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Reconstitution of human atlastin fusion activity
reveals autoinhibition by the C terminus

Daniel Crosby'@®, Melissa R. Mikolaj?*®, Sarah B. Nyenhuis?*, Samantha Bryce!®, Jenny E. Hinshaw?, and Tina H. Lee!®

ER network formation depends on membrane fusion by the atlastin (ATL) GTPase. In humans, three paralogs are differentially
expressed with divergent N- and C-terminal extensions, but their respective roles remain unknown. This is partly because,
unlike Drosophila ATL, the fusion activity of human ATLs has not been reconstituted. Here, we report successful
reconstitution of fusion activity by the human ATLs. Unexpectedly, the major splice isoforms of ATL1 and ATL2 are each
autoinhibited, albeit to differing degrees. For the more strongly inhibited ATL2, autoinhibition mapped to a C-terminal a-helix is
predicted to be continuous with an amphipathic helix required for fusion. Charge reversal of residues in the inhibitory domain
strongly activated its fusion activity, and overexpression of this disinhibited version caused ER collapse. Neurons express an
ATL2 splice isoform whose sequence differs in the inhibitory domain, and this form showed full fusion activity. These findings

reveal autoinhibition and alternate splicing as regulators of atlastin-mediated ER fusion.

Introduction

The atlastin (ATL) GTPase was first identified as the causative
gene at the SPG3A locus of the motor neurological disease he-
reditary spastic paraplegia (HSP; Zhao et al., 2001). Patients with
mutations in the neuronally enriched ATL1 paralog exhibit
progressive weakness and spasticity in the lower extremities
(Fink, 2006) that is associated with the selective degeneration of
the longest axons in the corticospinal tract (Deluca et al., 2004;
Blackstone, 2012). Of the >20 identified HSP-linked gene prod-
ucts to date, several including ATL1 are ER localized, suggesting
that ER functions contribute to maintaining the longest axons in
the nervous system (Blackstone, 2012).

The most defined role for ATLs is in the homotypic mem-
brane fusion reactions that link up the sheets and tubules of the
ER network (Lee and Chen, 1988). First, overexpression of
GTPase-defective ATL1 disease variants in HeLa cells, which do
not express ATL1 but rely on the more ubiquitously expressed
ATL2/3 paralogs, perturbs ER network morphology (Rismanchi
et al., 2008). Second, depletion of endogenous ATL2/3 from
HeLa or COS-7 cells disrupts ER network morphology (Hu
et al., 2009; Hu et al., 2015), and this is rescued by the in-
troduction of ATL1 or ATL2 (Morin-Leisk et al., 2011; Ulengin
etal., 2015; Hu et al., 2015). Third, Drosophila melanogaster ATL
(DATL), 50-60% identical to ATL1 and ATL2, not only sub-
stitutes for ATL2/3 in HeLa or COS-7 cells (Faust et al., 2015;
Wu et al., 2015) but also is sufficient to catalyze the fusion of

synthetic membrane vesicles when purified from Escherichia
coli (Orso et al., 2009).

Biochemical and biophysical studies, relying largely on the
truncated soluble domain of ATLI1 and full-length DATL, have
provided a detailed mechanistic view of the ATL fusion mech-
anism (McNew et al., 2013; Hu and Rapoport, 2016). Structur-
ally, the N-terminal cytoplasmic GTPase domain (G domain),
which is dynamin-related and undergoes nucleotide-dependent
homodimerization (Byrnes and Sondermann, 2011; Bian et al.,
2011), is linked through a short flexible linker to a fully folded
three-helical bundle (3HB). The 3HB is followed in sequence by
two closely spaced transmembrane (TM) helices that anchor
ATL in the membrane but that may not span the entire bilayer
(Betancourt-Solis et al., 2018) and a juxta-membrane amphi-
pathic helix in the cytoplasmic tail (Liu et al., 2012; Faust et al.,
2015). In brief, the model starts with GDP-bound ATLs in op-
posing membranes, with the 3HBs packed against the G domains
and pointed away from the dimerization interface (Bian et al.,
2011; Byrnes and Sondermann, 2011). Upon nucleotide exchange,
GTP-induced conformational changes within the G domain
heads expel the 3HBs, freeing the heads to engage with one
another in trans (Byrnes et al., 2013). G domain dimerization,
which serves to initiate the fusion reaction cycle by tethering
opposing membranes to one another, is followed closely by a
rigid body rotation of the 3HBs toward the G domain dimer
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interface and formation of a conformationally shifted, low-
energy crossed-over dimer whose 3HBs are now in close par-
allel alignment and contact the G domains of the other subunit
(Bian et al., 2011; Byrnes and Sondermann, 2011; Byrnes et al.,
2013). Crossover formation, accompanied by insertion of the
juxta-membrane tail amphipathic helix partway into the mem-
brane to provide a bilayer destabilizing force, enables lipid
mixing and fusion (Liu et al,, 2012; Faust et al., 2015; Chernomordik
and Kozlov, 2008). Finally, hydrolysis of GTP, likely triggered by G
domain dimerization (Gasper et al., 2009), drives crossover dimer
disassembly and resets the fusion machinery for subsequent re-
actions (Winsor et al., 2018).

While much has been learned of the fusion mechanism,
whether ATLs might be regulated to control ER network for-
mation, and under what conditions, remains unclear. Several ER
proteins are reported to bind ATL1 (Evans et al., 2006; Hu et al.,
2009; Park et al., 2010; Chang et al., 2013; Yamamoto et al., 2014;
Wisesa et al., 2019), but how these interactions impact the
presumed fusion activity of ATLI is unknown. Further, the three
ATL paralogs, each expressed in a tissue-specific manner, di-
verge from one another in their N- and C-terminal extensions,
but the functional significance of the divergence is unknown.
Each paralog is additionally alternatively spliced to generate five
potential ATL2, two ATL1, and two ATL3 isoforms, all of which
differ primarily in the N- and C-termini, but again the functional
significance of all this diversity is unknown. These knowledge
gaps are due in part to the lack of demonstrable in vitro fusion
activity for any ATL protein other than DATL. When purified
from E. coli, ATL1 lacks fusion activity even though it has mea-
surable GTPase activity (Wu et al., 2015; Betancourt-Solis et al.,
2018). This is perplexing, because the more distantly related
ATL-like GTPases Saccharomyces Seyl and Arabidopsis RHD3 are
each capable of catalyzing fusion in vitro (Anwar et al., 2012;
Zhang et al., 2013; Ueda et al., 2016). Additionally, the truncated,
soluble domain of ATLI is similar to DATL in terms of its
structure and steady-state rate of GTP hydrolysis (Wu et al.,
2015), as well as pre-steady-state rates of GTP-dependent
crossover dimerization, GTP hydrolysis, and dimer disassem-
bly (Winsor et al., 2018).

Here, we demonstrate that the canonical ATLI1 (ATLI-1), pu-
rified from HEK293 cells adapted for growth in suspension (Fang
et al.,, 2017), is capable of catalyzing membrane fusion in vitro.
Fusion by ATL1 is comparable to that catalyzed by DATL from
E. coli and depends on the requirements previously estab-
lished for DATL. Moreover, the SPG3A disease variant R239C
(Namekawa et al., 2006), the most common SPG3A mutation
found in patients that curiously showed no observable fusion
deficit when transplanted to DATL (Ulengin et al., 2015), causes
markedly reduced fusion kinetics in the context of ATL1, con-
sistent with an alteration in fusion being the cause of disease.
Unexpectedly, the most common splice isoform of the ATL2
paralog (ATL2-1), deemed the canonical ATL2 isoform and ex-
pressed more broadly than ATL1 across multiple tissue types
(Rismanchi et al., 2008), has little or no detectable fusion ac-
tivity when purified in the same manner. However, when its
C-terminal extension is removed, ATL2-1 not only catalyzes
fusion but at a 10-fold more rapid rate than ATLI1. Further
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analysis reveals that ATLI is also negatively regulated by its
C-terminal extension. These and additional findings reveal novel
modes of ATL regulation and provide a foundation for under-
standing how ER network structure in humans may be fine-
tuned by differential regulation of the ATL fusion machinery.

Results
ATL1 has in vitro fusion activity
One plausible explanation for the previously observed lack of
ATL1 fusion activity in vitro was that the human protein re-
quires a posttranslational modification that is lacking when
purified from bacteria; therefore, we turned to a HEK293-
derived suspension cell line (Fang et al., 2017), which, upon
transient transfection with His-tagged ATLI and purification on
Ni**-NTA, yielded milligram quantities of highly pure protein
(Fig. 1 A). To assay fusion, we used a lipid mixing assay estab-
lished for DATL that monitors dequenching of fluorescently la-
beled lipids upon mixing and dilution with unlabeled lipids
(Orso et al., 2009). When incorporated into labeled and unla-
beled vesicles at a protein-to-lipid ratio of 1:1,000, ATL1 cata-
lyzed lipid mixing in a GTP-dependent manner (Fig. 1 B) at a rate
comparable to that of DATL purified from E. coli (Fig. 1 C). Mass
spectrometric analysis detected S22 and S23 of ATLI as heavily
phosphorylated (Fig. S1 A); however, fusion activity could not be
attributed to phosphorylation at those sites, as alanine substitution
of both had no effect (Fig. S1 B). Notably, even DATL was more
active when purified from HEK cells (Fig. S1 C). As previously
reported for DATL (Liu et al., 2015), ATLI lipid mixing activity was
robust at 1:2,500 but mostly absent at 1:10,000 (Fig. 1 D). For both
ATL1 and DATL, a slow rate of photobleaching independent of ATL
or GTP was observed and subtracted from all subsequent analyses.
Fusion catalysis by DATL depends on GTP binding and
G-domain dimerization and crossover (Orso et al., 2009; Bian
et al., 2011; Saini et al., 2014; Liu et al., 2015; Winsor et al., 2017),
as well as a juxta-membrane amphipathic helix in the cyto-
plasmic tail (Liu et al., 2012; Faust et al., 2015). Fusion by ATL1
had the same requirements as DATL. An R77E mutation abol-
ished lipid mixing (Fig. 1 E); R77 is critical not only because it
mediates a transient G domain-to-G domain contact during
crossover dimer formation (Bian et al., 2011; Byrnes and
Sondermann, 2011) but also because it is essential for neutral-
izing the negatively charged transition state intermediate of GTP
hydrolysis (Byrnes et al., 2013). Also, little or no fusion signal
was observed with either a truncation removing the entire ATLI
tail harboring the required amphipathic helix (Atail ATL1(1-496)) or
with a single nonpolar to charged (I507D) amino acid substitution
designed to disrupt the nonpolar face of the ATL1 amphipathic helix
(Liu et al,, 2012; Fig. L E).

A common SPG3A ATL1 disease variant has altered

fusion activity

ATL1/SPG3A was originally identified by genetic linkage
analysis of three independent kindreds (autosomal dominant
HSP-P, -T, and -S), each presenting with an early onset auto-
somal dominant form of HSP (Zhao et al., 2001). Since then,
>30 additional mutations, mostly missense mutations in the
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Figure 1. Human ATL1 has fusion activity. (A) His-tagged ATL1 fractions eluted from a Ni*2 column and resolved on SDS-PAGE. AH, amphipathic helix.
(B) ATL1 was reconstituted into donor and acceptor vesicles (1:2 donor/acceptor), and fusion was monitored during the dequenching of NBD-labeled lipid
present in the donor vesicles over time at 37°C after addition of 2 mM GTP or buffer (no nuc). Loss of NBD fluorescence without GTP was attributed to
photobleaching, because it mimicked NBD loss from protein-free liposomes (pf no nuc). (€) Lipid mixing by DATL from E. coli with or without GTP performed as
in B. (D) ATL1 lipid mixing after reconstitution at varying protein/lipid ratios. (E) Lipid mixing by WT, R77E, Atail ATL1(1-496), and 1507D showing a requirement
for GTP binding, the amphipathic helix, and the nonpolar face of the amphipathic helix. (F) Comparison of ATL1 HSP mutant variants H258R, R239C, and R217Q
to WT. All lipid mixing was performed at a 1:1,000 protein/lipid ratio unless otherwise stated. The data are the average of at least two independent traces.

GTPase domain of ATLI, have been identified (Guelly et al., 2011).
Certain SPG3A mutations such as R217Q are expected to perturb
fusion, as they abrogate both GTP-dependent dimerization and GTP
hydrolysis, even when assayed in the context of the truncated ATL1
soluble domain (Byrnes and Sondermann, 2011). Other SPG3A
mutations have only minor effects (Byrnes and Sondermann,
2011). We previously attempted to address whether these more
modest mutations impact fusion, but by necessity, we used
DATL as a proxy for ATLL, as fusion had not yet been recon-
stituted for the latter (Ulengin et al., 2015). In that study, we
observed no obvious fusion deficit for R239C (R214C in DATL),
and higher-than-normal fusion activity was observed for
H258R (S233R in DATL). This was surprising because R239C
and H258R are both G domain substitutions and correspond to
the original HSP-S and -T kindreds, respectively. Moreover,
R239C is the most common SPG3A mutation, reported 10 times
more frequently than the others and in unrelated families
(Namekawa et al., 2006). Firm conclusions could not be drawn
from our earlier study, however, as we could not exclude the
possibility that the same mutations would have different con-
sequences in the context of ATL1 (Ulengin et al., 2015).
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With the reconstitution of ATLI fusion activity in hand, we
reassessed the effects of R239C and H258R. To start, we first
confirmed that the dimerization-defective R217Q variant lacked
any detectable activity as expected (Fig. 1 F). In contrast, both
R239C and H258R were fusion active; however, their fusion
rates differed from those of the parent protein (Fig. 1 F). To
compare fusion rates, we incorporated each at the same 1:1,000
protein/lipid ratio and measured the initial slope of the de-
quenching curve (typically within the first 30-60 s). Using this
approach, the observed fusion rate for WT ATL1 was 0.02% of
maximal dequenching per second, or 0.02/s, the same as DATL
purified from E. coli, whereas R239C had a reduced rate of
0.005/s (see Fig. S2 for the fusion rates of all variants tested in
this study). Thus, this most common SPG3A mutation in fact
impairs ATLI fusion activity, underscoring the importance of
studying disease variants in the context of the parent protein.
Interestingly, H258R, which caused an increase in fusion rate in
the context of DATL (Ulengin et al., 2015), did so again with ATL1
(Fig. 1 F), more than doubling the rate from 0.02 to 0.05/s. How
an increase in fusion rate causes disease remains to be under-
stood, but the higher rate of the H258R variant hinted that the
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activity of the parent protein can be further stimulated (see
below).

ATL1 and ATL2 fusion activity is each inhibited by its own
C-terminal extension

Having reconstituted the lipid mixing activity of ATLI, we ex-
panded our analysis to the more ubiquitously expressed ATL2.
Its yield and purity from HEK cells were comparable to ATL1
(Fig. S3), but surprisingly, we observed negligible lipid mixing
activity from ATL2. This was unexpected, because most cell
types express ATL2/3 rather than ATLI (Rismanchi et al., 2008).
Further, the ATL2 soluble domain dimerizes and hydrolyzes GTP
similarly to ATLl and DATL (Morin-Leisk et al., 2011) and
showed similar single-turnover kinetics of crossover dimeriza-
tion and disassembly (Fig. S4). Notably, ATL1 and ATL?2 are well
conserved throughout the G domain, 3HB, and amphipathic
helix but have variable length and poorly conserved N- and
C-terminal extensions (Fig. 2, A and C). To test for potential
autoinhibition by the N-terminus, the entire extension (Fig. 2 A;
residues highlighted in green) was deleted from either ATL2 or
ATLI1. N-terminal truncation had no effect on ATL2 (Fig. 2 B),
although it slightly increased the ATLI fusion rate, from 0.02 to
0.03/s. Our attention next turned to the also poorly conserved
C-terminal extension (Fig. 2 C; residues highlighted in red).
Again, we truncated the extensions of either ATL2 or ATLI while
attempting to preserve the integrity of the required amphipathic
helix of each (Liu et al., 2012; Faust et al., 2015). Remarkably,
C-terminal truncation activated ATL2 (Fig. 2 D), increasing its
initial fusion rate by 500-fold, from 0.0006 to 0.3/s. C-terminal
truncation of only one of the donor/acceptor pair was sufficient
to stimulate ATL2 fusion (Fig. 2 E), with in an intermediate
fusion rate of 0.03 or 0.04/s, depending on whether AC ATL2
was in the donor or acceptor liposomes, respectively. C-terminal
truncation also increased the fusion rate of ATL1 (Fig. 2 D), from
0.02 to 0.1/s. These data suggested that the variable C-terminal
extensions of both ATLs have an inhibitory role, with the
C-terminus of ATL2 being a more potent inhibitor of fusion.
To confirm this, we swapped the two C-terminal extensions
(Fig. 2 F). ATLI with the ATL2 C-terminal extension had a lower
initial fusion rate than ATLI (Fig. 2 G), while ATL2 with the
ATL1 C-terminal extension had a higher rate than ATL2, though
the rate was still less than when the C-terminal extension was
deleted (Fig. 2 H). Thus, the C-terminal extensions were some-
what interchangeable, but the C terminus of ATL2 was a more
potent inhibitor than that of ATLI.

Residues adjacent to the required amphipathic helix mediate
autoinhibition of ATL2

To begin determining the residues mediating autoinhibition, we
started with serial truncations from the C terminus of ATL2.
Though the extensions of canonical ATL1, ATL2, and ATL3 share
no sequence similarity, each is moderately conserved across
vertebrates (Fig. 3 A; conserved residues in bold). For ATL2, each
small truncation up to the amphipathic helix had a measurable
positive effect on the initial fusion rate (Fig. 3, A and B), sug-
gesting an extended length of the C-terminal extension medi-
ating the inhibition. Nonetheless certain stretches had a more
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profound effect than others when deleted. For instance, removal
of AA569-573 and AA554-565 increased the observed fusion rate
by 10- and 6-fold, respectively (compare ATL2(1-568) to ATL2(1-573);
and ATL2(1-553) to ATL2(1-565)), whereas removal of other
stretches had a more modest, 1.5- or 2-fold effect. Importantly,
the 500-fold increase in initial fusion rate upon deletion of the
entire C-terminal extension was blocked by the nucleotide-
binding mutation K107A (Fig. 3 B), indicating that the fusion
activity revealed by truncation was not off-target activity.
Finally, we noticed that AA554-565 is very near the amphi-
pathic helix required for fusion (see Fig. 7 A).

Residues adjacent to the required amphipathic helix of ATL1
also mediate autoinhibition

A similar set of serial truncations revealed a more localized in-
hibitory domain in ATLI (Fig. 3, C and D). Deletion of <30 amino
acids from the C-terminal end caused little or no change in fu-
sion rate. However, the removal of AA521-528 increased the
fusion rate fivefold. While ATL1 and ATL2 share no sequence
similarity in this region of the C terminus, the location of the
ATLI inhibitory domain was also adjacent to the required am-
phipathic helix (Fig. 3 C).

The autoinhibitory ATL2 C-terminal extension impairs
membrane tethering

To determine the step at which fusion is autoinhibited, we fo-
cused on the more strongly autoinhibited ATL2 paralog. First,
we assayed GTP binding using N-methylanthraniloyl (mant)-
labeled GTP, a fluorescent GTP analogue that undergoes fluo-
rescence enhancement upon protein binding (Moore et al.,
1993). Binding was indistinguishable for full-length ATL2 and
two strongly activating truncations, ATL2(1-565) and ATL2(1-547),
at least within the time resolution of the assay (Fig. 4 A). As
expected, the nucleotide-binding mutant variant K107A(1-547)
showed no GTP binding.

According to current models, the next step in the fusion re-
action cycle is G domain-mediated trans dimerization (McNew
et al., 2013; Hu and Rapoport, 2016), which manifests as an
increase in 405-nm absorbance due to an increase in light
scattering when 100-300-nm vesicles bind one another in an
ATL- and GTP-dependent manner to produce larger tethered
vesicle clusters (Liu et al., 2015). Using this assay, we observed
that tethering was not abolished but was markedly suppressed
by the C terminus, as evidenced by the small signal observed for
full-length ATL2 (Fig. 4 B). Partial truncation of the C terminus
(1-565) increased the initial tethering rate by twofold, and
complete removal of the C terminus (1-547) increased it fivefold.
The increased tethering upon complete C-terminal removal was
reversed by subsequent addition of EDTA (Fig. 4 C), previously
shown to dissociate tethered vesicles (Orso et al., 2009; Saini
etal., 2014; Liu et al., 2015), and tethering was blocked altogether
by the K107A nucleotide-binding mutation, indicating a strict
dependence of tethering on nucleotide binding (Fig. 5 B). The
tethering increase, however, did not depend on forming the
crossover conformation, as the K372E mutation we showed
previously to disrupt ATL2 crossover (Morin-Leisk et al., 2011)
did not alter the robust tethering caused by the C-terminal
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Figure 2. ATL1and ATL2 are autoinhibited by a variable C-terminal extension. (A) Alignment of ATL1 and ATL2 N-terminal extensions. (B) Lipid mixing by
full-length (FL) ATLI, AN ATL1(30-558), FL ATL2, and AN ATL2(56-583). (C) Alignment of ATL1 and ATL2 C-terminal extensions. (D) Lipid mixing by FL ATLI,
AC ATL1(1-520), FL ATL2, and AC ATL2(1-547). (E) Lipid mixing between FL and DC ATL2 in trans. DC ATL2 in labeled liposomes (L) were mixed with FL ATL2 in
unlabeled liposomes (UL) at a 1:2 ratio or vice versa. (F) Schematic of ATL1/2 chimeras. (G) Lipid mixing by ATL1 WT, AC ATL1, and ATL1-ATL2 C-terminal
chimera. (H) Lipid mixing by ATL2 WT, AC ATL2, and ATL2-ATL1 C-terminal chimera. All proteins were incorporated at a 1:1,000 protein/lipid ratio, and the data

are the average of at least two independent traces.

truncation (Fig. 4 B). These data suggested that autoinhibition of
ATL2 fusion activity by the C terminus occurs at least in part
through impairment of G domain-mediated trans dimerization
and tethering before crossover formation.

Finally, we examined the effect of the ATL2 C terminus on
GTP hydrolysis. Since GTP hydrolysis is most likely triggered by
G domain dimerization (Winsor et al., 2018; Gasper et al., 2009),
and the C terminus reduced but did not block tethering (Fig. 4
B), we predicted that the C terminus would also reduce, but not
block, nucleotide hydrolysis. Indeed, full-length ATL2 had a
modest steady-state rate of GTP hydrolysis, which was increased
progressively by partial (1-565) and complete (1-547) removal of
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the C terminus, from 1.5 to 2.1 and 4.9 pM/min/uM ATL, re-
spectively (Fig. 4 D). This suggested that the C terminus mod-
estly suppresses GTPase activity, whereas its removal stimulates
it. The K107A mutation that disrupts nucleotide binding blocked
GTPase activity altogether, as expected (Fig. 4 D). The similar-
magnitude effect of the C terminus on both tethering and GTP
hydrolysis rates was consistent with autoinhibition of fusion
occurring at least in part at the level of G-domain trans dimer-
ization. Weakening of the G-domain dimer could impair the
ability of the G domains to engage stably in trans, thereby
weakening the tethered state and hindering forward progress to
fusion. Similarly, GTP hydrolysis would be reduced but not
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Figure 3. Mapping the ATL2 C-terminal inhibitory domain. (A) Schematic of serial truncations of the ATL2 C-terminal extension. C-terminal residues
identical in D. rerio ATL2 are in bold. Initial fusion rates were calculated from the data shown in B. AH, amphipathic helix. (B) Lipid mixing by the ATL2
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were calculated from the data shown in D. (D) Lipid mixing by the ATL1 truncations shown in C. All proteins were incorporated at a 1:1,000 protein/lipid ratio,

and the data are the average of at least two independent traces.

blocked, causing disassembly and turnover of the weakly teth- hydrolysis rates to a similar degree, each approximate doubling
ered state. Of note, these data did not rule out additional effects  of tethering and GTP hydrolysis rates translated to an ~10-fold
of the C terminus later in the fusion reaction cycle. While each  increase in fusion rate. The basis for the disproportionately
C terminal truncation stimulated both tethering and GTP larger effect on the fusion rate is unclear but may be indicative
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of the C terminus separately regulating the transition from the
tethered to the fused state.

Removal of C-terminal autoinhibition enables full fusion by
ATL2

Three different measures indicated complete fusion catalysis by
ATL2 upon relief of autoinhibition by C-terminal truncation.
First, sodium dithionite reduction of outer leaflet NBD-labeled
lipids to a nonfluorescent derivative (Meers et al.,, 2000) re-
vealed inner leaflet mixing by ATL2(1-547) (Fig. 5 A). Second,
dynamic light scattering analysis of ATL2(1-547) liposomes in-
cubated with GTP, followed by dilution that leads to loss of the
tethered state, revealed a substantial increase in vesicle size,
from an average ~200 to >600 nm in diameter (Fig. 5 B, com-
pare upper right to middle right panel). EDTA treatment before
dynamic light scattering analysis further confirmed that the size
change was not due to residual tethers (Fig. 5 B, compare middle
right to lower right panel). As expected, full-length ATL2, which
showed only negligible lipid mixing (Fig. 2 B), showed no sig-
nificant increase (Fig. 5 B, compare upper left to middle and
lower left panel). The third measure of full fusion used cryo-EM
tomography, which revealed a dramatic increase in the range of
vesicle sizes generated by ATL2(1-547) relative to the full length
even as early as 30 s after GTP addition (Fig. 6 A), again con-
firming fusion of both inner and outer leaflets by ATL2 upon
removal of its C terminus. Finally, cryo-EM tomography re-
vealed a qualitative difference in the appearance of putative
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tethers with and without C-terminal truncation (Fig. 6 B). Of the
few vesicles that appeared tethered by full-length ATL2, “tight
zippers” with a strong density at the tethered interface were the
most common putative tether interface. In contrast, tight zip-
pers were the minority in the large number of vesicles that
appeared tethered by ATL2(1-547). Instead, putative attachment
points between liposomes had a more diffuse appearance, pos-
sibly reflecting a less-ordered arrangement of ATL molecules at
the tethered interface (Fig. 6 B).

Autoinhibition is disrupted by charge reversal of residues
adjacent to the required amphipathic helix

To gain insight into a potential autoinhibitory mechanism, we
further analyzed the more potent inhibitory C terminus of ATL2,
focusing on the inhibitory residues closest to the amphipathic
helix, AA548-565. As the structure of neither the TM domain
nor the cytoplasmic tail had yet been determined, we took ad-
vantage of the protein structure prediction tool AlphaFold
(Jumper et al., 2021; https://alphafold.ebi.ac.uk/). AlphaFold
predicted that the cytoplasmic tail of ATL2 (aa 528-580), in-
cluding both the amphipathic helix and the entire C-terminal
extension, adopts a continuous a helical conformation (Fig. 7
A), albeit with a slight bend or kink, between the two elements
(70-90% confidence score for helical continuity within aa 528-
567; 50-70% for aa 568-580). Within the 554-565 stretch and
essentially adjacent to the amphipathic helix, we noticed three
charged residues, E555, E556, and R559, conserved between
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Figure 5. ATL2(1-547) catalyzes full fusion. (A) ATL2(1-547) catalyzes
both outer and inner leaflet lipid mixing. Inner leaflet mixing was measured
after first quenching NBD in the outer leaflet with the membrane-impermeable
compound sodium dithionite. For reference, the data are plotted relative
to total lipid mixing by the same variant. (B) Dynamic light scattering of FL
ATL2 liposomes (left) or ATL2(1-547) liposomes (right) incubated at 37°C
with buffer (upper panels, no nuc), 2 mM GTP for 10 min (middle panels),
or 2 mM GTP for 10 min followed by 10-min EDTA treatment (18 mM final
concentration).

human and Danio rerio ATL2 (Fig. 3 A). In the AlphaFold pre-
diction, E556 emanates from the nonpolar face of the amphi-
pathic helix, whereas E555 and R559 emerge perpendicularly to
it (Fig. 7 A). To test the role of these charged residues, either
single, double, or triple charge reversals were produced. None
of the charge reversals were predicted to compromise helical
continuity by the JPred4 Protein Secondary Structure Predic-
tion server, which provides secondary structure predictions
based on the JNet algorithm (Cuff et al., 1998; https://www.
compbio.dundee.ac.uk/jpred/). Individual charge reversals in-
creased the fusion rate by >10-fold; the double charge reversal
(E555K and E556K) increased it further; and the triple reversal
(E555K, E556K, and R559E) increased the rate by >100-fold, to
0.1/s. The rate approached 0.3/s with truncation of the entire

Crosby et al.
Autoinhibition of human atlastins by C-termini

« [
5.

C-terminal extension (Fig. 7, A and B), with the threefold differ-
ence possibly attributable to residual autoinhibition for the triple
charge reversal. Finally, we noticed that the predicted bend in the
otherwise continuous tail a-helix coincided with the presence of a
proline and a glycine residue; the former is known to cause helical
bends, and the latter sometimes coincides with turns. Alanine
substitution of these residues (P548A and G550A) had a measur-
able effect but did not block autoinhibition (Fig. 7, A and B).

Loss of ATL2 autoinhibition alters cellular ER morphology

One concern was that fusion inhibition by the C-terminal
charged cluster above (Fig. 7, A and B) was caused by nonspe-
cific charge repulsion between the identified residues and the
0.15-mol-fraction negatively charged phosphatidylserine head
groups used in our in vitro assay. Charge repulsion, which could
prevent the insertion of the nearby amphipathic helix into the
membrane, seemed unlikely to be the sole cause of inhibition
because charge reversals in both directions (E->K and R->E)
dampened autoinhibition (Fig. 7, A and B). Additionally, the C
terminus suppressed tethering (Fig. 4 B), and tethering occurs
independently of the amphipathic helix (Saini et al., 2014; Liu
et al., 2015). Nonetheless, we wondered whether the loss of
autoinhibition observed in the charge-reversal variants would
be evident in the more physiological context of the ER in cells. As
a test, we compared the triple charge-reversal variant E555K,
E556K, and R559E to the WT with overexpression in COS-7 cells.
WT ATL2 largely colocalized with the ER marker calnexin and
had an extended ER distribution with puncta that may be at-
tributable to high-level expression (Fig. 8 A). Remarkably, >80% of
cells overexpressing the triple charge-reversal variant (EER-
>KKE) had a profoundly abnormal distribution of both ATL2 and
calnexin, indicative of a loss and collapse of the ER network into a
few large structures near the nucleus (Fig. 8 A; quantified in Fig. 8
B). In contrast, >80% of cells overexpressing WT ATL2 had the
expected extensive ER network distribution of ATL2 accompanied
by puncta. As anticipated, overexpression of ATL2 lacking its
entire C-terminal extension (1-547) also led to ER collapse, al-
though the morphology was somewhat distinct from that caused
by the triple charge-reversal variant (Fig. 8, A and B). Thus, the
C-terminal autoinhibition observed in vitro appears to function in
cells and may be important for ER network homeostasis.

A neuronally expressed, alternatively spliced ATL2 variant
lacks autoinhibition

The strong autoinhibition of the canonical ATL2 paralog was
unexpected, because most cell types likely depend on it for ER
network structure maintenance. Intriguingly, five distinct ATL2
splice variants are documented, and one, ATL2-2, differs from
the canonical ATL2-1 solely in the C-terminal extension (Fig. 9
A) and has been reported to be expressed preferentially in
neuronal tissues (Tapial et al., 2017). The amino acid sequence of
the ATL2-2 C-terminal extension has two noticeable positively
charged arginine residues in precisely the same position as E555
and E556 in ATL2-1, whose replacement with positively charged
lysine residues greatly reduced autoinhibition (Fig. 7, A and B).
This similarity predicted that ATL2-2 might lack strong auto-
inhibition. Remarkably, this isoform had an observed initial
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Figure 6. Cryo-ET analysis of tethering and fusion. FL ATL2 and ATL2(1-547) were reconstituted into liposomes, incubated with GTP for 30 s, and pro-
cessed for cryo-EM. (A) FL ATL2 liposomes remained at the starting size of 100-300 nm, while ATL2(1-547) liposomes were substantially larger. (B) FL ATL2
liposomes were predominantly tethered by tight zippers (white arrows), whereas ATL2(1-547) liposomes appeared to be attached by both tight zippers (white

arrows) and more diffuse zippers (yellow arrows). Scale bars, 100 nm.

fusion rate of 0.09/s, approaching that of ATL2-1 lacking its
entire C terminus (Fig. 9 B). It also caused ER collapse on
overexpression in COS-7 cells (Fig. 8, A and B). To confirm its
expression in neurons, we performed RT-PCR on whole RNA
extract from the liver and brain using isoform-specific primers.
While ATL2-1 was easily detected in both the liver and brain as
reported (Tapial et al., 2017), ATL2-2 was detected only in the

Crosby et al.
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brain (Fig. 9 C). This finding revealed an additional unexpected
tissue-specific mode of ATL fusion activity regulation.

Discussion
Our results demonstrate that the human ATLs by themselves are
sufficient for lipid mixing in vitro. Thus, other factors are
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Figure7. Charge reversal in predicted C-terminal a-helix activates ATL2. (A) AlphaFold structure prediction (Jumper et al,, 2021) of the ATL2 tail rendered
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the predicted helical bend. AH, amphipathic helix. (B) Lipid mixing by each of the indicated variants in A. All proteins were incorporated at a 1:1,000 protein/

lipid ratio, and the data are the average of at least two independent traces.

unnecessary to account for ER membrane fusion, per se (Wu
et al., 2015; Betancourt-Solis et al., 2018). On the other hand,
we also show that the fusion activity of the human ATLs is in-
activated, albeit to differing degrees, by a C-terminal auto-
inhibitory domain. Because even the more tightly repressed
canonical ATL2-1 is capable of maintaining normal ER network
morphology in cells (Morin-Leisk et al., 2011; Hu et al., 2015),
it seems reasonable to assume the existence of a factor that
serves to derepress ATL2-1 fusion activity, thereby promoting
ER fusion indirectly. Notably, autoinhibitory mechanisms,
and mechanisms that provide relief of autoinhibition, are also
features of viral and SNARE fusion proteins (Skehel and Wiley,
2000; MacDonald et al., 2010). Autoinhibition could provide a
means of suppressing unwanted fusion and tightly controlling
the onset of rapid lipid mixing between ER membranes. Reg-
ulation could also fine-tune ER network morphology according
to cellular demand. Consistent with this, overexpression of
disinhibited mutant variants of ATL2-1 or an alternate hyper-
active splice isoform, ATL2-2, led to an abnormal ER collapse
phenotype in COS-7 cells consistent with overfusion, at least at
the light-microscopy level.

While the existence of an activator for ATL2-1 is implied by
our results, the nature of the activation mechanism is unknown.

Crosby et al.
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Nevertheless, two general types of mechanisms for the relief
of autoinhibition, one in cis and the other in trans, could be
considered. In cis, a yet-to-be-identified posttranslational
modification on ATL2-1 would occur, whereas in trans an ATL-
interacting protein would be required. In either case, the ac-
tivation mechanism would likely be readily reversible, as the
ATL2-1 protein purified from HEK cells is largely inactive.
Another unknown is whether ATL1 would also use an activator.
While the in vitro fusion activity of purified full-length ATL2-1
was negligible, ATL1 had activity comparable to that previously
observed for DATL. Thus, ATL], in principle, may not require
an activator. On the other hand, removal of the ATL1 C-terminal
extension further potentiated its fusion activity; therefore,
an activator could be used to enhance activity. Additionally,
if ATL1 were to use an activation mechanism, a shared ac-
tivator between ATL1 and ATL2-1 is possible, because their
C-terminal extensions were somewhat interchangeable. Con-
versely, distinct activators would enable differential regulation
of the ATL1/2 paralogs.

It is intriguing that the more potently inhibited canonical
ATL2 (ATL2-1) is the more widely expressed ATL paralog.
ATL2-1 is found in most cell and tissue types, whereas ATL1 is
predominantly in the nervous system and expressed at low or
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Figure 8. Overexpression of ATL2 C-terminal charge-reversal variants collapses the ER. (A) COS-7 cells overexpressing WT HA-ATL2, EER->KKE (E555K,
E556K, R559E) HA-ATL2, DC HA-ATL2(1-547), or HA-ATL2 isoform 2 (see Fig. 9), fixed and costained with antibodies against HA or calnexin. Scale bar, 10 pm.
(B) Quantification of cells with collapsed ER, average (+ SD), >200 cells per experiment, n = 3.
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mixing performed after reconstitution of each isoform at 1:1,000 protein/lipid ratio. The data are the average of at least two individual traces. (C) RT-PCR from

total RNA showing ATL2-1 and ATL2-2 expression in human liver and brain.

undetectable levels in most other tissues (Rismanchi et al.,
2008). Whether tight regulation of ATL-mediated ER fusion is
cell type dependent, and why, is unclear. Notably, the expres-
sion of the ATL2-2 splice isoform, which largely lacks C-terminal
autoinhibition, is restricted to the brain (Tapial et al., 2017).
Finally, our study provides no information on the fusion activity
of ATL3, which, like ATL2, is abundantly and broadly expressed
across cell and tissue types (Rismanchi et al., 2008).

The mechanism by which the C-terminal extensions of
ATL1/2 inhibit the fusion activity of the respective proteins re-
mains unclear. A detailed understanding will likely depend on
the structure determination of the full-length proteins, possibly
in the context of the lipid bilayer. Still, we present here a
working model (Fig. 10), admittedly highly speculative in the
absence of structural information on full-length ATL. Our
speculative model is inspired by another well-studied member
of the dynamin GTPase superfamily, guanylate binding protein
1 (GBP1). Notably, GBP1 is the dynamin superfamily member
most closely related to ATL (Praefcke and McMahon, 2004).
Although the biological function of GBP1 is not yet well under-
stood, and relevant differences between GBP1 and ATL exist (see
below), a wealth of structural and biochemical data reveals a
similar overall architecture (Prakash et al., 2000) and conser-
vation of key catalytic residues (Ghosh et al., 2006), under-
scoring a close evolutionary relationship. Remarkably, the catalytic
activity of GBP1 has recently been shown to undergo C-terminal
autoinhibition (Ince et al., 2021).

In brief, GBP1 has an N-terminal G domain followed by a
purely a-helical domain, which is also predicted for ATL1/2,
although structural information on the TM domain and tail of
ATL is lacking (Fig. 10, A and B). For GBP], the all a-helical
domain has been subdivided into a middle domain (MD, a7-11)
and an elongated C-terminal domain termed the GTPase effector
domain (GED, al2-13; Prakash et al., 2000). Notably, al2-13
(GED) of GBP1 forms a-helices that span the entire length of the
GBP1 molecule, making extensive intramolecular contacts to
both the G domain and MD (Fig. 10 A). How do these contacts
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impact activity? Recent studies have shown that extensive
contacts between a12-13 (GED) and the G/MD impose confor-
mational constraints on the G domain, holding it in a relatively
closed position. Importantly, the charge reversal of two key
residues structurally implicated in the GED-G domain interac-
tion (Vopel et al., 2010) removes those constraints, freeing the G
domain and enabling the molecule to shift into a more open
conformation (Ince et al., 2017). For GBP, this opening has two
major consequences. First, it allosterically stimulates the exist-
ing G domain dimerization-triggered catalytic activity of the
GTPase; and second, it leads to the formation of new intermo-
lecular a12-13-a12-13 contacts that add to G domain-G domain
contacts formed earlier in the GBP1 reaction cycle (Ince et al.,
2021).

Intriguingly, amino acid sequence alignment between GBPs
and ATLs shows the location of a12-13 (GED) to correspond to
the location of the C-terminal extension of ATL, although it
should be noted that there is no sequence similarity between
GBP and ATL in this region. The lack of sequence conservation
toward the C-terminus can be attributed to the fact that GBPlisa
peripheral membrane protein that lacks a TM domain and as-
sociates reversibly with Golgi membranes using a farnesyl an-
chor at its C-terminus (Fres et al., 2010). Thus, although the two
proteins share significant sequence homology in the G domain
and through the beginning of the GBP1 MD, which aligns well
with the ATL 3HB, the homology ends there. Nonetheless, it is
tempting to speculate that, by analogy to al2-13 (GED), the
C-terminal extension of ATL2-1 (and ATLI to a lesser degree)
might also span the length of ATL (as depicted in the model in
Fig. 10 C). In this scenario, an analogous interaction between the
C-terminus and G/3HB can be imagined constraining the G do-
main in a way that somehow prevents full G domain engage-
ment in trans, productive tether formation, and fusion. In the
absence of an activator to disrupt these interactions, GTP hy-
drolysis would ensue, leading to an abortive cycle driven by
hydrolysis-triggered dimer disassembly and a return of the
subunits to the monomer state (Fig. 10 C, top portion). Finally,
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Figure 10. Speculative model for C-terminal autoinhibition of ATL2. (A and B) Crystal structures of GBP1 (Protein Data Bank accession no. 1F5N; A) and
ATL1 (Protein Data Bank accession no. 3Q5E; B) rendered in cartoon in PyMOL. (C) Speculative model for C-terminal autoinhibition. GTP binding by ATL
promotes weak G-domain dimerization in trans. In absence of a hypothetical activator, tethering is weak, and an abortive cycle results when GTP is hydrolyzed.
If a hypothetical activator is present to overcome C-terminal autoinhibition, dimerization and tethering are strong, resulting in crossover formation and
productive fusion. Note that the interactions depicted between the tail amphipathic helix (AH) and 3HB, as well as between the C terminus and the G domain,

are speculative and have not been experimentally validated.

the presence of a hypothetical activator to disrupt this interac-
tion, either in cis or in trans, would enable strong tethering and
completion of crossover dimerization for fusion (Fig. 10 C, bot-
tom portion).

How might the speculated intramolecular association be-
tween the C-terminal extension and G/3HB of ATL2-1 impact
the G domain dimer interface? One possibility is that the
C-terminus, by its proximity to the membrane inserted amphi-
pathic helix (Liu et al., 2012; Faust et al., 2015; McNew et al.,
2013; Hu and Rapoport, 2016), could orient the G domain in a
manner that hinders the trans dimer from forming (as suggested
in Fig. 10 C, top portion). In another possibility, binding the C
terminus to the back side of the G/3HB could allosterically
regulate the dimer interface, somewhat akin to the situation in
GBP1 (Ince et al., 2021). Indeed, indirect allosteric modulation of
G domain functions has emerged as a common principle un-
derlying the control of a wide range of biological functions. For
instance, the catalytic activity of the dynamin fission GTPase is
rendered assembly dependent by conformational changes that
are propagated from the membrane inserted PH domain through
the stalk and bundle signaling elements to the G domain active
site (Ford and Chappie, 2019). In other examples, G protein-
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coupled receptor binding to trimeric G proteins at a distance
from the active site promotes nucleotide exchange by favoring
an internal structural rearrangement of the G domain that
weakens its nucleotide affinity (Dror et al., 2015); in addition,
membrane association of the N-terminal amphipathic helix of
Arf GTPases promotes activation by inducing a structural re-
arrangement within the G domain core that relieves auto-
inhibition of GTP binding (Nawrotek et al., 2016). Future work
will clarify the ATL regulatory mechanisms uncovered in this
study, but the findings herein lay the necessary foundation.

Materials and methods

Reagents and constructs

All ATLI and ATL2 constructs used for protein expression were
tagged with both HA and 6xHis at the N-terminus in the pGW1-
CMV vector. The following mutagenic oligonucleotide was used
to insert the 6xHis tag into HA-tagged ATL1 and ATL2 constructs
in pGWI-CMV: 5'-CGGGATAGGTACCTCCATCATCATCATCAT
CATGCGAGATCTAGAGTCG-3'. All amino acid-substituted
constructs were generated using PCR mutagenesis mediated by
PfuTurbo polymerase (Agilent Technologies) and fully sequence
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confirmed (Genewiz). All mutagenic oligonucleotides were from
IDT. The ATL1_ATL2 chimera was produced by amplifying the C
terminus of ATL2 with forward primer, 5'-CAAGGTACCTGA
AACACTATGGGAACAGGTATTG-3', and reverse primer, 5'-CGT
CAATTGTCAGTCTGTCTTTAATCTGGCATGATGAGACAC-3/,
and cloning the fragment into His-ATL1 cut with KpnI and Mfel.
The ATL2_ATLI1 tail chimera was produced by amplifying the C
terminus of ATL1 with forward primer, 5'-TAATTGATCAGGTGG
CTGCAGCTCTGTGG-3', and reverse primer, 5'-GTTCTGATC
ACAACAATTGTCACATTTTTTTCTTTTCTGATTG-3', and cloning
into His-ATL2 cut with Bcll. ATL2 isoform 2 was produced by
gBlocks Gene Fragments (IDT) and cloned into ATL2 isoform
1 cut with Bell. All restriction enzymes were from New Eng-
land Biolabs. GTP was purchased from Sigma-Aldrich; re-
constituted to 100-mM stocks in 10 mM Tris, pH 8.0, and
1 mM EDTA; and stored at -80°C. Mant-labeled nucleotides
were purchased from Jena Bioscience. Lipids were purchased
from Avanti Polar Lipids.

Protein expression and purification

200 ml Expi293 cells were cultured at 37°C and 8% CO, per
manufacturer’s protocol, and transient transfections were done
per manufacturer’s instructions (Thermo Fisher Scientific). 2 d
after transfection, cells were harvested, washed once with cold
PBS, and flash frozen. All purification steps were conducted on
ice or at 4°C with chilled buffers. Cell pellets were resuspended
in 20 ml lysis 1 (50 mM Tris, pH 8.0, 5 mM MgCl,, 300 mM
NaCl, 10 mM imidazole, 10% glycerol, 0.5 mM PMSF, 1 pg/ml
pepstatin, 1 uM leupeptin, and 2 mM 2-mercaptoethanol [2-
ME]) until homogeneous. 5 ml of lysis 2 (50 mM Tris, pH 8.0,
5 mM MgCl,, 300 mM NacCl, 10 mM imidazole, 10% glycerol, 10%
Triton X-100, 0.5 mM PMSF, 1 pg/ml pepstatin, 1 pg/ml leu-
peptin, and 2 mM 2-ME) was added, mixed, diluted 1:1 with lysis
1 for a final Triton X-100 concentration of 1%, and rotated for
30 min at 4°C. Samples were then centrifuged at 12,000 rpm in a
F20-12 x 50 LEX rotor (Thermo Fisher Scientific) for 30 min.
The supernatant was further centrifuged at 50,000 rpm in a
Ti70 rotor (Beckman Coulter) for 1 h. The final supernatant was
filtered through a 0.45-um filter and mixed with 0.25 ml Ni*2-
NTA agarose (Qiagen) overnight at 4°C. The next day, the beads
were poured into a column support, washed with 30 ml of wash
1 (50 mM Tris, pH 8.0, 5 mM MgCl,, 100 mM NaCl, 20 mM
imidazole, 10% glycerol, 1% Triton X-100, and 2 mM 2-ME) and
30 ml of wash 2 (50 mM Tris, pH 8.0, 5 mM MgCl,, 100 mM
NaCl, 20 mM imidazole, 10% glycerol, 0.1% Anapoe X-100, and
2 mM 2-ME). Protein was eluted in 0.25-ml fractions with elu-
tion buffer (50 mM Tris, pH 8.0, 5 mM MgCl,, 100 mM NaCl,
250 mM imidazole, 10% glycerol, 0.1% Anapoe X-100, and 2 mM
2-ME). Fractions were flash-frozen and stored at ~80°C. Samples
of each fraction were resolved by SDS-PAGE and found to be
>95% pure.

GTPase assay

GTPase activity was measured under steady-state conditions
using the EnzChek Phosphate Assay Kit (Molecular Probes;
Thermo Fisher Scientific) using a Spark plate reader (Tecan). A
standard reaction involved mixing 1 U/ml purine nucleoside
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phosphorylase, 0.2 mM 2-amino-6-mercapto-7-methylpurine
riboside, 50 mM Tris-HCI, pH 7.5, 100 mM NaCl, 2 mM MgCl,,
and 2 mM 2-ME in a total volume of 0.2 ml at 37°C. The reaction
was started with the addition of 0.6 uM ATL.

Preparation of liposomes, lipid-mixing fusion assay, and
tethering

Lipids in chloroform were dried down by rotary evaporation for
1 h, hydrated by resuspension in A100 buffer (25 mM Hepes, pH
7.4,100 mM KCl, 10% glycerol, 1 mM EDTA, and 2 mM 2-ME) ata
final 10-mM lipid concentration, and subjected to 11 freeze-thaw
cycles in a liquid N, and 42°C water bath. Liposomes (100-300-
nm diameter) were formed by extrusion 15 times through 100-
nm polycarbonate filters using the LipoFast LF-50 extruder
(Avestin) and checked for size by dynamic light scattering
(Zen3600; Malvern Panalytical). Purified ATL was incorporated
at a 1:1,000 protein/lipid ratio into labeled and unlabeled lipo-
some populations at an effective detergent/lipid ratio of ~0.7 by
incubating protein and lipid at 4°C for 1 h followed by four 1-h
detergent-removal incubations with SM-2 Bio-Beads (Bio-Rad)
at 1 g beads per 70 mg Anapoe X-100. This was desalted over a
2.4-ml Sephadex G-25 column into A100 buffer, stored at 4°C,
and used the same day or flash-frozen and stored at -80°C.
Unlabeled liposomes consisted of 1-palmitoyl-2-oleoyl-sn-glyc-
ero-3-phosphocholine (PC) and 1,2-dioleoyl-sn-glycero-3-phos-
pho-l-serine (PS) at an 85:15 molar ratio. Labeled liposomes
consisted of PC:PS:1,3-dipalmitoyl-sn-glycero-3-phosphoetha-
nolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD):1,2-di-
palmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
rhodamine B sulfonyl) at an 82:15:1.5:1.5 molar ratio. For the
fusion assay, proteoliposomes (0.6 mM total lipids) were in-
cubated in A100 buffer containing 5 mM MgCl, at a 1:2 labeled/
unlabeled ratio. Following a 5-min incubation at 37°C in a Spark
plate reader (Tecan), 2 mM GTP or buffer was added via mul-
tichannel pipette, and fluorescence dequenching of NBD was
monitored at 10-s intervals at 538 nm after excitation at 460
nm. After 60 min, 0.5% Anapoe X-100 was added for deter-
mination of the maximum possible dequenching signal. Data
were plotted using the equation [(fluorescence observed -
minimum fluorescence observed) / (maximum fluorescence -
minimum fluorescence)] x 100. The slow loss of fluorescence due
to photobleaching was accounted for by subtracting the -GTP
value at each time from the +GTP value. For inner leaflet lipid
mixing, the assay was set up as above except that the outer leaflet
NBD was first reduced to the nonfluorescent derivative 7-amino-
2,1,3-benzoxadiazol with the membrane-impermeable com-
pound sodium dithionite. 2 mM dithionite was added twice until
a flat NBD baseline fluorescence was obtained, after which 2 mM
GTP was added, and inner leaflet NBD fluorescence dequenching
was monitored at 10-s intervals. All lipid mixing was performed
at a 1:1,000 protein/lipid ratio unless otherwise specified. All
lipid mixing data were the average of two independent traces,
typically collected from a single protein preparation. When key
constructs were repeated with an independent protein prepa-
ration, the traces were similar, with only a 5-10% deviation in
initial fusion rates. Tethering was performed under identical
conditions as in the lipid-mixing assay except that absorbance at
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405 nm was monitored. Absorbance at time O was subtracted
from all values.

Mant-nucleotide binding assay

GTP-binding kinetics were assessed using mant-labeled nucle-
otide. 0.33 uM mant-GTP in Al00 buffer was incubated for
5 min at 37°C. Emission at 425 nm after excitation at 295 nm was
monitored in a Spark plate reader (Tecan) for 40 s for a fluo-
rescence baseline. 0.16 uM ATL was added, and emission was
monitored for 60 s with the first reading at 20 s. Data are plotted
as F/F,, with the reading at time O as Fo.

Dynamic light scattering

Proteoliposomes (0.6 mM total lipids) containing ATL at 1:1,000
protein/lipid ratio were incubated in A100 buffer containing
5 mM MgCl, with no nucleotide or 2 mM GTP at 37°C. After
10 min, 50 pl was diluted to a final volume of 1 ml in A100 in a
disposable polystyrene cuvette (Thermo Fisher Scientific).
Measurements were acquired on a Malvern ZetaSizer Nano
Series instrument (Zen3600). Parameters were set automati-
cally by the instrument software (ZetaSizer v7.12). Where in-
dicated, EDTA was added to samples after 10 min to a final
concentration of 20 mM and incubated for an additional 10 min
before measurements were acquired.

Cryo-EM grid preparation and cryo-tomographic data
collection

Immediately before sample preparation, gold C-flat grids (C-flat
CF-1.2/1.3-4Au-50; Protochips) were glow discharged in a Pelco
easiGlow for 30 s with a current of 15 mA. Grid vitrification was
performed on an EM GP (Leica) at 90% humidity and 4°C. Before
sample application to the grid, 2 mM GTP (final concentration)
was added to either FL ATL2(1-583) or ATL2(1-547) and allowed
to incubate for 30 s. A volume of 3 pl of the sample was then
applied to the grid, held for 5 s, blotted for 4 s, and plunged into
liquid nitrogen-cooled ethane.

Tilt series were collected on a 200-kV Glacios transmission
electron microscope (Thermo Fisher Scientific). Images were
recorded using a K3 (Gatan; 18 frames per image) or a Falcon 4
(Thermo Fisher Scientific; 8 frames per image) direct detector
operating in the electron counting mode. Tilt series were recorded
using SerialEM (Mastronarde, 2005) software at a magnification
corresponding to a pixel size of 2.37 A as individual TIFF files per
tilt. A grouped dose symmetric tilt scheme was implemented
starting at 0°, followed by +3-9, +12-18, +21-27, +30-36, and
+39-48 with a tilt increment of 3° at -5 um underfocus. The total
electron dose was kept in the range of 80-90 e-/A%

Tomographic reconstruction

Tilt series TIFF files were gain-corrected, aligned, and dose-
corrected using the graphical interface of AlignFrames from
the IMOD software package (v4.12; Kremer et al., 1996). The
corrected tilt images were further processed with Etomo in
IMOD. Weighted back-projection with the simultaneous itera-
tive reconstruction technique-like filter were used for the final
reconstruction into 3D tomograms. Tomograms were trimmed
to remove areas without liposomes when appropriate.
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Immunofluorescence

COS-7 cells were cultured on 12-mm glass coverslips in a 24-well
plate in DMEM + 10% FBS + 1% penicillin-streptomycin. Trans-
fections of HA-tagged WT or E555K, E556K, or R559E ATL2-1in
pGW1-CMV vector were performed using 1.5 ul Lipofectamine
2000 (Thermo Fisher Scientific) and the indicated amounts of
DNA, following manufacturer’s instructions. 2 d after transfec-
tion, cells were fixed in 3% paraformaldehyde and costained
with HA antibody Ab18181 (Abcam) at 1:500 and calnexin anti-
body (Abcam) at 1:200 using FBS as blocking agent. Secondary
antibodies were Alexa Fluor 568-conjugated goat anti-mouse
and FITC-conjugated goat anti-rabbit (Thermo Fisher Scien-
tific). Images were obtained using a spinning-disk confocal
scanhead (Yokagawa; PerkinElmer) mounted on an Axiovert
200 microscope (Zeiss) with a 100x 1.4-NA objective (Zeiss) and
acquired using a 12-bit ORCA-ER camera (Hamamatsu Photon-
ics). Maximal value projections of two to four sections at 0.2-pm
spacing were acquired using Micromanager open-source soft-
ware (University of California, San Francisco) and merged after
adjustment using GIMP open-source software (University of
California, Berkeley).

RT-PCR

Human liver and brain total RNA (Takara Bio) were used to
make cDNA using gScript cDNA SuperMix (Quanta BioDesign)
according to manufacturer’s instructions. GAPDH primers were
forward primer (5"-GCAGACCACAGTCCATGCCATCACTGC-3')
and reverse (5'-GAGGTCCACCACCCTGTTGCTGTAGCC-3'). A
common 5’ primer (5'-GAACAGGTATGTGGAGGGGACAAGCCT
TAC-3’) and specific 3’ primers for each ATL2 isoform (ATL2,
isoform 1, 5'-ATGAGACACCTGGTCAGTCAGGCCTGC-3'; ATL2,
isoform 2, (5'-AAGAGCACGGTGAACCATTCGACGTCTAGT-3')
were used.

Mass spectrometry

Protein elution buffer was exchanged using 3.5-kD Amicon filter
(Millipore) to 8 M urea and 50 mM ammonium bicarbonate
buffer. While in the filter, proteins were reduced with 5 mM
Tris(2-carboxyethyl)phosphine at 30°C for 60 min and subse-
quently alkylated with 15 mM iodoacetamide in the dark at RT
for 30 min. The buffer was then exchanged again to 1 M urea and
50 mM ammonium bicarbonate, the sample was recovered from
the Amicon tube into a new microfuge tube, and the protein
concentration was determined using a bicinchoninic acid pro-
tein assay (Thermo Fisher Scientific). Proteins were subjected to
overnight digestion with mass spectrometry grade Trypsin/
Lys-C mix (1:25 enzyme/substrate ratio). Digested peptides were
desalted in the Bravo platform using AssayMap C18 cartridges
and dried down in a SpeedVac concentrator. Dried peptides were
reconstituted with 2% acetonitrile, 0.1% formic acid (FA) and
analyzed by LC-MS/MS using a Proxeon EASY-nanoLC system
(Thermo Fisher Scientific) coupled to a Q-Exactive Plus mass
spectrometer (Thermo Fisher Scientific). Peptides were sepa-
rated using an analytical C18 Aurora column (75 um x 250 mm,
1.6-pm particles; IonOpticks) at a flow rate of 300 nl/min (60°C)
using a 120-min gradient: 1-5% B in 1 min, 6-23% B in 72 min,
23-34% B in 45 min, and 34-48% B in 2 min (A, FA 0.1%; B, 80%
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acetonitrile/0.1% FA). The mass spectrometer was operated in
positive data-dependent acquisition mode. MSI spectra were
measured in the Orbitrap in m/z 350-1,700 with a resolution of
70,000 at m/z 400. The automatic gain control target was set to
1 x 108, with a maximum injection time of 100 ms. Up to 12 MS2
spectra per duty cycle were triggered, fragmented by higher-
energy C-trap dissociation and acquired with a resolution of
17,500, an AGC target of 5 x 10%, an isolation window of 1.6 m/z,
and a normalized collision energy of 25. The dynamic exclusion
was set to 25 s with a 10-ppm mass tolerance around the
precursor.

Analysis of mass spectra

All mass spectra were analyzed with MaxQuant software
v1.6.11.0. MS/MS spectra were searched against the Homo sapiens
Uniprot protein sequence database (downloaded in January
2020) and GPM cRAP sequences (commonly known protein
contaminants). Precursor mass tolerance was set to 20 ppm for
the first search, where initial mass recalibration was completed,
and 4.5 ppm for the main search. Product ions were searched
with a mass tolerance 0.5 D. The maximum precursor ion charge
state used for searching was 7. Carbamidomethylation of cys-
teine was searched as a fixed modification, while oxidation of
methionine, acetylation of protein N terminus, and phosphor-
ylation of serine, threonine, and tyrosine were searched as
variable modifications. The enzyme was set to trypsin in a
specific mode, and a maximum of two missed cleavages was
allowed for searching. The target/decoy-based false discovery
rate filter for spectrum and protein identification was set to 1%.

Single-turnover kinetics

G domain dimerization and crossover formation were assayed
using fluorescence resonance energy transfer (FRET) and par-
allel immersed finite element (PIFE), respectively (Winsor et al.,
2018). For G-domain FRET, cyt-ATL2(1-467), cyt-ATL1(1-446), or
cyt-DATL(1-415) was labeled with Alexa Fluor 488 (donor) or
647 (acceptor) maleimide on an engineered G-domain cysteine
S308C (also C59A, C143A, C395N, and C441A), N281C, or S270C,
respectively. For crossover PIFE, cyt-ATL2, cyt-ATL1, or cyt-
DATL was labeled with Cy3 maleimide on an engineered 3HB
cysteine H462C (also C59A, C143A, C395N, and C441A), H435C,
or H410C, respectively. For labeling, each engineered protein
was desalted over a 4-ml Sephadex G-25 column in SEC buffer
(25 mM Tris, pH 7,100 mM NaCl, 5 mM MgCl,, 2 mM EGTA, and
1 mM imidazole) supplemented with 500 pM Tris(2-carboxy-
ethyl)phosphine. Dye was added at a 1:1 protein/dye molar ratio
and incubated for 2 h (for Cy3) or 30 min (for Alexa Fluor) at RT
before being centrifuged at 100,000 rpm in a TLA100 rotor for
10 min at 4°C to remove any precipitate. Labeled protein was
then desalted twice to remove free dye. For all single-turnover
assays, labeled 30 pM cyt-ATL (at a 1:2 donor/acceptor ratio for
FRET) was mixed 1:1 with 15 uM GTP in SEC buffer, or buffer
only, at 25°C using a stopped flow accessory mounted on a PTI
QuantaMaster-400 fluorimeter (Horiba Instruments). For FRET,
both donor (520-nm) and acceptor (670-nm) fluorescence were
monitored at 50-ms intervals after 490-nm donor excitation
(only acceptor data are shown). For PIFE, 570-nm fluorescence

Crosby et al.
Autoinhibition of human atlastins by C-termini

TR
(J’ k(J
IV

was monitored at 100-ms intervals after 540-nm excitation.
Before analysis, fluorescence values obtained in runs in the
absence of GTP were subtracted from those obtained in the
presence of GTP. Data were then plotted in Excel as normalized
F/F, using the equation (fluorescence - initial fluorescence) /
(maximum fluorescence observed - initial fluorescence). For
both FRET and PIFE, the data shown are the average of three to
five runs.

Online supplemental material

Fig. S1 shows that phosphorylation of S22 and S23 detected by
mass spectrometric analysis does not account for the recon-
stituted ATL1 fusion activity; it also shows the increased fusion
activity of DATL purified from HEK cells. Fig. S2 reports the
observed initial fusion rates of all ATL variants tested in this
study. Fig. S3 shows all the ATLI1 and ATL2 variant proteins used
in this study by SDS-PAGE. Fig. S4 compares the single-turnover
kinetics of the cytoplasmic domains of ATL2, ATL], and DATL
dimerization and crossover. Video 1 shows a tomogram depicting
tight zipper tethering by FL ATL2. Video 2 shows a tomogram
depicting both tight zipper and diffuse tethering by ATL2(1-547).

Data availability
The datasets generated during and/or analyzed during the cur-
rent study are available from the corresponding author on rea-
sonable request.
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Figure S1. Phosphorylation does not account for ATL1 fusion activity. (A) Intensity of singly and doubly phosphorylated TYEWSSEEEEPVKK peptides and
the unmodified counterpart. (B) Lipid mixing by WT ATL1 and phosphomutant $22A, S23A. (C) Lipid mixing by DATL purified from HEK cells is faster than by
DATL purified from E. coli. All lipid mixing was performed at a 1:1,000 protein/lipid ratio, and the data are the average of at least two individual traces.
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Figure S2. Comparison of fusion rates for all ATL variants in this study. Initial lipid mixing rates (as the percentage of maximum lipid mixing possible per
second) observed for all ATL variants in this study.
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Figure S3. ATL1and ATL2 protein purity. Peak Ni2*-NTA fractions of all His-tagged ATL1 and ATL2 variant proteins in this study are shown after resolving on
SDS-PAGE and staining with SYPRO ruby.
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Figure S4. cyt-ATL2 has single turnover kinetics of dimerization and crossover formation similar to those of cyt-ATL1 and cyt-DATL. (A) Schematic of
FRET as cyt-ATL monomers labeled with a FRET donor and acceptor on the G domain (i) undergo G domain dimerization (G-G FRETS; ii). (B) Comparison of G-G
acceptor FRET for cyt-ATL2, cyt-ATL1, and cyt-DATL after GTP addition under stopped flow. norm., normalized. (C) Schematic of Cy3 fluorescence
enhancement as Cy3-labeled cyt-ATL2, cyt-ATL1, and cyt-DATL (i) undergo dimer formation and crossover (C/O PIFE; ii). (D) Comparison of crossover
PIFE for cyt-ATL2, cyt-ATLL, and cyt-DATL after GTP addition under stopped flow. All reactions contained 15 uM cyt-ATL and 7.5 uM GTP (final) and were
at 25°C. All traces are the average of three to five individual traces and normalized (initial value = 0; maximum value = 1).

Video 1. FL ATL2 tomogram depicting tight tethering. Reconstruction corresponding to Fig. 6 B, top left.

Video 2. ATL2(1-547) tomogram depicting both tight and diffuse tethering. Reconstruction corresponding to Fig. 6 B, bottom left.
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