusion machinery for the ER (Dreier, 2000). It is now 
known that atlastin, similar to dynamin (Chappie et al., 2010), and 
other GTPases that undergo nucleotide-dependent head-to-head 
dimerization (Gasper et al., 2009), forms a transhomodimer as it 
catalyzes GTP hydrolysis (Byrnes et al., 2013). Transdimerization in 
atlastin is further accompanied by a rigid-body rotation of a three-
helix bundle (3HB) connecting each GTPase head domain to its 
membrane anchor. This rotation causes the 3HBs to cross over one 
another and is proposed to bring the 3HBs, pointing away from the 
dimer interface and anchored in opposing membranes initially, into 
close parallel alignment such that they come to reside within the 
same membrane (Bian et al., 2011; Byrnes and Sondermann, 2011). 
Crossover is hypothesized to constitute the driving force for mem-
brane fusion (Daumke and Praefcke, 2011).

The long-axon degeneration associated with SPG3A-linked HSP 
could be explained simply by the inability of atlastin1/SPG3A dis-
ease variants to catalyze ER membrane fusion and network forma-
tion. Although compelling, a clear demonstration of this hypothesis 
has remained elusive. In particular, the idea that a reduction in the 
membrane fusion activity of atlastin1/SPG3A causes HSP lacks 
strong support. This may be due in part to the lack of an ideal assay 
system: whereas the Drosophila orthologue (Orso et al., 2009) and, 
more recently, other atlastin counterparts in more distantly related 
organisms (Anwar et al., 2012; Zhang et al., 2013) have been shown 
to catalyze the fusion of synthetic membranes, the human proteins 
have not yet been demonstrated to possess this activity, for un-
known reasons (Wu et al., 2015). Consequently, assessment of the 
fusion capability of atlastin1/SPG3A mutant variants has relied on 
transfer of point mutations to the Drosophila orthologue, and only a 
few have been analyzed in this manner (Bian et al., 2011). In addi-
tion, a large number of truncated atlastin1/SPG3A mutant variants 
were analyzed in the soluble phase for their ability to hydrolyze GTP 
and dimerize in a nucleotide-dependent manner (Byrnes and Son-
dermann, 2011). Surprisingly, no clear correlation between disease-
causing mutations and biochemical activity emerged from that 
analysis. For many variants, the impairment of GTP hydrolysis and 
dimer formation was modest at best (Byrnes and Sondermann, 
2011).

The idea that SPG3A HSP is caused by ER morphology defects 
similarly lacks strong support. Simply put, the status of the ER in 
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(Hu et al., 2009; Morin-Leisk et al., 2011), 
RNA interference (RNAi)–mediated atlas-
tin2/3 knockdown perturbed the ER in HeLa. 
Whereas the ER in nearly all control cells 
consisted of a densely branched network of 
polygons (Figure 2, A and inset; quantified 
in Figure 2, E and F), ER tubules ran largely 
parallel to one another in 57% of knock-
down cells, and there was a significant re-
duction in three-way junctions in those cells 
(Figure 2, B and inset; quantified in Figure 2, 
E and F). Expression of either enhanced yel-
low fluorescent protein (eYFP)–tagged 
Drosophila atlastin (Figure 2, C and inset; 
quantified in Figure 2, E and F) or hemag-
glutinin (HA)-tagged atlastin1 (Figure 2, D 
and inset; quantified in Figure 2, E and F), 
maintained normal network branch point 
density after endogenous atlastin depletion, 

FIGURE 1: Atlastin1/SPG3A mutations. The positions of known atlastin1/SPG3A mutations as of 
a recent report (Guelly et al., 2011) and further updated (www.hgmd.cf.ac.uk/ac/search.php) are 
indicated on an atlastin1 primary sequence map. Mutations that caused insolubility when 
expressed in the context of the atlastin1 soluble domain are underlined (Byrnes et al., 2011); 
mutations that greatly reduced GTPase activity or dimer formation are italicized; mutations that 
inhibited fusion activity when transferred to Drosophila atlastin are in red (Bian et al., 2011); 
mutations occurring in the families ADHSP-P, ADHSP-T, and ADHSP-S are indicated by an 
asterisk (Zhao et al., 2001), and the mutations analyzed in this study are in green.

FIGURE 2: Atlastin1 and Drosophila atlastin maintain a normal branched ER network in HeLa cells in the absence of 
atlastin2/3. At 48 h after transfection with Myc-tagged REEP5/DP1/TB2 (neg con; A, B), eYFP-tagged Drosophila 
atlastin (C), or HA-tagged atlastin1 (D), cells were either left untreated (A) or further transfected using siRNAs targeting 
atlastin2/3 (B–D). At 72 h after knockdown, cells were fixed and stained using an antibody against the Myc or HA 
epitope and viewed by confocal microscopy. Scale bars, 10 μm. The insets in A–D show magnified views of a boxed 
region of the peripheral ER. (E) Quantification of the average number of network branch points (±SD) in five 
representative 100-μm2 boxed peripheral regions of the ER under each condition. (F) Quantification of the percentage 
of cells expressing Myc-REEP5/DP1/TB2 (with or without RNAi), eYFP–Drosophila atlastin (with RNAi), or HA-atlastin1 
(with RNAi) that displayed an abnormal unbranched ER morphology. Values represent the means of three independent 
experiments (>100 cells each) ± SD. *p < 0.001 and **p < 0.0001 (unpaired Student’s t test) relative to the RNAi-treated 
negative control.
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57% in the control to 98% (Figure 3B). It is likely that this variant 
perturbed ER network formation even in cells with only partial atlas-
tin2/3 knockdown. Costaining for the tubular ER marker REEP5/
DP1/TB2 indicated that all three nonfunctional variants retained ER 
localization (Supplemental Figure S1). In sum, even though Y196C 
and L250P showed only modest deficits when analyzed in the solu-
ble phase (Byrnes and Sondermann, 2011), they exhibited strong 
defects in our functional replacement assay. Surprisingly, however, 
and in clear contrast, several atlastin1/SPG3A variants scored as well 
as the wild type (Figure 3A; quantified in Figure 3B). Of note, these 
functional variants included R239C, H258R, and S259Y atlastin1, 
corresponding to the ADHSP-S, ADHSP-T, and ADHSP-P familial 
mutations that originally led to the identification of atlastin1/
SPG3A.

We wondered whether the apparent functionality of these prom-
inent disease variants might be due to the order of manipulations in 
our replacement assay. Given that expression of the test atlastin1 
variant was typically induced before RNAi treatment, it was possible 
that these “functional” variants might be capable of sustaining an 
ER network already established before knockdown but incapable of 
mediating network formation de novo. To address this possibility, 
we carried out a nocodazole-washout regime. Nocodazole treat-
ment abolishes the microtubule tracks upon which ER membranes 
extend (Waterman-Storer, 1998; Friedman et al., 2010), thereby in-
ducing a near-complete retraction of the ER toward the cell center 

and the percentage of cells with an unbranched ER phenotype fell 
from 57% to 1 or 0.8% of expressing eYFP-Drosophila atlastin or 
HA-atlastin1, respectively. To monitor ER morphology in untreated 
and control RNAi-treated cells (Figure 2, A and B), we used a 
Myc-tagged version of the tubular ER marker REEP5/DP1/TB2 
(Hashimoto et al., 2014), which by itself had no discernible effect on 
ER morphology in either control or knockdown cells (Morin-Leisk 
et al., 2011). Overall our observations were consistent with recent 
reports of phenotypic rescue of RNAi-induced ER defects by 
Drosophila atlastin in HeLa (Faust et al., 2015) and by atlastin1 and 
Drosophila atlastin in Cos-7 cells (Wu et al., 2015). The similarity of 
morphological rescue by these distinct atlastins underscored the 
conservation of atlastin function in ER network morphogenesis.

We next assessed individual atlastin1/SPG3A mutant variants 
that previously showed only modest impairment in soluble-phase 
assays (Figure 1, highlighted in green). As a control, we included 
R217Q, which is reported to lack both GTP hydrolysis and dimeriza-
tion ability due to mutation of a key GTP-binding residue (Rismanchi 
et al., 2008; Byrnes and Sondermann, 2011). As anticipated, the 
R217Q atlastin1 variant was unable to maintain a branched ER net-
work, similar to the negative control (Figure 3A; quantified in Figure 
3B). Lack of function was also observed for Y196C and L250P atlas-
tin1 (Figure 3A; quantified in Figure 3B). Y196C atlastin1 exerted 
such a strong dominant-negative effect that it further increased the 
fraction of knockdown cells with abnormal ER morphology, from 

FIGURE 3: Some but not all atlastin1/SPG3A variants are defective in forming a branched ER network. (A) At 48 h after 
transfection with the indicated HA-tagged atlastin1 variant constructs, HeLa cells were further transfected using siRNAs 
targeting endogenous atlastin2/3. At 72 h after knockdown, cells were fixed and stained using an antibody against the 
HA epitope and viewed by confocal microscopy. The negative control was Myc-tagged REEP5/DP1/TB2 stained with an 
antibody against the Myc epitope. Scale bar, 10 μm. (B) Quantification of the percentage of cells expressing the HA- or 
Myc-tagged construct and showing an abnormal unbranched ER morphology. Values represent the means of three 
independent experiments (>100 cells each) ± SD. *p < 0.0001 with respect to the wild type and **p < 0.0001 with 
respect to the negative control. R217Q and L250P were not significantly different from the negative control (unpaired 
Student’s t test). (C) Quantification of de novo branched ER network formation. After knockdown and replacement with 
either HA-tagged wild-type or R239C atlastin1 as in A, cells were treated for 3 h with nocodazole to induce microtubule 
depolymerization and ER collapse, followed by drug washout. At the indicated times, cells were fixed and stained with 
antibodies against HA and tubulin (Supplemental Figure S2). The percentage of cells expressing the HA-tagged 
construct and displaying a normal branched ER morphology was quantified. Values represent the means of three 
independent experiments (>100 cells each) ± SD.
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Select atlastin1/SPG3A mutations do not impair ER network 
formation by either atlastin1 or Drosophila atlastin
Based on the unexpected functionality of certain atlastin1/SPG3A 
disease variants in ER network formation, as well as in REEP1 co-re-
distribution, it was imperative that they be characterized in terms of 
their effects on membrane fusion catalysis. As mentioned, few if any 
Drosophila counterparts of atlastin1/SGP3A variants had been char-
acterized previously. Therefore we set out to analyze the effects of 
these mutations when transferred to the Drosophila orthologue. 
Our overall plan was to first assess Drosophila versions of the vari-
ants in ER network formation, then determine their ability to hydro-
lyze GTP and form crossover dimers, and finally measure their ability 
to catalyze membrane fusion.

The R239C and S259Y atlastin1 variants were constructed in 
Drosophila atlastin simply by substituting the identical residues in 
Drosophila atlastin, after sequence alignment, to R214C and S234Y, 
respectively. For H258R and S398Y, where the corresponding resi-
due in Drosophila atlastin was similar but not identical, the Drosophila 
residue was converted to that present in the disease variant. When 
the eYFP-tagged Drosophila atlastin variants were tested, one, 
A373Y (S398Y in atlastin1), was clearly nonfunctional (Figure 5A; 
quantified in Figure 5B), as would have been expected for its atlas-
tin1 counterpart. However, in contrast to this variant, the three other 
Drosophila atlastin variants (R214C, S233R, and S234Y, correspond-
ing to R239C, H258R, and S259Y in atlastin1) were again indistin-
guishable from the wild type (Figure 5, A and B). Of note, these 
were the same variants present in the ADHSP-S, ADHSP-T, and 
ADHSP-P kindreds, respectively (Zhao et al., 2001).

Atlastin1/SPG3A mutations R239C, H258R, and S259Y 
do not impair Drosophila atlastin GTPase activity
Our results thus far established that, contrary to our initial expecta-
tions, three prominent atlastin1/SPG3A variants, whether in the con-
text of atlastin1 or Drosophila atlastin, lacked any detectable deficit 
in cell-based assays. To characterize biochemically the Drosophila 
versions, we first transferred each mutation to the truncated 
Drosophila atlastin soluble domain (amino acids [aa] 1–415) and per-
formed a standard GTPase assay (Orso et al., 2009). As points of 
reference, we also included two variants that were incompetent for 
ER network formation: Y171C and A373Y (Y196C and S398Y in at-
lastin1). Consistent with their lack of ER network formation function-
ality (Figure 5, A and B), both the Y171C and A373Y variants had 
reduced GTPase activity (Figure 6A). In contrast, the other three 
variants were indistinguishable from the wild type (Figure 6A).

Atlastin1/SPG3A mutations R239C, H258R, and S259Y do 
not impair Drosophila atlastin crossover dimer formation
The same soluble domain variants were next subjected to an assay 
for nucleotide-dependent crossover dimer formation, which is es-
sential for membrane fusion catalysis (Bian et al., 2011; Pendin 
et al., 2011; Saini et al., 2014). The assay, developed originally in 
our lab for atlastin2 (Morin-Leisk et al., 2011), relies on the conjuga-
tion of two 3HB cysteines to one another by the short (8 Å) spacer-
arm sulfhydryl cross-linking reagent bismaleimidoethane (BMOE) 
when atlastin is in the crossover dimer configuration but not when 
it is either monomeric or in the extended dimer configuration. Be-
cause Drosophila atlastin lacked a cysteine at the same position, 
the corresponding glycine residue was cysteine substituted to gen-
erate G343C Drosophila atlastin. Prior analysis indicated that the 
cysteine substitution did not at all impair membrane fusion func-
tionality (Saini et al., 2014). As anticipated and recently reported 
(Saini et al., 2014), cross-linked wild-type (G343C) crossover dimers 

and loss of the peripheral tubular network (Terasaki et al., 1986; Lu 
et al., 2009). On drug washout, microtubule reassembly provides 
new tracks for ER network reformation (Terasaki et al., 1986). As 
shown (Supplemental Figure S2) and quantified (Figure 3C), there 
was no significant difference in reestablishing an ER network be-
tween cells rescued with wild-type or R239C atlastin1. The percent-
age of cells displaying a branched tubular ER network decreased in 
dramatic manner after nocodazole treatment, from 99% to 13% for 
wild-type and 12% for R239C atlastin1. By 30 min after drug wash-
out, the percentage of cells with branched ER rose to 44% for both 
wild-type and R239C atlastin1. By 120 min, 72% (±7.8 SD) of wild-
type and 68% (±8 SD) of R239C atlastin1 cells displayed network 
branching (Figure 3C and Supplemental Figure S2), indicating simi-
lar and substantial network reformation in both. Therefore R239C 
atlastin1 and likely the other functional SPG3A variants were capa-
ble of supporting de novo ER network formation.

SPG3A/atlastin1 variants that are functional in ER network 
formation are also functional in co-redistribution of 
ER-localized REEP1
A recent study suggested a conserved role for atlastins in the 
formation of large lipid droplets. Atlastin depletion caused a re-
duction in lipid droplet size in the intestinal cells of Caenorhabdi-
tis elegans, as well as in the fat bodies of Drosophila (Klemm 
et al., 2013). Conversely, atlastin1 overexpression induced the 
appearance of large lipid droplet–like structures in Cos-7 cells, 
although the enlargement required joint overexpression of 
REEP1, an ER-structuring protein that binds and bundles micro-
tubules (Park et al., 2010; Klemm et al., 2013). In this instance, the 
atlastin1 and REEP1 were largely redistributed from ER and ER/
microtubule structures, respectively, to structures coincident with 
BODIPY 493/503 staining, an accepted marker of lipid droplets 
(Listenberger and Brown, 2007). This ability of atlastin1 to co-re-
distribute REEP1 was not seen with several atlastin1 variants de-
fective for membrane fusion (Klemm et al., 2013), suggesting that 
both the ER network formation and lipid droplet enlargement 
functions of atlastins depended on membrane fusion catalysis. 
Whether the apparent atlastin requirement for lipid droplet en-
largement reflected a direct or indirect requirement for atlastin’s 
fusion function remains to be clarified (Klemm et al., 2013). Nev-
ertheless, it seemed reasonable that analysis of disease variants 
for their functionality in this new assay might reveal deficits not 
detectable in our ER network formation assay.

As reported previously (Klemm et al., 2013), exogenous atlastin1 
localized to the ER when expressed in Cos-7, and exogenous REEP1 
accumulated in microtubule-associated ER structures (Supplemental 
Figure S3). In contrast, coexpression drove both atlastin1 and REEP1 
into enlarged lipid droplet like structures similar to those seen previ-
ously (Figure 4A; quantified in Figure 4B). Curiously, these structures 
did not colocalize with the lipid droplet marker BODIPY 493/503 
(Supplemental Figure S4). The basis for our inability to detect BO-
DIPY staining in these structures remains to be clarified. It could re-
flect differences in the ratios and/or levels of atlastin1 and REEP1 
used, or it could reflect a difference in the staining procedure. Nev-
ertheless, the R217Q atlastin1 variant was unable to induce co-re-
distribution of REEP1 (Figure 4, A and B), consistent with the previ-
ous report (Klemm et al., 2013). The Y196C and L250P variants had 
significantly reduced activity in this assay, as anticipated, but still 
induced some redistribution (Figure 4, A and B). In contrast, both 
the R239C and H258R atlastin1 variants co-redistributed REEP1 to 
large structures to an extent indistinguishable from the wild type 
(Figure 4, A and B).
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Drosophila atlastin variants with R239C, H258R, and S259Y 
SPG3A-equivalent mutations are fusion competent
The three functional variants were finally expressed in the context of 
the full-length Drosophila protein, purified, incorporated into pro-
teoliposomes, and subjected to an established assay for atlastin-
catalyzed membrane fusion (Orso et al., 2009; Bian et al., 2011). 
Again as a point of reference, we included the Y171C variant (Y196C 
in atlastin1), which is expected to lack fusion activity due to its in-
ability to mediate ER network formation (Figure 5, A and B), as well 
as its reduced ability to hydrolyze GTP (Figure 6A) and inability to 
form crossover dimers (Figure 6B). All variants were purified in simi-
lar quantities, indicative of comparable protein stabilities, and incor-
porated into donor and acceptor vesicles with similar efficiencies 
(Supplemental Figure S5). As expected (Figure 7), the wild-type pro-
tein catalyzed fusion robustly, with similar kinetics and to a similar 
extent as previously reported (Orso et al., 2009; Bian et al., 2011; 
Moss et al., 2011). Also as expected, the Y171C variant had no fu-
sion activity (Figure 7). Remarkably however, all three variants, 

were recovered after incubation with GMPPNP, GTP, or GDP-AlF4
− 

but not with GDP, AlF4
− alone, or in the absence of nucleotide 

(Figure 6B). This behavior largely mirrored that previously observed 
for atlastin2 (Morin-Leisk et al., 2011). It was also consistent with a 
fluorescence resonance energy transfer–based stopped-flow kinetic 
analysis of the atlastin1 soluble domain, showing rapid but transient 
crossover dimer formation with GTP, slower but irreversible cross-
over dimer formation with either GMPPNP or GDP-AlF4

−, and none 
with GDP or in the absence of nucleotide (Byrnes et al., 2013). Con-
sistent with their reduced GTPase activity (Figure 6A), neither the 
Y171C nor A373Y variant was captured in the crossover dimer con-
formation under any nucleotide incubation condition (Figure 6B). 
Thus each of the variants that showed defects in our cell-based 
network formation assay (Figure 5, A and B) also had strong defects 
in crossover dimer formation. In striking contrast, R214C, S233R, 
and S234Y were each fully capable of forming the crossover dimer 
and did so in a nucleotide-dependent manner, mirroring that of the 
wild-type protein (Figure 6B).

FIGURE 4: Some but not all atlastin1/SPG3A variants are defective in co-redistributing REEP1. (A) The indicated 
eYFP-atlastin1 and variants were transfected into Cos-7 cells together with Flag-tagged REEP1. At 48 h after 
transfection, cells were fixed and stained with the Flag epitope antibody and viewed by confocal microscopy. Scale bar, 
10 μm. (B) The average number of large structures containing both REEP1 and atlastin1 (>0.7 μm in diameter) per cell ± 
SD (>10 cells) was quantified in ImageJ. Both the wild type and each of the variants were clearly different from the 
nucleotide-binding-defective R217Q variant (p = 0.007 for L250P and p < 0.0001 for all others). Y196C and L250P had 
reduced activity compared with the wild type (p < 0.005), whereas R239C H258R were not significantly different (n.s.) 
from the wild type (p = 0.41 and 0.14, respectively).
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says (Byrnes and Sondermann, 2011). In contrast, little or no effect 
on ER network formation, REEP1 co-redistribution, or membrane 
fusion catalysis could be detected for disease mutations of the sec-
ond category. The behavior of the first group was anticipated and 
consistent with perturbation of the ER network as the root cause of 
the disease. The behavior of the second group was entirely unex-
pected. Overall our findings reveal a notable gap in understanding 
of how atlastin function and dysfunction contributes to health and 
disease.

The Y196C, L250P, and S398Y atlastin1/SPG3A mutations im-
paired activity in multiple assays. The precise structure–function re-
lationship of each of these mutations remains to be understood. 
Y196C and S398Y strongly inhibited GTP-dependent crossover di-
mer formation when transferred to the Drosophila soluble domain. 
For these mutations, inspection of the atlastin1 crystal structures re-
veals potential explanations for functional perturbation. For in-
stance, the side chain of Y196, a residue within the globular GTPase 
head, contacts a residue outside the head specifically in the cross-
over dimer configuration (Bian et al., 2011; Byrnes and Sondermann, 
2011). The residue that it contacts, P342, resides within the linker 
connecting the head to the 3HB and constitutes the pivot point of 
3HB rotation (Bian et al., 2011; Byrnes and Sondermann, 2011). On 

R214C, S233R, and S234Y (R239C, H258R, and S259Y in atlastin1), 
were clearly competent for fusion catalysis. S234Y appeared slightly 
less active, but both R214C and S233R appeared indistinguishable 
from the wild type (Figure 7). To obtain a more quantitative compari-
son of the activities of R214C and S233R relative to wild type, we 
monitored fusion at a lower protein-to-lipid ratio (1:1000), at which 
the efficiency of incorporation into donor and acceptor vesicles was 
again similar between variants (Supplemental Figure S6). As ex-
pected, the lower protein-to-lipid ratio resulted in slightly slower 
and less efficient fusion for the wild-type protein (Figure 8). Even 
under these conditions, however, both R214C and S233R were at 
least as active as the wild type in their ability to catalyze membrane 
fusion (Figure 8). In sum, neither disease variant could be distin-
guished from the wild type in any of our assays for atlastin 
functionality.

DISCUSSION
Our study uncovered two distinct categories of atlastin1/SPG3A 
mutations. Disease mutations of the first category impaired activity 
in functional assays for ER network formation, REEP1 co-redistribu-
tion, and membrane fusion catalysis, although they were reported 
to reduce activity only modestly in soluble-phase biochemical as-

FIGURE 5: Some but not all SPG3A mutations impair ER network formation when expressed in Drosophila atlastin. 
(A) At 48 h after transfection with the indicated eYFP-tagged Drosophila atlastin variant constructs, HeLa cells were 
further transfected using siRNAs targeting endogenous atlastin2 and atlastin3. At 72 h after knockdown, cells were 
fixed and viewed by confocal microscopy. The negative control Myc-tagged REEP5/DP1/TB2 was stained with an 
antibody against the Myc epitope. Scale bar, 10 μm. (B) Quantification of the percentage of cells expressing either the 
Myc-tagged or eYFP-tagged construct and showing an abnormal unbranched ER morphology. Values represent the 
means of three independent experiments (>100 cells each) ± SD. *p < 0.0001 with respect to the wild type and 
**p < 0.004 with respect to the negative control (unpaired Student’s t test).
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HSP locus (Muglia et al., 2002; Abel et al., 2004; Sauter et al., 2004; 
Rainier et al., 2006). Consequently, some of the latter cases could, in 
principle, be attributable to a secondary mutation outside of the 
SPG3A locus. This seems unlikely, however, for the originally charac-
terized mutations (Zhao et al., 2001).

The atlastin1 levels in the neurons of patients heterozygous for 
the R239C and H258R mutations are unknown; therefore we cannot 
rule out the possibility they might be low enough to cause a fusion 
defect. However, neither the R239C nor H258R protein was unstable 
upon expression in neuroblast-derived PC12 cells (Supplemental 
Figure S7, A and B). This is in agreement with the previously re-
ported wild-type level of thermostability of these variants in the 
soluble phase (Byrnes and Sondermann, 2011). Loss of atlastin1 has 
been reported in the lymphocytes of adult patients heterozygous 
for the ΔN436 mutation, a deletion of a single amino acid from the 
3HB (Meijer et al., 2007), although, the atlastin1 level in patients’ 
neurons was not examined. We speculate that the loss of protein 
observed in the lymphocytes may have occurred as a secondary 
long-term consequence of ER structural perturbation. Indeed, we 
observed strong dominant-negative ER perturbation on expression 
of the ΔN436 variant in pC12 cells (Supplemental Figure S7A), 
whereas the R239C and H258R variants did not perturb ER mor-
phology in any cell type analyzed (Supplemental Figure S7A and 
Figure 3). Consequently, protein loss would not be predicted for the 
latter.

the basis of this information, we speculate that the Y196C substitu-
tion hinders crossover dimer formation, which in turn inhibits fusion. 
Of note, a mutation in P342 has recently been identified in an HSP 
patient (Zhu et al., 2014). Closer study of this and the other nonfunc-
tional atlastin1/SPG3A variants may uncover new insights into the 
conformational dynamics of 3HB rotation and crossover.

Our discovery of disease mutations with no apparent effect on 
atlastin activity was a surprise. Two variants, R239C and H258R 
(R214C and S233R in Drosophila), showed no measurable deficit in 
the context of either atlastin1 or Drosophila atlastin or whether in 
the context of cells or pure protein assays. A third variant, S234Y 
(S259Y in atlastin1), had only a slight reduction in fusion activity. The 
apparent functionality of these variants was of note because the mu-
tations they harbor correspond to the very mutations in the kindreds, 
ADHSP-P (S259Y), ADHSP-T (H258R), and ADHSP-S (R239C), origi-
nally analyzed toward the identification of SPG3A as atlastin1 (Zhao 
et al., 2001). As mentioned, R239C is the most commonly occurring 
SPG3A mutation in patients, identified 10 times more frequently 
than the others and in unrelated families (Namekawa et al., 2006). In 
each of the original families, the disease was tightly linked to the 
SPG3A locus, with LOD scores of 4.63, 5.59, and 2.28 for ADHSP-P, 
ADHSP-T, and ADSP-S, respectively (Zhao et al., 2001). Many subse-
quently identified SPG3A alleles have been uncovered solely on the 
basis of sequencing the SPG3A gene in patients after exclusion of a 
mutation in SPG4/spastin, the other common autosomal dominant 

FIGURE 6: GTP hydrolysis and crossover dimer formation capabilities of SPG3A variants in the context of the 
Drosophila atlastin soluble domain. (A) GTPase activity. Purified soluble domain versions of Drosophila atlastin (aa 
1–415) with the indicated SPG3A-equivalent mutations were assayed for GTPase activity. Values represent the means of 
three independent measurements ± SD. *p < 0.0001 with respect to the wild type (unpaired Student’s t test). All others 
were not significantly different from the wild type. (B) Crossover dimer formation. The same purified proteins (from A) 
were incubated at room temperature in the absence or presence of the indicated nucleotides and then subjected to 
BMOE cross-linking. The single asterisk marks the soluble-domain monomer, and the double asterisk marks the 
cross-linked dimer. Results shown are representative of at least two independent experiments for each variant. All 
variants also had the G343C substitution, which enabled crossover-specific sulfhydryl cross-linking by BMOE. For clarity, 
the corresponding SPG3A mutation is also indicated in parentheses.
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and conserved across all atlastin orthologues and is thus expected to 
serve a conserved and essential function. Still, we found no impair-
ment in fusion or in any other biochemically assayable activity for the 
R239C variant. Despite the potential caveats pertaining to the use of 
the Drosophila orthologue, it is remarkable that no impairment could 
be discerned, at least within the confines of our assay conditions, for 
two of the three most prominent SPG3A disease variants. It might be 
argued that a slight reduction in fusion activity, within the margin of 
error in our assays, is sufficient to cause disease. A counterargument, 
however, is that the majority of atlastin1/SPG3A mutations are auto-
somal dominant, causing disease even in the presence of a wild-type 
copy of the gene (Zhao et al., 2001). It is difficult to envision a 

The true effect of the R239C and H258R mutations on atlastin1 
fusion activity remains unknown because the fusion assay in this 
study was carried out, by necessity, on Drosophila atlastin. Of inter-
est, the histidine at position 258 in atlastin1, although highly con-
served in vertebrate atlastins, is replaced by a serine and arginine in 
the Drosophila and C. elegans orthologues, respectively. The lack of 
conservation across the vertebrate/invertebrate divide may, in and of 
itself, argue against the residue serving an evolutionarily conserved 
core fusion function. Moreover, the H258R disease mutation con-
verts the histidine to a residue already present in the C. elegans or-
thologue. Thus the H258R mutation would not have been predicted, 
a priori, to impair fusion. In contrast, R239 is at the dimer interface 

FIGURE 7: R214C, S233R, and S234Y but not Y171C Drosophila atlastin (R239C, H258R, and S259Y but not Y196C 
atlastin1) are fusion competent. Each of the indicated Drosophila atlastin variants was reconstituted into donor (labeled) 
and acceptor (unlabeled) vesicles at a 1:300 protein-to-lipid ratio. Fusion was monitored as the dequenching of 
fluorescent NBD-labeled lipid in donor vesicles after the addition of either GTP or buffer. For each variant, the reaction 
at three distinct donor-to-acceptor vesicle ratios is shown. The results shown are representative of at least two 
independent protein preparations.
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In sum, a significant level of uncertainty remains pertaining to the 
precise cellular role(s) of neuronal atlastin1. Although the behavior 
of some of the atlastin1/SPG3A variants analyzed here remains con-
sistent with loss of ER membrane fusion as the root cause of HSP, the 
behavior of at least two disease variants is at odds with this hypoth-
esis. The role and regulation of atlastin1 in the maintenance of long 
axons of the corticospinal tract may be complex, involving interplay 
among ER remodeling, microtubule interactions, receptor endocy-
tosis, and signaling. Further investigation of the cellular role, mecha-
nism, and regulation of atlastin1 in neurons is necessary to better 
understand the pathophysiology of SPG3A mutations.

MATERIALS AND METHODS
Cell culture, constructs, transfections, and reagents
HeLa and Cos-7 cells were maintained in MEM (Sigma-Aldrich, St. 
Louis, MO) and DMEM (Sigma-Aldrich), respectively, containing 
10% fetal bovine serum (Atlanta Biologicals, Atlanta, GA) and 1% 
penicillin/streptomycin (Thermo Fisher Scientific, Waltham, MA) at 
37°C in a 5% CO2 incubator. PC12 cells were maintained on colla-
gen IV (Sigma-Aldrich)–coated plates in F12K medium (Sigma-Al-
drich) supplemented with 10% fetal bovine serum and 5% horse 
serum (Atlanta Biologicals). Transient plasmid DNA transfection of 
HeLa cells was performed using 1 μg of DNA and 2 μl of jetPEI 
(Polyplus, New York, NY) per 1 ml of medium according to the man-
ufacturer’s protocol. Cos-7 cell transfections were performed using 
200 ng of DNA and 1.5 μl of Lipofectamine 2000 (Life Technologies, 
Grand Island, NY) per 0.5 ml of media, and PC12 transfections were 
performed using 1 μg of DNA and 7.5 μl of Lipofectamine in 1.5 ml 
of OptiMEM (Life Technologies). Atlastin2/3 siRNA transfections, 

scenario in which disease is caused by a slight, difficult- to-detect, 
reduction in the fusion activity in one of two atlastin1 alleles. Collec-
tively our findings question the idea that SPG3A mutations cause 
HSP solely by disrupting the minimal machinery that catalyzes mem-
brane fusion and ER morphogenesis.

Why then do these mutations cause disease? One possible ex-
planation is that the ER in neurons is specialized and therefore relies 
on a neuron-specific factor that binds and regulates the fusion activ-
ity of atlastin1. In this case, R239 and H258, both surface exposed 
on the monomer, might constitute a binding interface for such a 
regulator. Another plausible explanation is that atlastin1 carries out 
an alternate, non-ER fusion function in neurons, and this alternate 
function is perturbed by the R239C and H258R mutations. In this 
context, it is noteworthy that atlastin1 has separately been impli-
cated in bone morphogenetic protein (BMP) signaling (Fassier et al., 
2010). In the zebrafish, Danio rerio, atlastin1 knockdown caused se-
vere larval mobility defects accompanied by alterations in spinal 
motor neuron architecture and a reduction in BMP receptor endocy-
tosis (Fassier et al., 2010). Remarkably, the mobility defects were 
rescued with an inhibitor of BMP signaling, suggesting that atlastin1 
may normally down-regulate the BMP signaling pathway in neurons 
by directly or indirectly modulating BMP receptor internalization. 
Furthermore, spinal neurons isolated from atlastin1 morphants lack-
ing atlastin1 and possibly relying on atlastin3 for ER membrane fu-
sion (Rismanchi et al., 2008) were reported to have normal ER mor-
phology, implying that the mobility defects might not stem from ER 
morphological perturbations. On the other hand, the imaging 
methods used would not necessarily have enabled detection of 
branch-point density changes (Fassier et al., 2010).

FIGURE 8: R214C and S233R Drosophila atlastin (R239C and H258R atlastin1) are similar to the wild type in their fusion 
activity. Each of the indicated Drosophila atlastin variants was reconstituted into donor (labeled) and acceptor 
(unlabeled) vesicles at a 1:1000 protein-to-lipid ratio. Fusion was monitored as the dequenching of fluorescent NBD-
labeled lipid in donor vesicles after the addition of either GTP or buffer. For each variant, the reaction at three distinct 
donor-to-acceptor vesicle ratios is shown. The results shown are representative of at least two independent protein 
preparations.
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camera (Hamamatsu Photonics, Hamamatsu City, Japan). Maximal 
value projections of sections at 0.2-μm spacing were acquired using 
Micromanager open source software (University of California, San 
Francisco, San Francisco, CA) and imported as either 16- or 8-bit 
images in ImageJ open source software (National Institutes of 
Health, Bethesda, MD) or Photoshop (Adobe, San Jose, CA). For 
quantification of network branch points (Figure 1B), images of con-
trol or eYFP-Drosophila atlastin– or HA-atlastin1–expressing cells, 
acquired using identical acquisition parameters, were imported into 
ImageJ, where they were thresholded using a constant threshold 
value and skeletonized. The average number of three-way junctions 
in each of five 10 μm × 10 μm boxed peripheral regions was then 
manually counted. Quantification of functional replacement was 
performed manually on a wide-field Axioplan fluorescence micro-
scope (Zeiss) with a 40×/1.4 NA objective.

REEP1 and atlastin1 co-redistribution assay
Cos-7 cells transfected with REEP1-Flag alone, eYFP-atlastin1 vari-
ants alone, or both were fixed and stained using the Flag antibody 
48 h after transfection and viewed by confocal microscopy. To deter-
mine whether the large structures to which REEP1 and atlastin1 re-
distributed when coexpressed were lipid droplets, we cotransfected 
cells with REEP1-Flag and HA-atlastin1 variants, fixed them 48 h 
later, and costained them using either the Flag or HA antibody with 
BODIPY 493/503. The BODIPY 493/503 was dissolved in dimethyl 
sulfoxide at 1 mg/ml and added to the secondary antibody incuba-
tion at 1 μg/ml as previously described (Klemm et al., 2013). Quanti-
fication of the number of large lipid droplet–like structures per cell 
was performed by importing confocal images, acquired as described, 
into ImageJ and obtaining a count of particles >0.7 μm in diameter 
after thresholding. We analyzed 5–10 fields/atlastin1 variant.

Measurement of protein stability in PC12 cells
Ten-centimeter dishes of PC12 cells were each transfected with 
5 μg of HA-atlastin1 DNA and 30 μl of Lipofectamine 2000 in 10 ml 
OptiMEM. Transfection medium was replaced with growth me-
dium after 4 h. At 24 h after transfection, cells on each dish were 
trypsinized and passed onto individual 3.5-cm dishes. Cyclohexim-
ide at a concentration of 0.1 mg/ml in growth medium, well docu-
mented to block protein synthesis (Gilden and Carp, 1966), was 
added 48 h after transfection for 0, 1, 2, or 4 h. Cells were harvested 
by scraping into ice-cold phosphate-buffered saline, collected by 
centrifugation at 6000 rpm for 5 min, resuspended in reducing 
sample buffer, resolved by SDS–PAGE, blotted onto nitrocellulose, 
and probed using antibodies against the HA epitope to detect 
HA-atlastin1 and antibodies to detect endogenous calnexin. Lon-
ger incubation times (6–8 h or longer) with cycloheximide led to 
cell death, as previously reported (Geier et al., 1992).

Protein expression and purification
Full-length Drosophila atlastin protein expression was induced with 
0.2 mM isopropyl-β-d-thiogalactoside (IPTG) in BL21(DE3)pLysS 
cells at 16°C for 2.5 h. Cells were lysed in 4% Triton X-100 (Roche, 
Basel, Switzerland) in a standard lysis buffer (50 mM Tris-HCl, pH 8.0, 
5 mM MgCl2, 500 mM NaCl, 10 mM imidazole, 10% glycerol, 2 mM 
2-mercaptoethanol, 1 μg/ml leupeptin, and 1 μg/ml pepstatin) and 
6xHis-tagged proteins purified using standard protocols on Ni2+ 
agarose beads (Qiagen). Bound protein was eluted in 50 mM Tris, 
pH 8.0, 250 mM imidazole, 100 mM NaCl, 5 mM MgCl2, 10% glyc-
erol, 2 mM 2-mercaptoethanol, 0.1% Anapoe-X 100 (Affymetrix, 
Santa Clara, CA), and 1 mM EDTA. Protein yields were typically 
3–8 mg/ml (∼1 mg/l of culture), >85% pure, flash frozen in liquid N2, 

using atlastin2 (#1) and atlastin3 (#2) siRNAs identical in sequence to 
those previously published (Rismanchi et al., 2008), were performed 
using 20 pmol of siRNA (10 pmol of each) and 2 μl of Oligofectamine 
(Life Technologies) in 0.5 ml of medium. eYFP-tagged D. melano-
gaster atlastin (Faust et al., 2015), the hexahistidine (6xHis)-tagged, 
full-length Drosophila atlastin (Saini et al., 2014), and the 6xHis-
tagged soluble domain of Drosophila atlastin encoding aa 1–415 
have been described previously (Saini et al., 2014). The N-terminally 
HA-tagged atlastin1 was constructed by substituting the atlastin2 
coding sequence in HA-tagged atlastin2 within XbaI and EcoRI sites 
(Morin-Leisk et al., 2011) with a PCR-amplified fragment encoding 
aa 1–558 of atlastin1. The REEP1-Flag construct was generated by 
inserting the coding sequence of human REEP1 into the BamHI and 
ClaI sites of the Cs2+MT vector. Subsequently, the Myc tag at the 
C-terminus was replaced with the Flag epitope (DYKDDDDK) fol-
lowing a short linker sequence (HRFKA). The Myc-REEP5/DP1/TB2 
construct was previously described (Morin-Leisk et al., 2011). All 
point mutations were generated using QuikChange Site-Directed 
Mutagenesis PCR (Qiagen, Valencia, CA) and fully verified by se-
quencing (Genewiz, South Plainfield, NJ). All lipids were purchased 
(Avanti Polar Lipids, Alabaster, AL). GTP, GDP, and GMPPNP were 
purchased (Sigma-Aldrich), reconstituted to 100 mM stocks in 
10 mM Tris/1 mM EDTA, pH 8.0, and stored at −80°C. Antibodies 
used include a mouse monoclonal antibody (mAb) against the HA 
epitope (Sigma-Aldrich); the 9E10 mAb against the Myc epitope 
(gift from A. Linstedt, Carnegie Mellon University, Pittsburgh, PA); a 
Flag epitope mAb (Sigma-Aldrich); a polyclonal antibody (pAb) 
against calnexin (Abcam, Cambridge, MA); a pAb against REEP5 
(Proteintech, Chicago, IL); and a pAb against tubulin (Abcam). Alexa 
568–conjugated goat anti-mouse and fluorescein isothiocyanate–
conjugated goat anti-rabbit secondary antibodies, as well as BODIPY 
493/503, were purchased (Life Technologies).

Knockdown replacement assay
Cells plated on 60-mm dishes were transfected with 5 μg of the 
indicated HA-atlastin1 or eYFP-Drosophila atlastin constructs using 
transfection reagent jetPEI. Myc-tagged ER-resident protein 
REEP5/DP1/TB2, which did not affect either the percentage of cells 
showing the unbranched ER phenotype or the extent of loss of 
network branching relative to siRNA treatment alone (Morin-Leisk 
et al., 2011), served as a negative control. At 24 h after DNA trans-
fection, cells were trypsinized and replated onto 12-mm glass cov-
erslips in a 24-well plate. siRNA treatment targeting both atlastin2 
and atlastin3 was performed the next day. At 72 h after knockdown, 
cells were fixed in ice-cold methanol and processed for immuno-
fluorescence (Morin-Leisk et al., 2011). For quantification of func-
tional replacement, the percentage of cells expressing the indi-
cated HA-atlastin1 or eYFP-Drosophila atlastin that showed a loss 
of ER network branching (among ≥100 cells in three independent 
experiments) was determined. Nocodazole-washout experiments 
were performed as follows: 72 h after the second transfection 
(siRNA treatment), cells were incubated in 1 ml of medium contain-
ing 1 μg/ml nocodazole for 3 h, followed by washes with fresh me-
dium without nocodazole. Cells were fixed at the indicated times 
after washout and processed for immunofluorescence (Morin-Leisk 
et al., 2011).

Confocal microscopy
Cells were viewed using a spinning-disk confocal scanhead 
(Yokagawa; PerkinElmer, Akron, OH) mounted on an Axiovert 200 
microscope (Zeiss, Thornwood, NY) with a 100×/1.4 numerical aper-
ture (NA) objective (Zeiss) and acquired using a 16-bit ORCA-ER 
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ratio of 1:300 or 1:1000 at a constant lipid concentration and an 
effective detergent-to-lipid ratio of ∼0.7 as previously described 
(Moss et al., 2011). Protein and lipid were incubated at 4°C for 1 h. 
Detergent was removed by SM-2 Bio-Beads (Bio-Rad, Hercules, 
CA) at 70 mg of Triton X-100 per 1 g of beads. Insoluble protein 
aggregates were pelleted by centrifugation of the samples in a mi-
crocentrifuge for 10 min at 16,000 × g. Thereafter, reconstituted 
Drosophila atlastin proteoliposomes were adjusted to 50% Nyco-
denz and separated from unincorporated protein by flotation of 
proteoliposomes through a (50/45/0%) Nycodenz (Axis-Shield, 
Dundee, Scotland) 5-ml step gradient. All Nycodenz solutions were 
made in A100 buffer without glycerol. After centrifugation at 40,000 
rpm for 16 h at 4°C in a SW-50.1 rotor, the gradient was fraction-
ated and analyzed by SDS–PAGE stained with Coomassie blue to 
assess insertion efficiency (Supplemental Figures S3 and S4). The 
proteoliposomes typically migrated to the 45/0% Nycodenz inter-
face. Finally, the floated fraction was desalted over a 2.4-ml Sepha-
dex A (GE Healthcare, Piscataway, NJ) column into A100 buffer, 
stored at 4°C, and used within 72 h.

Fusion assay
Fusion assays were performed as previously described (Orso et al., 
2009; Moss et al., 2011). Donor (0.2 mM) and acceptor proteolipo-
somes were mixed at molar ratios of 1:1, 1:2, and 1:3 in A100 buffer 
in the presence of 5 mM MgCl2 in a total volume of 200 μl/reaction. 
The reaction mixture was transferred into a clear, flat-bottomed, 
polystyrene 96-well plate (Corning) and incubated at 37°C for 
10 min. The fusion reaction was started by addition of 2 mM GTP 
(final concentration) or buffer. NBD fluorescence (excitation, 460 nm; 
emission, 538 nm) was measured at 1-min intervals with a 1-s shak-
ing after every read. After 60 min, 10 μl of 10% Anapoe-X 100 was 
added to determine the total fluorescence in the sample. All mea-
surements, reported as the percentage of total fluorescence after 
solubilization in Anapoe-X 100, were acquired on a Safire 2 fluores-
cence plate reader using Excel (Microsoft, Redmond, WA).

and stored at −80°C. The 6xHis-tagged cytoplasmic domain of 
Drosophila atlastin protein expression was induced with 0.5 mM 
IPTG in BL21(DE3)pLysS cells at 20°C for 16 h and purified using 
standard protocols for purification of 6xHis-tagged proteins on Ni2+ 
agarose beads (Qiagen). Proteins eluted in 50 mM Tris, pH 8.0, 
250 mM imidazole, 100 mM NaCl, 5 mM MgCl2, and 10% glycerol 
were typically 10–24 mg/ml, >95% pure, flash frozen in liquid N2, 
and stored at −80°C.

GTPase assay
Purified 6xHis-tagged Drosophila atlastin soluble domain (residues 
1–415) and variant proteins were dialyzed into 50 mM Tris-HCl, 
pH 7.5, 100 mM NaCl, and 1 mM MgCl2 at 4°C and precleared by 
centrifugation at 100,000 rpm (TLA100; Beckman, Indianapolis, IN) 
at 4°C for 15 min. GTPase activity was measured using the Enzchek 
Phosphate Assay Kit (Life Technologies). A standard reaction for 
GTPase measurements involved mixing 1 U/ml purine nucleoside 
phosphorylase and 0.2 mM 2-amino-6-mercapto-7-methylpurine ri-
boside in the provided buffer (50 mM Tris-HCl, pH 7.5, 1 mM MgCl2, 
0.1 mM sodium azide) supplemented with 100 mM NaCl and 
0.5 mM GTP in a total volume of 200 μl. After 10 min at 37°C, reac-
tions were transferred to a 96-well plate (Costar, Washington, DC) 
and started by addition of either buffer or 6xHis-tagged Drosophila 
atlastin variants at a final concentration of 1 or 2 μM. Absorbance at 
360 nm was monitored at 30-s intervals for 30 min at 37°C in a plate 
reader (Safire 2; Tecan, Mannedorf, Switzerland). Data were normal-
ized to a phosphate standard and initial velocities calculated using 
the early linear portion of each curve.

Cross-linking
Purified 6xHis-tagged Drosophila atlastin soluble domain (residues 
1–415) and variant proteins were dialyzed into SEC buffer (25 mM 
Tris-HCl, pH 7.0, 100 mM NaCl, 5 mM MgCl2, 2 mM ethylene gly-
col tetraacetic acid) at 4°C and precleared by centrifugation at 
100,000 rpm for 15 min (TLA100). We incubated 5 μM of each 
protein at room temperature in SEC buffer, pH 7.0, in the absence 
or presence of 2 mM GMPPNP, GDP, GTP, GDP-AlF4

− (2 mM 
GDP/2 mM AlCl3/20 mM NaF) or AlF4

− only (2 mM AlCl3/20 mM 
NaF). After 30 min at room temperature, the reaction was diluted 
2.5-fold into SEC (to 2 μM D-ATL) in the absence or presence of 
6 μM BMOE (Thermo Fisher Scientific) and incubated for 1 h at 
room temperature. Samples were then quenched with 20 mM di-
thiothreitol for 15 min, mixed with reducing sample buffer, resolved 
by SDS–PAGE, and stained with Coomassie blue.

Proteoliposome production
Lipids in chloroform dried down by rotary evaporation were hy-
drated by resuspension in A100 buffer (25 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid, pH 7.4, 100 mM KCl, 10% glyc-
erol, 2 mM β-mercaptoethanol, 1 mM EDTA; Moss et al., 2011), 
final lipid concentration ∼10 mM, and subjected to 12 freeze–thaw 
cycles in liquid N2 and room temperature water. Liposomes of di-
ameter 100–300 nm were formed by extrusion through 100-nm 
polycarbonate filters using the LipoFast LF-50 extruder (Avestin, 
Ottawa, ON, Canada). Unlabeled liposomes consisted of palmi-
toyloleoylphosphatidylcholine (POPC):dioleoyl phosphatidylserine 
(DOPS; 85:15), and labeled liposomes had POPC:DOPS:1,2-di-
palmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-
benzoxadiazol-4-yl (DPPE-NBD):rhodamine-DPPE (82:15:1.5:1.5). 
Drosophila atlastin in 0.1% Anapoe-X 100 was reconstituted into 
preformed 100-nm liposomes as previously described (Moss et al., 
2011). In brief, reconstitutions were carried out at a protein-to-lipid 
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