A novel insertion mutation in Atlastin 1 is associated with spastic quadriplegia, increased
membrane tethering, and aberrant conformational switching
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Abstract

Hereditary spastic paraplegia (HSP)
comprises a heterogenous group of neuropathies
affecting upper motor neurons and causing
progressive gait disorder. Mutations in the gene
SPG3A/atlastin-1 (ATLI), encoding a dynamin
superfamily member which utilizes the energy
from GTP hydrolysis for membrane tethering and
fusion to promote the formation of a highly
branched, smooth endoplasmic reticulum (ER),
accounts for approximately 10% of all HSP cases.
The continued discovery and characterization of
novel disease mutations is crucial for our
understanding of HSP pathogenesis and potential
treatments. Here, we report a novel disease-
causing, in-frame insertion in the A7TLI gene,
leading to inclusion of an additional asparagine
residue at position 417 (N417ins). This mutation
correlates with complex, early-onset spastic
quadriplegia affecting all four extremities,
generalized dystonia, and a thinning of the corpus
callosum. We show using limited proteolysis and
FRET-based studies that this novel insertion
affects a region in the protein central to
intramolecular interactions and GTPase-driven
conformational change, and that this insertion
mutation is associated with an aberrant pre-
hydrolysis state. While GTPase activity remains
unaffected by the insertion, membrane tethering

is increased, indicative of a gain-of-function
disease mechanism uncommon for ATLI-
associated pathologies. In conclusion, our results
identify a novel insertion mutation with altered
membrane tethering activity that is associated
with spastic quadriplegia, potentially uncovering
a broad spectrum of molecular mechanisms that
may affect neuronal function.

Introduction

Hereditary spastic paraplegias (HSP) are
a heterogenous group of neurodegenerative
disorders. They share disease presentation
characterized by progressive spasticity and
weakness of the legs caused by axonal
degeneration of motor neurons, which begins at
their distal ends (1; 2; 3; 4). Pathogenic mutations
have been identified in at least 80 genes, denoted
SPGI-80, due to the characteristic spastic gait
and named in order of their identification (5; 6).
The clinical manifestations of this disorder also
vary significantly and are defined as either “pure”
or “complex”, with pure cases primarily causing
lower leg spasticity and complex cases involving
additional neurological symptoms such as visual
impairment, intellectual disability, epileptic
seizures, and amyotrophy (2; 7). Incidence rates
of HSPs are reported between 1.2 to 9.6 out of



every 100,000 people (2; 4; 7; 8; 9), with
inheritance modes ranging from autosomal
dominant, autosomal recessive, X-linked
recessive, and mitochondrial. Mutations in
SPG34 (encoding human atlastin-1/ATL1)
account for approximately 10% of all HSP cases,
second only to SPG4, encoding spastin (10), and
are the leading cause of early onset cases (11; 12).
There have been 68 HSP-causing mutations
identified in ATLI1, with a majority being
autosomal dominant and resulting in early onset
and/or pure cases in patients (3; 4; 5; 13).

The ATL1 protein belongs to the
dynamin superfamily, members of which
comprise a canonical, large GTPase (G) domain
and function in a variety of cellular pathways
including vesicle fission, remodeling of organelle
membranes, and immunity through antiviral
activity (14). Other, structurally or functionally
conserved domains within the dynamin
superfamily include a stalk-like middle domain, a
membrane-localization feature (e.g.,
transmembrane domain, PH domain, lipid
modification), and, in many cases, a GTPase
effector domain (GED)/bundle signaling element
(BSE) for regulation of GTP hydrolysis.
Canonically, coordinated GTPase activity in
dynamin-related proteins (DRPs) is stimulated
upon higher order oligomerization including
intra- and intermolecular interactions,
orchestrated in part through the GED (15; 16; 17).

ATLI1 is a resident ER enzyme, residing
in the high-curvature tubules of the smooth ER,
where it tethers and fuses tubules following
GTPase-driven reaction cycles to generate and
maintain the ER’s polygonal morphology (18;
19). The N-terminus of ATL1 is composed of the
canonical large G domain followed by a flexible
linker region and middle domain, facing the
cytoplasm, followed by a short, membrane-
associated wedge motif with preference for high-
curvature ER tubules (20). At its C terminus, it
contains a cytosolic, short, amphipathic helix that
induces membrane disorder and is required for
efficient fusion (21; 22). Unlike most DRPs,
ATL1 catalyzes membrane fusion through
hydrolysis-dependent homodimerization across
trans membranes (23; 24; 25; 26). ATL1 is the
minimal machinery necessary for membrane
fusion (18) and formation of a reticular ER
network in vitro (27). The N-terminal,

cytoplasmic fragment comprising the G and
middle domains acts as the catalytic core as it
confers comparable GTPase activity as full-
length ATL (28; 29) and functionally dimerizes
with native ATL, evidenced by its action as a
concentration- and GTPase-dependent inhibitor
of membrane fusion in vitro (24; 29) and its
dominant-negative effect on ER morphology
when expressed in mammalian cells (29).

Most vertebrates encode three isoforms
of ATL (ATL1-3), which retain high sequence
homology (61-64%) and localize to the ER where
they all catalyze membrane fusion (30). Despite
these similarities, they vary in catalytic
efficiency, ER spatial distribution, cellular fusion
efficiency, and expression levels in tissues
throughout the body, with ATL1 being primarily
present in the brain (30; 31). ATL1 mutations
associated with HSP have been shown to elicit
variable GTPase activity and reduced membrane
fusion capacity in cells, correlating with a
reduction in three-way junctions visible in the ER
network and other morphological changes of the
ER (23; 24; 31; 32; 33; 34; 35). Many alleles act
as dominant-negative agents, causing phenotypes
similar to those observed when all three ATL
isoforms were deleted in mammalian cells (36).
In addition to their role in HSP, familial
mutations in ATL1 and ATL3 have been found to
cause hereditary sensory neuropathy (HSN),
another neurodegenerative disorder affecting
sensory neurons (37; 38; 39).

Here we present a case of an early onset,
complex HSP caused by a novel ATL1 mutation,
where an asparagine residue is inserted into the
middle domain between arginine residue 416 and
tyrosine residue 417 (N417ins), the first reported
clinical case caused by a whole codon insertion in
ATL1. The proband presented with spastic
quadriplegia and complex symptoms including
generalized dystonia and thinning of the corpus
callosum. Investigations into the structure and
function of this novel ATL1 variant revealed that
not only does the insertion mutant result in a
stable protein, but it preserves many core
functions, including GTP hydrolysis and
nucleotide-dependent dimerization. Intriguingly,
we discovered this insertion mutant confers an
uncommon gain-of-function phenotype in vitro
and altered sub-cellular localization, which



correlate with aberrant conformational switching
of the enzyme and a complex HSP pathology.

Results

Patient case study

The proband is the first male child of a
Hispanic and Caucasian/Asian couple born at
term after an emergency caesarian section due to
fetal heart rate decelerations. Birth weight was
around 3600 gm at 53 cm of height. Apgar scores
were normal, and neither resuscitation nor
intensive care support was required. Hospital
discharge occurred at 3 days of age and proband
was specified normal as a neonate. Normal health
ensued until 3 months, when adrenocorticotropic
hormone (ACTH)-responsive infantile spasms
developed. Magnetic resonance imaging (MRI) at
the time was normal and an
electroencephalogram (EEG) showed features of
epilepsy. Cognitive function remained near
normal, but in contrast, motor development was
slow. Developmental hallmarks such as rolling
over and crawling were reached at 6 and 14
months, respectively. At this point, motor
development ceased, which resulted in the
inability to walk. The patient was diagnosed with
spastic quadriplegic cerebral palsy at 1.5-2 years.
Cognitive development was near normal. He has
been treated with intermittent injections of
botulinum toxin, physical and occupational
therapy, and has braces and splints.

At age 7, the proband had a feeding tube
inserted and at age 15, a gastrostomy (G) tube but
was able to eat smaller pieces of food and drink
through a straw. Speech was slow but fairly clear.
Limited movement existed in the arms and hands.
Straightening of the arms at the elbows proved
difficult, stiffness was present in the flexor group
of the arm muscles, and a weak grip with
contractures were present in both hands.
Difficulties with movements and stiffness
occurred in the extensor muscles of the legs.
There was equinovarus posture of the feet and no
movement. There was extensor tonus at the
quadriceps, and mobility was enabled with the
use of a motorized wheelchair. Cognitive
development continued as exhibited through
school attendance and normal intelligence. A
follow-up brain MRI was reported as normal but

showed thinning and down-sloping of the
posterior body of the corpus callosum (Figure
1A). This was unchanged in comparison to a prior
imaging study done at age 3 years.

Using whole exome sequencing, a
heterozygous de novo variant
c.1248 1249insAAT:p.Argd16 Tyrd17insAsn
(referred to here as N417ins) was identified in
exon 12 of the ATLI gene (NM_015915.4). This
caused an in-frame insertion of a single
asparagine residue in a non-repeat region. In
silico analysis supported a deleterious effect. The
Combined Annotation Dependent Depletion
score was 21.3. The variant was not found in
gnomAD or Clinvar databases that catalog
genomic variations, and in the latter case, link
those to their relationship to human health (40;
41). Sanger sequencing of the variant was
confirmed in the proband in a Clinical Laboratory
Improvement Amendments (CLIA) laboratory
(Figure 1B).

Mutation N417ins alters ATLI’s subcellular
distribution

Previous studies have found that disease-
causing mutations in ATLs can lead to ER
morphologies  ranging from  large-scale
aggregation to long, unbranched tubules or a
relatively normal reticular structure depending on
the mutation (31; 39; 42). Often, these mutations
act in a dominant-negative fashion. Here we
probed the impact of expressing the novel ATL1
N417ins mutation on the localization of ATL in
both wild-type (WT) NIH-3T3 and NIH-3T3
ATL1/2/3 triple-knockout (TKO) mammalian
cell lines (36). Usage of the TKO cells allowed us
to investigate whether the mutation mimics WT
ATL distribution in the absence of endogenous
ATL isoforms, while use of the WT cells would
reveal whether endogenous ATL rescues
potential variations of localization of the mutant.

We first compared protein abundance of
exogenously expressed ATL1 WT and N417ins
mutant variant with a C-terminal myc-tag.
Immunoblotting verifies that both constructs
express in WT and TKO cells (Figure 2A). To
assess impact of the mutant on ATL distribution,
we carried out immunofluorescence staining in
NIH-3T3 WT and TKO cells exogenously
expressing ATL1 WT and N417ins and imaged
the cells with confocal microscopy. Wild-type



protein localization matches results reported
previously, with ATL1 evenly decorating a
highly reticular, tubular network (Figure 2B;
Figure S1) (31). Strikingly, the N417ins variant
primarily localizes to many puncta and apparent
clusters throughout the cell (Figure 2B; Figure
S1). This punctate localization pattern is
observed both in WT and TKO cell lines,
indicating it is an effect independent of
endogenous ATL expression. Although the
N417ins-containing protein appears to have
altered ER localization, the ER remains largely
intact and the N417ins mutant colocalizes with an
ER marker as determined by co-transfection of
U20S cells with "™ ™SEC61B (Figure S1).

To establish phenotypic trends in WT
and TKO cell lines expressing either WT or
mutant ATL, we categorized distribution patterns
of each cell to provide a semi-quantitative
assessment as follows. Of the NIH-3T3 cells
quantified, 100% and 98.6% of N417ins
transfected cells had puncta while only 4% and
2.2% of WT-transfected showed this feature, in
WT and TKO cells, respectively (Figure 2C). The
primary variation amongst N417ins transfected
cells was the extent of discernable tubule signal,
which ranged from 1) no tubules (individual
puncta that don’t appear to trace to a reticular
pattern), 2) puncta that clearly trace along tubule
patterns, 3) puncta with faint homogenous tubule
signal, to 4) strong tubule signal (with or without
puncta) (Figure 2B). We determined the
percentage of observed cells with any discernable
tubule signal (categories 2 to 4) and found that
100% of exogenous ATLI WT generated a
tubular signal to only 43% and 71.5% of
N417ins-transfected cells, in WT and TKO cells,
respectively (Figure 2C). It is noteworthy that
while the percentage of cells with punctate
N417ins variant signal in WT and TKO cells was
not significantly different, the difference of cells
with tubular localization of the exogenous protein
was statistically significant. Lastly, of the cells
with any level of tubule signal, 18.2% and 15.8%
of N417ins transfections had visibly reduced 3-
way junctions, in WT and TKO cells,
respectively (Figure 2C). This phenotype has
been observed with expression of some HSP
variants and catalytically inactive ATL1 mutants
(31; 32; 34; 35; 36; 42). Overall, distribution of
the ATL1 N417ins mutant is not dependent of the

presence of endogenous ATL WT isoforms,
correlating with the heterozygosity of the
mutation in the proband.

GTP hydrolysis and oligomerization by ATLI
are not affected by the N417ins mutation

Having established a pronounced cellular
phenotype, we set out to characterize the effect of
the ATL1 N417ins mutation on the protein’s
molecular mechanism. It has been established
that the N-terminal soluble module of ATLI
consisting of the conserved G and middle
domains, which we refer to as the catalytic core,
is sufficient to carry out GTP hydrolysis and
nucleotide-dependent oligomerization (23; 28;
29). The fragment also interacts with the full-
length protein in a GTPase-dependent manner,
suggesting that its functional cycle tracks that of
the native protein (24; 29; 43). For those reasons,
we can employ the soluble, near-full-length
catalytic core as a proxy for the native protein in
biochemical studies reporting on intrinsic
properties of ATL. Both WT and mutant proteins
expressed to comparable levels in E. coli, and
purifications produced similar overall protein
yields, suggesting no major impact of the
sequence alteration on protein stability. As a first
test, we used an established spectrophotometric
assay to measure the release of inorganic
phosphate (Pi) over time during GTP hydrolysis
for both WT and mutant protein. The catalytic
activity was the same for both proteins with no
statistically significant difference in k.., values of
ATL1 WT and ATL1 N417ins (apparent rates of
5.6 +/- 0.18 min" for WT and 6.0 +/- 0.13 min™’
for the N417ins mutant protein) (Figure 3A).

A key characteristic of ATLs is their
ability to form dimers upon GTP hydrolysis, a
state that can be trapped by incubating the
proteins with non-hydrolyzable GTP analogs
(GppNHp or GTPyS) or a transition state analog
(GDP-AIFy) (23; 24; 44). In contrast, the ATL
catalytic core remains monomeric in the absence
of nucleotides or in the presence of GDP (23; 44).
This pattern of dimerization is crucial in
conferring ATL’s ability to tether and fuse
membranes and is retained across all isoforms
and orthologs, even extending to yeast Seylp and
mitofusins (28; 29; 44; 45; 46; 47; 48). We tested
whether the novel disease mutation affects this
conserved pattern by using size exclusion



chromatography in tandem with multi-angle light
scattering (SEC-MALS) (49). As established
previously, this assay reports on the molecular
weight and conformation of proteins in solution.
We found that, like ATL1 WT, the N417ins
mutant protein remained a monomer in apo and
GDP conditions and dimerized in the presence of
GppNHp and GDP-AlF; (Figure 3B). Only a
minor fraction of the mutant protein eluted as a
monomer upon incubation with GppNHp, and
less so with GDP-AlFs, suggesting that the
mutation could affect dimer stability to some
minor extent. Another notable deviation from
WT was the retention time on the column, with
N417ins eluting 0.32 mL earlier as a monomer
and 0.37 to 0.38 mL earlier as a dimer (Figure
3B). Since we saw no change in calculated
molecular weight accompanying these shifts in
retention time, they indicate deviations in the
hydrodynamic radius of the proteins and their
oligomers, likely due to conformational
differences.

Structure of ATL1 with the N417ins mutation
bound to GDP-AIF

Having not seen a significant difference
in the intrinsic activity of ATL1 with the N417ins
mutation, we embarked on solving the crystal
structure in order to determine the extent of
conformational disruptions in the protein by the
mutation. The protein with the insertion mutation
crystallized in the presence of the transition state
analog GDPeAIF, and Mg*', diffracting to a
resolution of 1.9 A. The structure was solved by
molecular replacement in space group P2,2,2,
using isolated G and middle domain fragments as
the search models, identifying two molecules in
the asymmetric unit (Table 1). The novel, dimeric
structure aligns with that of a corresponding
ATL1 WT protein bound to GDPeAIF, (25) with
armsd value of 0.386 A, both structures depicting
a tight crossover dimer of ATL1’s catalytic core
(Figure 4A). The individual protomers
superimpose  nearly  exactly = with  the
corresponding chains in the WT structure (rmsd
chain A=0.294 A; rmsd chain B=0.514 A).

The inserted N417 residue is surface
exposed within the middle domain’s third helix.
In this state, the o-helical rung containing the
insertion accommodates the additional residue by
bulging out slightly, resulting in minimal long-

range structural changes. According to the DSSP
secondary structure assignment, the inserted
residue results in formation of m-helix from
residues 415 to 419 (50; 51). The primary
variation between WT and insertion-mutant
structures lies within the middle domain dimer,
where a slight translation is observed toward the
second protomer’s middle domain within the
dimeric assembly of the mutant, with the middle
domain interface tightening by ~0.7-1.2A
(interface-proximal) to 1.0-1.6 A (solvent-
proximal). The only exception to this observed
domain translation is residue R416, directly
preceding the insertion mutation, which shifts 3.6
A in its Ca position and rotates outward (Figure
4B).

The only other notable structural change
occurs at the interface of the G domain and linker
region of chain B at residues E339 and E340.
Here we observe a 180° flip of the E339 side
chain and a 4 A shift of the corresponding Ca’s
and ~60° side chain rotation and 1.8 A shift in the
E340 Co. This disturbance remains localized to
these two residues (and specific to chain B) but
appears to have a subtle effect on where the last
helix of the G domain terminates (Figure 4C).

Although we only obtained the structure
of ATL1 N417ins in a crossover dimer state so
far, the GDP-bound, wild-type monomer
structure we determined previously for ATLI
places the insertion region adjacent to the first
helix of middle domain (Figure 4D-E). This
region is of functional importance since it is
proximal to the G-middle domain interface in this
engaged state, characteristic for the GDP-bound
conformation and likely involved in the allosteric
coupling between the two domains (25; 44).

ATL1 N417ins has markedly increased
membrane tethering rates in vitro

Since we saw no effect of the mutation
on GTP hydrolysis or nucleotide-dependent
dimerization and the crossover state structure is
largely unaffected, we next investigated what
effect the mutant had on membrane-related
functions of ATLI1. Since full-length, human
ATL1 has not been reconstituted in a membrane
fusion-competent form, we tested for this
function by using an accepted vesicle-tethering
assay utilizing the soluble catalytic core of ATL1
(26). Tethering events are en route to fusion and



may signify a native ATL function (26; 52). To
assay for  GTPase-dependent membrane
tethering, purified WT or mutant ATL1 catalytic
cores with a decahistidine tag at their C-termini
were loaded onto vesicles containing 1% (molar
ratio) Ni(NTA)-modified lipids. The resulting
presentation of the soluble ATL1 domains
mimics the topology of the full-length,
transmembrane  protein.  Flotation assays
confirmed that both WT and mutant protein
partitioned to the vesicles fraction (Figure S2).
Upon the addition of GTP, continual vesicle
tethering caused an increase in solution turbidity,
which was measured spectrophotometrically (at
ODsg). Figure 5A shows representative tethering
reactions of ATL1 WT and N417ins at increasing
concentrations from 0.5 to 1.5 pM (additional
reactions were carried out between 0.25 uM and
1.5 uM). At all concentrations, the signal
increases over time as expected. At higher
concentrations (1 pM and above), the signal
drops after reaching a plateau at the maximum
(ODsgo ~0.2) followed by erratic fluctuations.
This pattern is the product of large,
macroscopically visible vesicle clumps (Figures
5A and 5D). The effect was reversed upon
addition of EDTA or imidazole (Figure S2).
Additional control reactions were carried out with
GDP or without MgCl,, which did not support
vesicle tethering (Figure S2).

To compare tethering of WT and mutant
protein, the initial tethering rates of each reaction
were calculated across protein concentration
(Figure 5B). From this, it is apparent that there
are two linear regions of increasing tethering
rates (0.25 uM to 0.75 pM and 0.75 puM to 1.5
uM), with ATL1 N417ins demonstrating both
higher initial tethering rates as well as a faster rate
of increase per protein concentration compared to
WT protein (ATL1 at 0.959 +/- 0.28 and N417ins
at 3.46 +/- 0.65 min"' uM™) (Figure 5C).

The GDP-bound catalytic core of ATLI N417ins
is more susceptible to limited proteolysis than
wild-type protein

With the unusual pattern of in vitro
activity observed for the N417ins variant with
only subtle deviations in the crossover dimer
structure, we sought to determine if
conformational changes in the pre-dimer state
could account for increased tethering rates and

observed cellular phenotypes. To test this, we
used proteinase K (PK) at low concentrations (0,
I, and 10 pg/mL) in a limited proteolysis
experiment. We expected that if variations in
conformation exist, it could result in different
banding patterns on a SDS-PAGE gel based on
relative accessibility of cleavage sites. For each
reaction, the catalytic core of ATL1 WT and
ATL1 N417ins, as well as the ATL1 G domain
(residues 1-339) were pre-incubated with the
indicated nucleotide prior to addition of PK. In
the apo state (Figure 6A), both WT and mutant
protein have a single primary band in the absence
of PK and at 10 pg/mL have a series of bands
clustered near 30 kDa and a number of bands
under ~20 kDa, which corresponds with size and
relative amounts of bands seen in the G domain
control.

However, when bound to GDP, the WT
protein is largely protected from degradation,
with the most prominent band only a few kDa
below the intact protein (Figure 6B). While the
N417ins mutant does contain a band of the same
size at the highest PK concentration, the most
pronounced band appears as a diffuse band at ~35
kDa (Figure 6B, red box). This band corresponds
very closely to the size of the G domain alone
(residues 1-339 assemble to a protein of 39 kDa).
Since ATLI1 undergoes substantial
conformational changes pertaining to the relative
positions between the G and middle domains
(23), the G domain is a rational candidate for this
band. When samples are pre-incubated with the
transition state analog GDPeAIF4, both WT and
N417ins are largely protected from degradation
(Figure 6C), indicating that the relevant cleavage
sites for the given protease concentrations are
protected in the tight crossover-dimer state of
both proteins (Figure 4; 25). These reactions were
also carried out with the protein loaded on
vesicles to determine if these cleavage patterns
would be altered in the presence of a membrane,
but we found banding patterns nearly identical to
the reactions lacking liposomes (Figure S3).

Inter- and intramolecular FRET indicate
conformational variations of the monomeric
ATLI N417ins

The results of the structural analysis and
limited proteolysis suggested changes in
conformation between ATLI WT and the



N417ins variant, which could give insight to the
disease mechanism. To further describe these, we
used a Forster resonance energy transfer (FRET)
assay to assess relative distances within the
homodimer and the relative intramolecular
distance between the G and middle domain
within a single protomer, an approach we
established previously for ATLs (25; 44). Briefly,
intermolecular FRET was carried out with either
the WT or mutant catalytic core with all surface-
exposed cysteine residues mutated to alanine and
a cysteine introduced either on the surface of the
G or middle domain. For intramolecular FRET,
two cysteine residues were introduced
strategically in the middle and G domain of a
single protein. These cysteine residues were
labeled with a maleimide-conjugated AlexaFluor
dye with peak excitation at either 488 nm (donor)
or 647 nm (acceptor). For intermolecular G or
middle domain FRET, protein was labeled with
either donor or acceptor AlexaFluor dye in
separate reactions; for intramolecular FRET
experiments, both cysteine residues were labeled
stochastically in one reaction with both dyes
present.

Relative FRET efficiencies were
measured for steady-state intermolecular
interactions between the G domains or the middle
domains after pre-incubation with various
nucleotides (Figure 6D). All reactions were
equilibrated for 1 hour before measurement based
on previously established nucleotide
equilibration times (25; 44). Based on the
measured intermolecular FRET signals (Figure
6D), there was no significant difference between
ATL1 WT and N417ins with the exception of the
middle domain of the N417ins mutant bound to
GDPeAIF4, which had a small, but significant
increase for the mutant indicating a shorter
average Forster distance. This is in agreement
with the middle domain translation observed in
our structure (Figure 4A).

A previously described intramolecular
FRET (iFRET) sensor was used next to measure
changes in distances between the G and middle
domains within a monomer in the same
nucleotide-bound states (44). In this system, we
expect the engaged monomer to have a higher
relative signal, which would decrease as the G
domain is released and a crossover dimer is
formed. A 1:10 ratio of labeled to unlabeled

protein was used to minimize contribution of
intermolecular signal across a homodimer. As
predicted, we see that for ATL1 WT the apo state
has the highest iIFRET with a slight decrease upon
GDP binding and a larger decrease upon
GDPeAIFs binding (Figure 6E). However, we
see several notable differences for the protein
with the N417ins mutation. In both the apo and
GDP-bound states, there was a significant
increase in signal compared to that observed with
the WT protein under identical conditions (P <
0.0001 for each). In addition, we see lower
relative iFRET signals for GDPeAIF4 as is seen
with the WT. While the decrease in FRET signal
between apo and GDP for WT was not significant
(loss of 0.002 in relative FRET efficiency, P =
0.056), there was a much greater loss for the
N417ins mutant (loss of 0.006, P < 0.0001),
indicating a notable conformational change upon
nucleotide binding that was not observed with
ATL1 WT.

Discussion

Here we have identified a novel mutation
in ATL1 that causes a complex form of spastic
paraplegia involving all four extremities of the
proband. We demonstrate that the mutant protein
has an increased membrane tethering potential in
vitro despite unaltered GTPase activity,
correlating with cellular defects in the subcellular
distribution of the full-length protein. To date,
there have been at least 68 HSP disease-causing
mutations identified in the ATLI/SPG3A gene,
with a majority being missense mutations, a small
number caused by single nucleotide insertions or
deletions, and only one di-nucleotide insertion
(53; 54). The disease-causing mutation described
in this study is the first report of a whole-codon
insertion in ATLI.

The proband in this study has generalized
weakness and bilateral spasticity of his legs. The
symptoms appear to be more severe with
generalized dystonia and difficulty moving both
the arms and legs. The involvement of arm and
grip weakness, difficulty straightening out at his
elbows, and limited hand movements indicate
that the pathology is more than spastic paraplegia.
Tendon reflexes were brisk at the biceps and
present at the knees, which suggested that the
patient does not have a generalized motor or



sensory neuropathy. We propose that the N417ins
variant contributes to the child’s symptoms and
describes a new phenotype that could be a part of
a spectrum of disorders resulting from mutations
in the ATLI gene.

When ATL1 HSP mutants are expressed
in mammalian cells, a variety of morphological
aberrations affecting the ER have been observed,
including aggregated bundles and globules,
pervasive puncta, long, unbranched tubules, and
a shift in sheet to tubule ratios (31; 32; 34; 35; 42;
55). Expression of the novel ATL1 N417ins
variant in NIH-3T3 cells both with and without
endogenous ATL present resulted most
prominently in the localization of the protein to
puncta and small clusters, likely along ER tubules
and at tubule junctions considering the
colocalization of ATL1 N417ins with an ER
marker in U20S cells. Of the observed
phenotypes, the only notable difference between
the WT and TKO cells was the increased
percentage of cells with visible tubules in the
cells lacking all endogenous ATL isoforms
(Figure 2C). This observation suggests that the
ATL1 protein with the insertion mutation may
retain membrane tethering and/or fusion activity
but the effect of the mutation on the spatial
distribution of the protein and ER structure may
be dominant in the presence of endogenous ATL
isoforms.

In order to probe what may cause these
cellular disruptions and disease pathogenesis, we
assessed the effect of the N417ins mutation on the
activity and structure of the ATL1 protein.
Previous reports that took a similar approach in
characterizing HSP mutations have found
varying levels of deviations in GTP hydrolysis
rates, extent of  nucleotide-dependent
dimerization, and structural conformations as
assessed by X-ray crystallography (23; 24; 32;
33; 35; 56). We found that the innate GTP
hydrolysis rate of the ATL1 N417ins mutant
variant does not differ significantly from its WT
counterpart (Figure 3A). Similarly, nucleotide-
dependent oligomerization of the protein
appeared unaffected by the mutation (Figure 3B).
However, differences in hydrodynamic radius as
read out by the peak elution volume in size-
exclusion chromatography of the mutant protein
compared to WT suggests an impact of the
mutation on the global conformation of the

protein. This result mirrored altered inter- and
intramolecular distances observed in the ATLI
protein carrying the mutation by equilibrium
FRET measurements (Figures 6D and 6E). While
the crystal structure of a soluble transition-state
dimer of ATL1 only showed subtle deviations
compared to a corresponding WT structure (25),
a protein stability assay revealed a particular
protease sensitivity of the mutant protein in its
GDP-bound state (Figures 6A-C). One feature
observed in the crystal structure of the protein
with the insertion mutation is the transition from
an o- to m- helix spanning residues 415 to 419,
which includes the insertion. A previous link has
been drawn between evolutionary a- to - helix
transitions caused by a single residue insertions
and gain-of protein-function (57), in the case of
ATL1 N417ins being implicated in human
pathogenesis.

The structural alterations correlate with
an impact of the mutation on ATL1’s function.
Specifically, in vitro vesicle tethering using the
catalytic core as a proxy for the full-length
protein’s function on the ER membrane showed a
significantly increased vesicle tethering rate of
the mutant protein compared to the corresponding
WT (Figure 5). This apparent gain-of-function
effect of the mutation is in contrast to reports on
other HSP-associated ATL1 variants that usually
act as loss-of-function alleles, at least for those
where a deviation from WT activity was detected
(23; 24; 32; 33; 35; 56). Although speculative at
this point, the higher tethering rate in vitro agrees
with a model in which the corresponding full-
length protein supports membrane fusion
function in cells while also showing a more
concentrated localization to puncta that may
present sites of hyper-tethering/fusion (58).
Microscopic investigations at higher spatial and
temporal resolution will be required to
corroborate the potential link between tethering
rates supported by the soluble core fragment and
the function of the full-length proteins in cells.
Our observations also raise subsequent questions
about the mechanism leading to the altered
cellular distribution of the N417 insertion mutant
and potential impacts on ER structure or
dynamics while the protein’s innate GTPase
activity is unaltered by the mutation.

Although the proteolytic sensitivity of
the mutant protein in the GDP-bound state



implicates the pre-fusion state of ATL1 in the
pathogenic mechanism, the crystal structure of
the transition state also shows subtle
conformational changes that were corroborated
by FRET-based experiments. The residues
directly pre- and proceeding the insertion lie
adjacent to the region of the middle domain a-
helix 1 that interacts with the G domain. It has
been previously established that the G domain of
the pre-hydrolysis monomer interacts with o-
helix 1 of the middle domain (23; 24) and its
release on a biologically relevant time scale is
dependent upon GTP binding and hydrolysis
(44). The undocking of the middle domain from
the G domain is a prerequisite for protein
dimerization, membrane tethering and fusion (25;
29; 44). In this context, we hypothesize that the
N417ins mutation may alter the pre-hydrolysis
state in such a way that the propensity of the
middle domain being released from the G domain
increases, which could lead to faster membrane
tethering without altering the innate activity of
the enzyme. Such a model is consistent with our
observation that the insertion mutation leads to
increased cleavage between G and middle
domains in the catalytic-core fragment upon
limited proteinase K treatment. Whether the
middle domain is destabilized by the mutation
and more prone to further degradation compared
the WT middle domain is currently an open
question. In summary, the limited proteolysis and
FRET studies indicate a conformational
disruption of the apo and GDP-bound monomer
and potential destabilization of the engaged state
with the middle domain docked at the G domain.
Membrane tethering rates are increased likely due
to this dysregulation of release of the G and
middle domains upon GTP hydrolysis and
initiation of #rans dimer formation.

Interestingly, there is a cluster of HSP-
associated mutations surrounding the N417ins
mutation studied here, ranging from residues
K407 to R416 (Table 2). Figure 7 illustrates the
localization of this cluster in both the pre-
hydrolysis (form 2) and the tight crossover dimer
(form 3) between a-helix 2 and 3 of the middle
domain, and adjacent to the linker region between
the G and middle domains. While the molecular
mechanisms of these mutations have not been
characterized, there is a general clinical trend of
early onset of symptoms and autosomal dominant

inheritance. The only report of recombinant
expression for any of these mutations (F413L and
R415W) found them to be insoluble, likely
explaining their pathogenesis (23). Additionally,
while a majority of SPG34 HSP-causing
mutations result in pure cases (especially with
autosomal dominant cases) (3; 13; 59), many of
the mutations in this cluster are found in complex
cases including the case we present here. While
we do not anticipate the pathogenic mechanism
of every mutation within this cluster to be the
same or similar, it is evident that this region of the
middle domain is crucial in maintaining proper
ATL1 function. The variability observed across
the cases within this cluster points towards a more
complex physiological mechanism beyond what
enzyme kinetics alone would likely explain, for
example, involving a potential gain-of-function
mechanism on the level of the protein’s cellular
role, in this case membrane tethering and fusion.

While the HSP-associated mutation
presented here demonstrates a novel gain-of-
function disease mechanism in ATLI1, a recent
study characterized two  gain-of-function
mutations in ATL3 (Y192C and P338R) that had
been identified in hereditary sensory neuropathy
patients (38; 39; 60). Like the novel ATLI1
insertion mutation reported here, both ATL3
disease-associated variants show unaltered
GTPase activity and increased membrane
tethering rates; however, in contrast to ATLI1
N417ins, the propensity for nucleotide-dependent
dimerization of the ATL3 mutants appears more
severely reduced (39). In several mammalian
cells models, including HSN patient fibroblasts
and murine cortical neurons, expression of the
ATL3 Y192C and P338R variants caused a
striking phenotype characterized by lateral
bundling of ER tubules caused by excessive
tethering, with a partial collapse of the reticular
ER caused by significant membrane fusion
defects. Unlike the model proposed for the ATL3
HSN-associated mutants, which suggests a
failure in establishing nucleotide-dependent ATL
crossover dimers required for fusion, ATLI1
N417ins was shown to be able to adopt this
conformation similar to the wild-type protein,
with the mutation likely affecting a pre-GTP
hydrolysis step. Notably, both Y192 and P338 in
ATL3 are proximal to the intramolecular G-
middle domain interface of the engaged state that



we hypothesize is disrupted in the ATL1 N417ins
mutation, potentially suggesting a common
pathogenic mechanism. Mutations at residues
corresponding to Y192 and P338 of ATL3 in
ATL1 (Y196 and P342, respectively) have been
identified in HSP patients (61; 62). In addition,
the conserved P342 along with P344 have been
shown to play a pivotal role in rigid body rotation
between the G and middle domain in ATL (23)
and the bundle signaling element in dynamin
(63). The parallels between the behavior of ATL1
N417ins and ATL3 Y192C and P338R mutations
support our proposed mechanism and highlights
the critical role of the G-middle domain interface
plays in ATL fusion regulation.

Another notable feature of the case
described in this study is the presence of a
thinning corpus callosum (TCC; Figure 1A),
which has been described as a sub-category of
complex HSP, most commonly attributed to
autosomal recessive mutations in SPGI]
(spatacsin), with fewer cases caused by SPG21
(maspardin), SPG32, SPG15, and TUBB4A4 (13;
64). A more recent study identified a family in
South Africa with three generations of late-onset
AD-HSP with a pattern of TCC stemming from
the SPG34 R416C mutation (65; Table 2 and
Figure 7). Although the cases in the study by
Orlacchio et al. and a majority of HSP-TCC cases
display some level of cognitive impairment, the
proband in the present study has normal cognitive
functioning.

As is the case in some complex HSP
cases, the proband here has shown features of

Experimental Procedures

Whole exome sequencing

epilepsy as established by an EEG. Recently,
significantly decreased ATL1 expression levels
have been identified in the temporal Ilobe
neocortex of patients with temporal lobe epilepsy
(TLE) (66). Upon overexpression of ATL1 in an
epileptic mouse model, seizure occurrence
decreased resulting from inhibition of
spontaneous action potential. While the exact
mechanism remains elusive, a link may be drawn
in SPG3A4 HSP patients who experience epileptic
symptoms.

A frequent theme with HSP patients is an
early diagnosis of cerebral palsy (CP), as seen
also in the case reported here. Because HSPs are
very rare and genetically heterogeneous
disorders, they can be difficult to clinically
identify and diagnose, especially if there is no
family history. Since CP usually manifests at the
beginning of life, it is not uncommon for patients
with early onset HSP and spastic di- or
quadriplegia to first be diagnosed with CP (67).
Since ATLI1 is the most frequently mutated in
early onset cases, it is not surprising that many of
these patients first receive a CP diagnosis,
especially if disease progression is slow, since CP
is considered a static condition (68; 69; 70; 71;
72; 73). Differentiating between the two
conditions based on gait patterns is one potential
diagnostic tool (74). A definitive diagnosis relies
on genetic testing, and even then, pathogenic
mechanisms can vary drastically requiring a
detailed analysis of the underlying molecular
mechanisms, as exemplified here.

The proband and both parents were consented and enrolled into the research study WIRB Protocol

#20120789. The patient was fourteen years of age at the time of enrollment and verbal assent was obtained.
Whole exome sequencing was performed on all three, and an annotated file containing variants in the family
members was filtered to include novel, private, or rare variants according to the Genome Aggregation
Database (https://gnomad.broadinstitute.org/). Mode of inheritance and disease association, followed by
detailed analyst assessment for genotype-phenotype correlation, disease mechanism, and literature review
were performed. Variants predicted to be damaging by multiple tools: Combined Annotation Dependent
Depletion (https://cadd.gs.washington.edu/), ExXAC’s probability of loss-of-function intolerance score and
missense  z-score  (pLi, z-score), and Genomic Evolutionary Rate Profiling (GERP,
http://mendel.stanford.edu/SidowLab/downloads/gerp/) algorithms were considered as candidate genes
responsible for the proband’s phenotype.



Protein expression and purification

The catalytic core of human ATL1 WT (residues 1-449) and N417ins (residues 1-447 for X-ray
crystallography; residues 1-450 for enzyme assays) were each cloned into a pET21 vector using standard
molecular cloning methods. Each construct had a C terminal HIS, tag, expect the crystallography construct
that had a HISe tag. Protein was overexpressed in E. coli BL21(DE3) grown in Terrific Broth to an ODsgo
~0.8, followed by induction for 16 hours at 18°C with 0.5 mM IPTG. Cells were harvested at 4,500 x g and
resuspended in Ni**-NTA Buffer A (25 mM Tris-HCl pH 8.5, 500 mM NaCl, 20 mM imidazole), flash
frozen in liquid nitrogen, and stored at -80°C. For purification, cell pellets were thawed at RT, sonicated,
and spun at 39,000 x g to clear insoluble material. Supernatant was loaded onto Ni**-NTA resin (Qiagen)
equilibrated in buffer A at a ratio of 1 mL resin: 1 L culture. Loaded resin was washed with 15 column
volumes (CV) of Buffer A, then eluted with 3 CV Ni*’-NTA buffer B (25 mM Tris-HCI pH8.5, 500 mM
NaCl, 500 mM imidazole). Elution was buffer exchanged into desalt buffer (25 mM Tris-HCI pH 7.5, 400
mM NaCl, 5 mM EDTA) using a HiPrep 26/10 desalting column (GE Life Sciences). Concentrated elution
was run on a GE S200 16/60 equilibrated with gel filtration buffer (25 mM Tris-HCI pH 7.5, 100 mM
NaCl). Peak fractions were analyzed via SDS-PAGE. Target protein-containing fractions were
concentrated, frozen in liquid nitrogen, and stored at -80°C.

The G domain (residues 1-339 of human ATL1) was purified as above with the following
exceptions. The construct was cloned into a pET28-based vector with an N-terminal HISs tag followed by
a SUMO tag and a Ulp1 cleavage site. After buffer exchange into desalt buffer (without EDTA), removal
of the HISs-SUMO tag was carried out on ice overnight with Ulp1 protease. The protease and affinity tag
were removed with a 5 mL HisTrap HP column (GE), and flowthrough was collected, concentrated, and
loaded onto a GE S200 16/60 gel filtration column as above.

X-ray crystallography data collection and structure determination

hATL1 N417ins (residues 1-447, with C-terminal Hise tag) was crystallized using the hanging drop
vapor diffusion method. Protein at 20 and 30 mg/mL was first incubated with 4 mM MgCl,, 2 mM GDP, 2
mM AICl,, and 20 mM NaF on ice for 1 hour. Reservoir buffer containing 0.1 M Tris-HCI pH 8.1, 2%
Tacsimate pH 8, 18% PEG 3,350 was combined with protein mixture at 1:1 ratio on a glass cover slip
before sealing and incubating at 20°C. Prior to freezing, crystals were soaked in a cryoprotectant solution
containing crystallization buffer with 25% glycerol for ~5 minutes. X-ray diffraction data were collected at
the Cornell High Energy Synchrotron Source (CHESS).

Phase determination was carried out with molecular replacement using PHENIX (87) and
coordinates of the WT ATL1 catalytic core (residues 1-446) bound to GDP+AlF4 (PDB 4IDO; 25) as the
search model. The N417ins mutant structure was built and refined in PHENIX (87) and Coot (88). Statistics
for data collection and refinement are summarized in Table 1.

Phosphate-release kinetics

An Enzchek phosphate kit (ThermoFisher Scientific) was used to measure apparent catalytic
efficiencies for the catalytic-core ATL1 WT and N417ins mutant proteins. Reactions were set up according
to the manufacturer’s instructions but were scaled to 200 pL and run in the presence of reaction buffer (25
mM Tris-HCI pH 7.5, 100 mM NaCl, and 2 mM MgCl, with protein concentrations ranging from 0 to 2
puM and GTP concentration constant at 500 pM. Over a 45 minutes reaction period, accumulation of P; was
measured as a spectrophotometric shift from 330 nm to 360 nm as 2-amino-6-mercapto-7-methylpurine
riboside (MESG) was converted to ribose-1-phosphate and 2-amino-6-mercapto-7-methylpurine by purine
nucleoside phosphorylase. Absorbance values were converted to P; concentrations based on a standard
curve. Turnover efficiencies (k...) were calculated using 3 technical replicates and 2 biological replicates
for each protein.

Size-exclusion chromatography coupled to multi-angle light scattering
ATL1 WT and N417ins catalytic-core constructs used for kinetic experiments were loaded at 50
uM onto a Superdex Increase 200 10/300 GL column (GE) equilibrated in 25 mM Tris-HCI pH 7.5, 100



mM NaCl, 2 mM EGTA, 4 mM MgCl,. All samples were pre-incubated with 2 mM GDP, 2 mM GppNHp,
2 mM GDP in the presence of 2 mM AICl,, 20 mM NaF, and 4 mM EGTA, or without nucleotide. As
protein eluted from the column, it was passed through a static 18-angle light scattering detection unit
(DAWN HELEOS-II) and a refractive index detector (Optilab T-rEX), both of which record signal intensity
in volts. Wyatt’s Astra VI software was used to determine both molecular weight and mass distribution
through each sample experiment. Monomeric BSA (Sigma) was used to normalize signal measured by light
scattering detectors (49).

Liposome preparation

All lipids were purchased from Avanti Polar Lipids either reconstituted in chloroform or as
desiccate, which were reconstituted after purchase. For all experiments, lipids were prepared as 10 mM
stocks at a molar ratio of 1% 18:1 DGS-NTA(Ni) to 99% 18:1 (A9-cis) PC. Appropriate volumes of
chloroform stocks were transferred to glass tubes and chloroform was evaporated under a N; air stream for
15 - 20 minutes followed by desiccation for at least 1.5 hours to remove remaining solvent. Lipids were
reconstituted in 25 mM Tris-HCI pH7.5, 100 mM NaCl and vortexed intermittently for 30 minutes to create
multilamellar vesicles (MLV). MLVs were then subjected to 10 freeze-thaw cycles between liquid N, and
a room temperature water bath to reduce the multilamellar structures in favor of unilamellar vesicles. Lipids
were stored at -80°C until needed. Upon thawing, lipids were extruded 21 times through a filter with 100
nm pore size to achieve a relatively homogenous size solution of unilamellar vesicles. Vesicles were used
immediately.

Liposome tethering assay

Hisio-tagged ATL1 WT or N417ins protein was loaded onto Ni**-modified vesicles as a 2X reaction
stock with 2 mM lipid vesicles (1 mM final) and 0.5 pM to 3 uM protein (0.25 uM to 1.5 pM final) by
incubating at room temperature for 30 minutes in the presence of reaction buffer (25 mM Tris-HCI pH 7.5,
100 mM NaCl, 4 mM MgCl,). Vesicle tethering was measured spectrophotometrically at ODsqo for 45
minutes upon dilution of reaction stock with reaction buffer +/- 500 uM GTP. Images of aggregate vesicles
were taken on a BioRad Chemidoc imaging system. All reactions were carried out in triplicate with two
biological replicates and data processing was done in GraphPad Prism. Signal for the three ‘minus GTP’
reactions per condition were averaged and subtracted from each ‘plus GTP’ reaction. To determine apparent
tethering rates, data were excluded after signal plateau was reached and before signal drop-off (if there was
no terminal signal drop, data was not excluded), and the single-phase association rate was calculated and
averaged across replicates. The rates were plotted, and the regression for the second linear region was
calculated to determine the rate constant for each protein. Statistical significance was determined using an
unpaired t-test.

Liposome flotation assay

Liposome flotation assays were conducted using a Nycodenz concentration gradient, as detailed in
Liu et al, 2015 (26). Nycodenz powder was dissolved in vesicle tethering reaction buffer at 25% and 70%
stock concentrations. Protein-loaded vesicles, prepared as described above, with 2 pM protein and 2 mM
lipids, were combined at a 1:1 ratio with the 70% Nycodenz stock, for a final 35% Nycodenz solution (final
concentrations of 1 uM protein and 1 mM lipids). The concentration gradient was set up with the bottom
20% of the total volume consisting of the 35% Nycodenz and loaded vesicle solution, the middle 70%
consisting of the 25% Nycodenz solution, and the top 10% of the volume being vesicle tethering reaction
buffer. These gradients were subjected to ultracentrifugation at 200,310 x g for 2 hours at 4°C, then fractions
were taken from the top, middle, and bottom of each gradient and analyzed via SDS-PAGE and stained
with SYPRO Ruby according to manufacturer’s instructions.

Western blotting
Human ATL1 WT (residues 1-558) or ATL1 N417ins (residues 1-559) were cloned into a pcDNA4
vector containing a C-terminal c-myc affinity tag using standard molecular cloning methods. These were



used to transiently transfect NIH 3T3 WT and NIH 3T3 ATL1/2/3 TKO cells using Avalanche-Omni (EZ
Biosystems) according to manufacturer’s recommendations. Cells were washed in cold PBS three times
then harvested by scraping and lysed in 25 mM Tris-HCI pH 7.5, 100 mM NaCl, 1% Triton X-100. Total
protein in lysates were determined by Bradford reagent (Bio-Rad) and normalized before loading. Gels
were run for 1 hour at 210 V, then transferred to a PVDF membrane. Blots were blocked either 1.5 hours
at room temperature or overnight at 4°C in SuperBlock TBS blocking buffer (ThermoFisher Scientific),
followed by incubation with 1:1000 mouse a-c-myc monoclonal 9E10 antibody (Abcam) or 1:60,000 rabbit
a-calnexin (Abcam) in Tris-buffered saline with 0.1% Tween-20 (TBST) for 1 hour at room temperature,
followed by a 30-minute incubation with 1:5,000 goat a-mouse-HRP polyclonal antibody or 1:5,000 goat
a-rabbit-HRP polyclonal antibody (ThermoFisher Scientific) diluted in TBST. Each incubation period was
proceeded by 3 x 5-minute washes with TBST. Blots were developed using an enhanced chemiluminescent
HRP substrate and imaged with a BioRad Chemidoc imaging system.

Mammalian cell immunofluorescence and imaging

Mammalian expression vectors containing ATL1 WT or N417ins mutant protein were transfected
into NIH 3T3 WT and NIH 3T3 ATL1/2/3 TKO cells using Avalanche-Omni (EZ Biosystems) as described
above, or co-transfected with ™™™ SEC61B into U20S cells using polyethylenimine (PEI). 24 hours after
transfections, cells were processed. Cells were washed three times with PBS between each step. They were
first fixed for 20 minutes with 4% formaldehyde followed by permeabilization with 0.1% Triton X-100 for
10 minutes then blocked in 10% BSA for 1.5 hours. Cells were then incubated for 1.5 hours with a 1:400
dilution of mouse a-c-myc monoclonal 9E10 antibody (Abcam) in 5% BSA, then finally in 1:400 a-mouse
AlexaFluor-488 in 5% BSA for 1 hour. Cells were washed a final time then treated with ProLong Gold
Antifade mountant (ThermoFisher Sientific) before sealing with a coverslip. Images were taken on a
Perkins-Elmer UltraView spinning disc confocal microscope with a Nikon Plan Apo 60xA/1.4 oil objective.
For each condition, a minimum of 70 cells were imaged for quantification across three experimental
replicates (except for ATL1 WT in NIH 3T3 ATL1/2/3 TKO cells, for which 46 cells were imaged). Image
brightness and contrast were adjusted using ImagelJ (89) then visually assessed for the presence of puncta
and tubules. For each category, the percent of total cells was averaged across replicates, then statistical
significance was determined by one-way ANOVA.

Limited proteolysis assay

A 2X stock of each the ATL1 WT and N417ins catalytic core proteins and the WT G domain were
prepared in gel filtration buffer (with 4 mM MgCl, added) at 4 uM. Each was incubated with corresponding
nucleotides (2 mM GDP or 2 mM GDP, 2 mM AICl,, 20 mM NaF, and 4 mM EGTA) for 30 minutes at RT
then placed on ice. Proteinase K (New England Biolabs) was also prepared as 2X stocks at 2 pg/mL and 20
pg/mL in Gel Filtration buffer and kept on ice. ATL1 samples were combined with PK stocks at 1:1 ratio
and reactions were carried out on ice for 15 minutes, then quenched with 2 mM PMSF in DMSO and 5X
SDS loading buffer. Samples were boiled immediately and analyzed with SDS-PAGE gels. Gels were
stained with Coomassie Brilliant Blue.

Fluorescent-dye labeling

To achieve site specificity of protein labeling with maleimide conjugated dyes, a surface-exposed
cysteine was mutated to alanine (C375A) and a single cysteine was introduced either on the G domain
(K296C) or middle domain (K400C). When labeled, these combinations of mutations were shown to singly
and efficiently modify ATL1 without affecting protein function (25; 44). For all FRET labeling reactions,
catalytic cores of ATL1 WT or N417ins mutant protein (both with C-terminal Hiss tags) were used with
the mutations indicated above. Each reaction contained 100 uM protein and 150 uM maleimide-conjugated
AlexaFluor-488, AlexaFluor-647, or both (ThermoFisher Scientific) in FRET labeling buffer (25 mM
HEPES-NaOH pH7, 100 mM NaCl). Reactions were incubated on ice for 30 minutes then excess dye was
removed with a NAP-5 column (GE) equilibrated with FRET reaction buffer (25 mM HEPES-KOH pH



7.5, 100 mM NaCl, 2 mM MgCl,). Final protein and dye concentrations were determined
spectrophotometrically using a Nanodrop spectrophotometer (ThermoFisher Scientific).

Equilibrium inter- and intramolecular FRET measurements

All steady-state intermolecular FRET experiments were carried out at a concentration of 5 uM total
protein with a 1:1 molar ratio of donor to acceptor-labeled protein (2.5 pM donor: 2.5 uM acceptor) in
FRET reaction buffer, pre-incubated with 2 mM GDP, 2 mM GDP in the presence of 2 mM AlICl,, 20 mM
NaF, and 4 mM EGTA, or without nucleotide at room temperature for 30 minutes. Reactions were measured
using a Gemini EM microplate reader (Molecular Devices) at an excitation wavelength of 473 nm and
emission spectra between 495 and 745 nm in 10 nm steps. iFRET equilibrium measurements were carried
out with the same parameters, except that reactions contained a total of 5 pM protein with a 1:10 ratio of
labeled to unlabeled protein (0.5 uM dually labeled and 4.5 uM unlabeled protein). GraphPad Prism was
used for all data analysis, with FRET efficiencies calculated with the ratio luccepror/(Lionor + Laccepior) Where I
was the signal intensity at peak emission wavelengths (515 nm and 655 nm for the donor and acceptor,
respectively). All reactions were carried out in triplicate with two biological replicates. One-way ANOVA
tests were carried out to determine statistically significant changes in FRET efficiencies.

Data Availability

The atomic coordinates and structure factors have been deposited in the Protein Data Bank,
www.rcsb.org (PDB ID codes 70L3). All other data used for the study are presented or cited in the article
or the supporting information.

Supporting Information
This article contains a supporting information file containing three supplemental Figures.
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Table 1. Data collection and refinement statistics.*

Wavelength
Resolution range
Space group
Unit cell
Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma(])
Wilson B-factor
R-merge
R-meas
R-pim
CC1/2
Ccc*
Reflections used in refinement
Reflections used for R-free
R-work
R-free
CC (work)
CC (free)
Number of non-hydrogen atoms
macromolecules
ligands
solvent
Protein residues
RMS (bonds)
RMS (angles)
Ramachandran favored (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Rotamer outliers (%)
Clashscore
Average B-factor
macromolecules
ligands
solvent
Number of TLS groups

ATLI1 N417ins
0.9686

46 -1.9 (1.97 - 1.90)
P 212121

49.1 115.0 184.0 90 90 90
604079 (52441)
82941 (8042)

7.3 (6.5)

99.75 (97.83)
8.79 (1.00)
21.59

0.2319 (1.691)
0.2496 (1.835)
0.09145 (0.6986)
0.992 (0.335)
0.998 (0.708)
82909 (8019)
2000 (194)
0.1734 (0.3049)
0.2201 (0.3070)
0.966 (0.673)
0.953 (0.754)
7860

6901

12

947

847

0.007

0.86

98.70

1.30

0.00

1.33

3.42

24.66

23.81

14.39

31.52

6

* Statistics for the highest-resolution shell are shown in parentheses.



Table 2. HSP-causative SPG34 mutations clustered in the middle domain near the N417ins mutation.
All mutations within this cluster are caused by missense mutations and result in single amino acid
replacements, indicated in the first column. Subsequent columns detail whether the reported case(s) are
pure or complex, the mode of inheritance (autosomal dominant = AD, sporadic = S), early vs. late symptom
onset (early is defined as <10 years old), and references. Mutants with an asterisk (*) are insoluble when
expressed recombinantly as the catalytic core (23).

Mutation  Pure or complex Inheritance  Early vs. late References
case(s) onset

K407R Pure AD Early 75

M408V Complex and pure AD Early 71

M408T Complex AD Early 76

G409D Complex S Early 53; 70

G410R Complex AD (Mostly) early 77

F413V Complex AD Early 78

F413L* Pure AD Early 79

S414R Not described AD Early 80

R415W* Pure (one complex) AD (Mostly) early 81; 82; 83; 84

R415Q Pure AD Early 84

R416C Complex and pure AD (Mostly) late 65; 85

R416H Complex AD Early and late 86

N417ins Complex Early This study.




Figures and Figure Legends
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Figure 1. MRI and Sanger sequencing of proband. (A) MRI at 15 years showing thinning and down-
sloping of the posterior body of the corpus callosum (arrow in left panel). (B) Sanger sequencing
chromatograms of at/l WT (left) and mutant (right) from the proband, starting at position 415 (amino
acid)/1,243 (nucleotide). The arrow indicates the location of the inserted codon (AAT) between position
1,248 and 1,249. Single letter amino acid and nucleotide codes indicated above.
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Figure 2. Effect of N417ins on ATL1’s subcellular localization. (A) ATL1 expression levels in
transiently transfected NIH-3T3 (WT) and NIH 3T3 ATL1/2/3 triple knockout (TKO) cells (36).
Recombinantly expressed, myc-tagged ATL1 WT and N417ins was detected by Western blotting with a c-
myc-specific primary antibody; empty pcDNA vector was included as a control. Total protein concentration
from lysates was normalized before loading, and the signal from an anti-calnexin Western blot was used as
a loading control. (B) Immunofluorescence of NIH-3T3 WT (top) and NIH-3T3 ATL1/2/3 TKO (bottom)
transiently transfected with either ATL1 WT™* (blue/light blue box) or N417ins™* (maroon/pink box) and
probed with a-c-myc antibodies for imaging with confocal microscopy. Representative images of reported
phenotypes in cells expressing ATL1 N417ins are labeled along the top (Punctate, tubule, or reduced 3-
way junctions). Scale bar = 10 um; inset scale bar = Spm. (C) Quantification of observed ATL1™*¢
localization phenotypes including punctate (left), tubular (middle), and reduced visible 3-way junctions
(right); categories are not mutually exclusive. A minimum of 70 cells were imaged and quantified from
three individual experiments (except NIH-3T3 ATL1/2/3 TKO expressing ATL1 wild-type, which had 46
cells). Three biological replicates were carried out for each condition. Symbols represent percent of total
cells in each replicate exhibiting that phenotype. Middle bar shows the mean of the replicates and error bars
show the SD. One-way ANOVA tests established statistical significance.
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Figure 3. GTP hydrolysis and nucleotide-dependent dimerization of ATL1 N417ins. (A) GTP
hydrolysis measured via release kinetics of P; for ATL1 WT and N417ins catalytic cores across protein
concentrations (0 to 2 uM) are shown (top panel). Symbols represent the mean of two biological and three
technical replicates with error bars showing standard deviations (SD). Apparent turnover rates (k...) were
calculated from the P;-release kinetics for each replicate with the middle bar representing the mean and
error bars showing SD. An unpaired t-test evaluated significance (P=0.0858). (B) Nucleotide-dependent
oligomerization. Chromatograms from SEC-MALS experiments with either ATL1 WT (left) or N417ins
(right), with all colored lines representing light scattering signal in volts denoted on the left axis (GppNHp,
apo, GDP+AIF4", and GDP) and black lines indicating calculated molecular weight in kDa (right axis).
Dotted lines represent the theoretical molecular weights of the monomer and dimer (52.9 kDa and 105.8
kDa for N417ins; 52.8 kDa and 105.6 kDa for WT). For each nucleotide condition, the volume at the
maximum light scattering signal for WT was subtracted from that of N417ins and the shift is indicated in
mL (bottom text).
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Figure 4. Structure of the ATL1 N417ins crossover dimer bound to GDPeAlFs. (A) Structural
overview. ATL1 N417ins (dark grey and maroon) superimposed with ATL1 WT (light grey; PDB 4IDO)
each bound to GDP+AIF4 and Mg*". Black boxes indicate boundaries of zoom-in views in B and C. Arrow
indicates slight rotation of mutant middle domain. (B) Zoom-in view of the insertion mutation in chain B.
Each residue is labeled (number of N417ins residues were adjusted after residue N417 to accommodate the
extra residue). The distance spanning the corresponding R416 Ca positions between the WT and N417ins
structures is indicated (3.6 A). N417 is colored in green while other residues were colored as in A. (C)
Magnified view of the transition between the G domain and linker region of chain B, with both E339 and
E340 of each structure labeled. Distances between the same residue in both structures is indicated in the
lower left corner. (D) Structure of the monomeric, engaged ATL1 WT state (PDB 3Q5E) bound to GDP
and Mg®". The residues directly pre- and proceeding the N417ins mutation (R416 and Y417) are indicated
in green. The black box indicates the region shown in E. (E) Position of the insertion mutation. R416 and
Y417 lie directly adjacent to middle and G domain helices integral in engaged state formation.
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Figure 5. The N417ins mutation increases membrane tethering efficiency of the ATL1 catalytic-core
fragment. (A) Select tethering reactions at increasing protein concentrations (between 0.5 and 1.5 uM
protein) for ATL1 WT (blue) and N417ins (maroon). Each point is the average of two biological and three
technical replicates, with grey error bars for the SD. (B) Initial tethering rates (min™') were calculated for
each ATL1 concentration, displayed as the mean and SD across replicates. The inset (right panel) shows
concentrations used to calculate values plotted in C (reactions with 0.75 uM to 1.5 uM protein). (C) Specific
tethering rates (min"' uM™) for each construct’s technical and biological replicates. An unpaired t-test was
used to determine the significance between the WT and mutant rates (P = 0.0237). (D) Images (top views
of the individual wells of a 96-well plate; well diameter = 5 mm) of tethering reactions after 45 minutes +/-
GTP at 1.5 uM.
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Figure 6. Altered conformation of the monomeric ATL1 N417ins. (A-C) SDS-PAGE gels show limited
proteolysis reactions with increasing concentrations of proteinase K (PK) from 0 to 10 pg/mL and 2 uM
ATL1 (catalytic core of ATL1 WT and N417ins; purified G domain) for 15 minutes on ice. Reactions were
incubated either in the absence of nucleotide (A), with 2 mM GDP (B), or with GDP+AIF4 (C). The red
box in (B) indicates a band of interest for the mutant and molecular weight markers are indicated on the left
of each gel. (D) Intermolecular FRET between G domains (left) and middle domains (right) for ATL1 WT
(blue) and N417ins (maroon) in the presence of indicated nucleotides (X-axis). Relative FRET efficiencies
shown by symbols for three technical and two biological replicates for each condition (n=6) with mean
shown by the middle bar and SD by error bars. (E) iFRET within ATL1 WT (blue) or N417ins (maroon)
carried out with a 1:10 excess of unlabeled protein. Conditions and statistics are the same as in (D). Cartoons
at the bottom of (D) and (E) represent experimental setups.
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Figure 7. Cluster of SPG3A HSP-causative mutations proximal to the N416 insertion. (A) Localization
of an apparent mutational hotspot demarcated on the structure of ATL.1 WT in the pre-hydrolysis, engaged
state (PDB 3QS5E). HSP-associated, mutated residues shown in green and colored by atom on the right.
Asterisk (*) indicates R416, which directly precedes the insertion mutation described here. Black boxes
indicate boundaries of zoom-in view on the right in (A) and (B). (B) Localization of the cluster in the
structure of the tight crossover dimer bound to GDP+AlF4 (PDB 4IDO; 25). Coloring as in (A) for chain B
and chain A is shown in grey.



