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The hypervariable region of atlastin-1 is a site for
intrinsic and extrinsic regulation
Carolyn M. Kelly1, Laura J. Byrnes1, Niharika Neela1, Holger Sondermann1,3,4, and John P. O’Donnell1,2

Atlastin (ATL) GTPases catalyze homotypic membrane fusion of the peripheral endoplasmic reticulum (ER). GTP-
hydrolysis–driven conformational changes and membrane tethering are prerequisites for proper membrane fusion. However,
the molecular basis for regulation of these processes is poorly understood. Here we establish intrinsic and extrinsic modes of
ATL1 regulation that involve the N-terminal hypervariable region (HVR) of ATLs. Crystal structures of ATL1 and ATL3 exhibit
the HVR as a distinct, isoform-specific structural feature. Characterizing the functional role of ATL1’s HVR uncovered its
positive effect on membrane tethering and on ATL1’s cellular function. The HVR is post-translationally regulated through
phosphorylation-dependent modification. A kinase screen identified candidates that modify the HVR site specifically,
corresponding to the modifications on ATL1 detected in cells. This work reveals how the HVR contributes to efficient and
potentially regulated activity of ATLs, laying the foundation for the identification of cellular effectors of ATL-mediated
membrane processes.

Introduction
Atlastins (ATLs) are large GTPases in the dynamin superfamily
that catalyze the fusion of tubules in the peripheral ER to gen-
erate and maintain its polygonal structure composed of three-
way junctions (Orso et al., 2009; Hu et al., 2009; Praefcke and
McMahon, 2004). Dynamin-related proteins use the energy
of GTP hydrolysis to carry out diverse cellular processes in-
cluding fission of budding vesicles, fusion and fission of organ-
elle membranes, and interferon-induced pathogen resistance
(Praefcke and McMahon, 2004; Daumke and Praefcke, 2016).
Dynamin superfamily members are comprised of several con-
served structural domains including the canonical N-terminal
large GTPase (G) domain, followed by a stalk-like helical bun-
dle domain. The C terminus includes subfamily-specific features
such as the transmembrane domain found in ATL (Praefcke and
McMahon, 2004).

Three isoforms of ATL (ATL1–3) are found in most verte-
brates, while other eukaryotes express only one analogous
protein, such as dmATL in Drosophila melanogaster (Orso et al.,
2009) or themore distant orthologue synthetic enhancer of Yop1
(Sey1p) in yeast (Hu et al., 2009). While all three mammalian
isoforms retain high sequence identity and localize primarily to
the reticular ER, they vary slightly in their sub-organellar lo-
calizations (Rismanchi et al., 2008; Nixon-Abell et al., 2016) and

their tissue-specific expression patterns (Zhu et al., 2003;
Rismanchi et al., 2008), with cooccurrence of more than one
ATL isoform in tissues and cell lines as an apparent common
feature (Rismanchi et al., 2008).

ATL1 was first identified as a mutational hotspot in heredi-
tary spastic paraplegia (Zhao et al., 2001), and later ATL1 and
ATL3 mutations were found associated with hereditary sensory
neuropathy (Guelly et al., 2011; Fischer et al., 2014; Kornak et al.,
2014). While ATL’s most well-defined function is in ER mem-
brane fusion, additional functional roles for ATLs continue to be
identified and include (but are not limited to) regulating ER-
phagy (Chen et al., 2019; Liang et al., 2018) and lipid droplets
(Klemm et al., 2013; Falk et al., 2014); regulating the bone
morphogenetic protein signaling pathway (Fassier et al., 2010;
Summerville et al., 2016; Zhao and Hedera, 2013; Zhao et al.,
2016); and aiding in mitotic ER morphological changes (Wang
et al., 2013).

ATL is anchored to the high-curvature tubules of the pe-
ripheral ER by its wedge-like, C-terminal transmembrane do-
main (Hu et al., 2009; Betancourt-Solis et al., 2018), followed by
a short, amphipathic helix that aids in membrane fusion (Faust
et al., 2015; Liu et al., 2012). The N-terminal, cytosol-facing
portion of ATL, composed of the G and middle domains,
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constitutes the protein’s catalytic core. This region is necessary
and sufficient for GTP hydrolysis (Wu et al., 2015; Moss et al.,
2011; Byrnes and Sondermann, 2011; Bian et al., 2011; O’Donnell
et al., 2017), nucleotide-dependent dimerization (Byrnes et al.,
2013; O’Donnell et al., 2017), and acting as a concentration- and
GTPase-dependent inhibitor of ATL-mediated membrane fusion
in vitro and in cells (Bian et al., 2011; Moss et al., 2011, Wang
et al., 2013). These properties have established the catalytic
core’s use as a proxy for the full-length protein in mechanistic
and structural studies (Byrnes and Sondermann, 2011; Byrnes
et al., 2013; Bian et al., 2011; Liu et al., 2015; O’Donnell et al.,
2018).

A number of studies have culminated in a detailed model of
ATL’s catalytic mechanism (Byrnes and Sondermann, 2011; Bian
et al., 2011; Byrnes et al., 2013; Liu et al., 2015; O’Donnell et al.,
2017). Briefly, ATL protomers (presumably on trans mem-
branes) bind GTP, while G domains are in an engaged state with
middle domains (Byrnes and Sondermann, 2011; Bian et al., 2011;
Byrnes et al., 2013; O’Donnell et al., 2017). Upon initiation of
hydrolysis, G domains are released (O’Donnell et al., 2017) fol-
lowed by dimerization in a crossover formation, bringing mem-
branes in close proximity for fusion (Byrnes and Sondermann,
2011; Bian et al., 2011; Byrnes et al., 2013).

Despite our current understanding of the ATL catalytic cycle,
questions remain about how this mechanism translates to effi-
cient membrane fusion in the cell. Recent studies have shown
that continuous GTP hydrolysis is required for efficient mem-
brane tethering and fusion, that not all tethering events result in
successful fusion (Liu et al., 2015; Saini et al., 2014), and that
fusion efficiency increases cooperatively with increasing ATL
surface density on the membrane (Liu et al., 2015). Yet it is not
clear how efficient membrane fusion is achieved by individual
GTP hydrolysis–dependent dimerization events. ATL protomers
also appear to form a zipper-like ultrastructure at the interface
of tethered proteoliposomes (Saini et al., 2014), hinting at a
higher degree of assembly. Lastly, it is not known if there are
mechanisms to reduce GTP hydrolysis and dimerization cycles
between cis membrane protomers. Such cycles would be futile
in membrane tethering and fusion and have been reported to
occur between ATLs in vitro (Liu et al., 2015).

Here we present novel regulatory mechanisms that involve
the short, understudied N-terminal motifs of vertebrate ATLs
and that contribute to the efficiency and function of ATLs. Early
studies identified these short motifs preceding the G domain,
pointing out their conservation in sequence across homologues
but divergence across isoforms (Zhu et al., 2003). We demon-
strate that these hypervariable regions (HVRs) can adopt
isoform-specific conformations, and in the case of ATL1,
contribute to tethering efficiency. These motifs also contain
some of the most reproducible phosphorylation sites found in
unbiased screens for post-translational modifications in cel-
lular proteomes (Hornbeck et al., 2015). We verify phospho-
rylation of ATL1’s HVR on conserved serine residues, identify
site-specific kinase candidates, and demonstrate a require-
ment of HVR phosphorylation for WT ATL1 function. To-
gether, these studies indicate intrinsic and extrinsic modes of
ATL regulation in vertebrates that rely on sequences outside

the catalytic core and may contribute to the dynamic re-
modeling of ER membranes.

Results
ATL1 and ATL3 contain structured N-terminal HVRs
Previous crystal structures of human ATL isoforms reported the
enzyme adopts multiple nucleotide-dependent conformations.
These structures of ATL1 and ATL3 in combination with bio-
chemical investigations revealed the basis for how GTP-
hydrolysis orchestrates key events that result in membrane
tethering and fusion (Byrnes and Sondermann, 2011; Bian et al.,
2011; Byrnes et al., 2013; O’Donnell et al., 2017). In all preceding
structures, the N-terminal residues leading from the initiator
methionine to the G domain were largely disordered. The con-
servation of this region across different species is strong within
distinct isoforms, but highly divergent when isoforms within a
particular species are compared with each other (Fig. 1 A).
Considering these characteristics, we refer to the N-terminal
motif of ATLs as the HVR, in analogy to the C-terminal seg-
ments in small G proteins. Here, two structures are presented of
ATL1 and ATL3, which reveal an ordered segment of secondary
structure in this previously unresolved region (Table 1 and Fig. 1,
B–D).

Datasets for native and selenomethionine-derivatized protein
crystals grown from the GDP-bound catalytic core of hATL1
were collected at a resolution of 2.2 Å and 3.5 Å, respectively.
Phases were experimentally calculated using the selenomethi-
onine (SeMet) dataset and combined with the high-resolution
reflections of the native dataset. Similar to other GDP-bound
structures (Fig. S1 A), the G and middle domains are engaged
in the prehydrolysis state, with an RMSD of 0.49 Å for ATL1 R77A
and 0.56 Å for ATL1WT (Protein Data Bank [PDB] accession nos.
6B9D and 3Q5E; Fig. 1 B; Byrnes and Sondermann, 2011;
O’Donnell et al., 2018). At the N terminus, the HVR was partially
resolved and consists of a short β-hairpin with strong electron
density in an Fo-Fc omit map (residues 18–31, Fig. 1, B and D). The
structure of the isolated ATL3 G domain was determined in the
presence of GDP•Mg2+ at a resolution of 2.1 Å and solved by
molecular replacement using the corresponding fragment of the
ATL3 catalytic core (PDB accession no. 5VGR) as the search
model (O’Donnell et al., 2017; Fig. S1 B). In contrast to ATL1, the
HVR of ATL3 forms a single ⍺-helix protruding from the G do-
main in one of the two ATL3 protomers in the asymmetric unit
(residues 1–23 in Fig. 1, C and D).

Most strikingly, we determined that the HVR of ATL1 made
direct contacts with the G domain of the adjacent protomer
within the crystal lattice in a manner that, if extrapolated to
predicted membrane orientations, would yield an array of HVR-
dependent oligomers on a single membrane (Figs. 1 E and S1 A).
Such an oriented oligomer could work to both coordinate the
catalytic cycles of many ATLs and prime them for in trans in-
teractions by presenting the G domain dimerization interface
outwards toward the cytosol. The crystal lattice presents such an
arrangement via the packing of the G domain (Fig. 1 E), which
has been observed previously in GDP-bound structures of ATL1
(e.g., Byrnes and Sondermann, 2011; Bian et al., 2011; O’Donnell
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Figure 1. ATL1 and ATL3 crystal structures resolve N-terminalmotifs. (A) Sequence logos of the HVR in ATL1 (1–33), ATL2 (1–59), and ATL3 (1–25) created
using WebLogo (Crooks et al., 2004) from ATL sequences in human, dog, horse, rat, mouse, chicken, frog, zebrafish, and cow. (B) Structure of human ATL1
soluble domain (1–446) displayed in blue and the HVR (residues 18–31) in magenta. Ligands (GDP and Mg2+) are shown with ball and stick representation.
(C) Cartoon representation of human ATL3 G domain structure (1–334). Protomer 1 is shown colored orange with its HVR (1–25) in teal. GDP•Mg2+ is shown in
ball and stick representation. Protomer 2 is shown in gray. (D) Fo-Fc maps show electron density of ATL1 (left) and ATL3 (right) HVRs from structures in B and
C. Stick models for each structure are shown in gray and colored by element. Electron density maps are contoured at 3σ. (E) Organization of ATL1 structure
with the HVR within the crystal lattice and extrapolated orientation of two opposing membranes (gray bars on top and bottom). Each protomer is represented
in cartoon and surface view to display contacts.

Kelly et al. Journal of Cell Biology 3 of 21

Regulation of human atlastin-1 https://doi.org/10.1083/jcb.202104128

https://doi.org/10.1083/jcb.202104128


et al., 2018). The interface surface area between the HVR and G
domain of ATL1 is 312 Å2 and provides a favorable solvation free
energy gain (ΔiG) of −6.2 kcal/mol (Krissinel and Henrick,
2007). The ⍺-helical HVR of ATL3 also makes a crystal contact
with a G domain from a neighboring unit cell, though it exhibits
a different mode of interaction when compared with ATL1 (Fig.
S1). As the ATL3 structure is comprised of the isolated G domain,

the mechanistic implication of this interaction remains to be
investigated.

HVR deletion does not affect nucleotide-dependent
dimerization or GTPase activity
The HVR is not expected to contribute to oligomerization or
catalytic rates of soluble ATL protein fragments, considering the

Table 1. X-ray data collection and refinement statistics

ATL1 1-439 ATL1 1-439 ATL3 1-334

SeMet single anomalous diffraction Native refinement Molecular replacement (PDB accession no. 5VGR)

Data collection

X-ray source CHESS A1 CHESS A1 CHESS F1

X-ray wavelength (Å) 0.9767 0.9767 0. 9770

Space group I222 I222 P212121

Unit cell parameters

a, b, c (Å) 54.0, 139.4, 200.6 54.2, 138.9, 202.2 44.5, 88.0, 168.8

α, β, γ (°) 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0

Resolution range (Å) 50.00–3.50 (3.59–3.50) 45.16–2.20 (2.32–2.20) 50.00–2.10 (2.15–2.10)

No. of reflections

Total 165,958 (12,547) 350,545 (51,572) 317,439 (23,823)

Unique 18,450 (1,375) 39,278 (5,640) 39,632 (2,864)

Completeness (%) 99.9 (100.0) 100.0 (100.0) 99.9 (100.0)

Multiplicity 9.0 (9.1) 8.9 (9.1) 8.0 (8.3)

I/σ(I) 12.6 (11.8) 16.2 (3.2) 14.7 (1.5)

Rmeas (%) 34.8 (36.1) 7.8 (73.5) 10.5 (151.7)

CC1/2 (%) 97.2 (96.9) 99.8 (90.2) 99.9 (66.5)

Anomalous correlation (%) 43 (18) - -

Refinement

Rwork / Rfree (%) - 20.1 / 23.7 17.9 / 23.1

RMS deviations

Bond length (Å) - 0.007 0.008

Bond angle (°) - 0.905 0.913

No. of atoms

Protein - 3283 4785

Ligands - 29 58

Water - 85 240

Average B-factors (Å2)

Total - 67.2 53.0

Protein - 67.4 53.4

Ligands - 65.5 34.8

Waters 60.3 49.6

Ramachandran (%)

Favored - 95.6 97.5

Outliers - 0.0 0.0

PDB accession no. - 6XJN 6XJO

Values in parentheses represent the highest resolution bin.
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lack of evidence for higher-order interaction in solution and as
based on the structural analysis suggesting a rather weak in-
teraction. To formally assess the effect of the HVR on ATL’s
oligomerization in solution, we conducted size-exclusion chro-
matography (SEC) coupled to multi-angle light scattering
(MALS) in several nucleotide-bound conditions for ATL1 and
ATL3 with and without HVRs (Fig. 2, A and B). Calculated mo-
lecular weights confirmed that the oligomerization states
were not affected by deletion of the HVR and agree with di-
merization trends reported previously (Byrnes and Sondermann,
2011; O’Donnell et al., 2017). Additionally, small-angle x-ray
scattering (SAXS) experiments were conducted with the same
WT and ΔHVR proteins in the presence of GDP and Mg2+

(Table 2). Both the pairwise distance distributions (Fig. 2 C) and

the Kratky plots (Fig. 2 D) show negligible deviations for ei-
ther ATL1 or ATL3 with the deletion of the HVR, which in-
dicates that the conformation and folded state of the proteins
are equivalent.

Similarly, we hypothesized the HVR would not affect GTPase
rates. We tested the effect of the HVR on ATL’s GTPase activity
in solution by determining phosphate release kinetics using ATL
catalytic cores (i.e., constructs with G and middle domains) with
or without deletion of the HVR. Phosphate release rates were
determined at various protein concentrations, and the turnover
numbers (kcat) for WT and ΔHVR proteins were nearly identical
for corresponding isoforms (Fig. 3 A). Together and as predicted,
the data confirm that the HVR deletion in ATLs does not influ-
ence the solution characteristics of the protein’s catalytic core.

Figure 2. Removal of the HVR maintains nucleotide-dependent oligomerization of ATL1 and ATL3 in solution. (A) Molecular weight (MW) determi-
nation with SEC-MALS was used to monitor oligomerization of catalytic core of WT (left) and ΔHVR (right) ATL110xHIS in several nucleotide-bound conditions:
apo (no ligand bound; purple), guanosine 5’-[β,γ-imido]triphosphate (GppNHp; blue), GDP (teal), or GDP•AlF4- (yellow). The left y axis shows light scattering
signal (LS) in volts as colored lines, the right y axis shows calculated molecular weights in kilodaltons (kD) as black lines across elution peaks (with dashed lines
at theoretical dimer/monomer weights, indicated as "dimer" or "mono" on the graph), and the x axis is the elution volume in milliliters (ml). (B) ATL3 WT and
ΔHVR were used in the same experimental set-up as in A. (C) Small-angle x-ray scattering was performed on the catalytic core of ATL1 and ATL3 with and
without their respective HVRs in the presence of 2 mMGDP. Plotted here is the pairwise distance distribution, with the relative P(r) scale on the y axis and real-
space distances (r(Å)) on the x axis in Å. (D) Kratky plots for each condition in C with experimental data represented in the corresponding colors and theoretical
data shown by the dotted black lines. The y axis plots I(q)·q2, where q is the scattering angle and I(q) is signal intensity as a function of q. The scattering angle
(q) is plotted on thex axis in units of Å−1.
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Deletion of the HVR compromises membrane tethering
kinetics in ATL1 but not ATL3
Based on the structural model, we posit that the HVR may be
involved in higher-order oligomerization of ATLs but exudes
functionality only when ATLs are restricted to a two-dimensional
membranewhereweak interactions can becomemore robust due
to increased protein concentrations (Kuriyan and Eisenberg,
2007). To test whether the HVR plays a functional role in
membrane-related ATL function, which we may assume based
on our model, we assessed the ability of ATLs to tether mem-
branes, a crucial step in the fusion process (Fig. 3, B–E). The
catalytic core proteins were expressed with a C-terminal deca-
histidine tag that enables association with the surface of
membrane vesicles containing Ni2+-nitrilotriacetic acid (Ni2+-
NTA)–modified lipids (at a 1% molar ratio). The protein’s
orientation on the vesicle surface is conducive for trans dimer-
ization akin to the full-length transmembrane protein on the
surface of the ER (Liu et al., 2015). Upon the addition of GTP,
ATL catalyzes the tethering of vesicles, resulting in formation
of vesicle clusters that increase the solution’s turbidity, which
can be measured by light scattering at 360 nm. The experiment
was performed across increasing protein concentrations while
keeping lipid concentrations constant.

For ATL1 WT, the rate of tethering exhibited a strong de-
pendency on protein concentration, and this dependency was
abolished with the deletion of the HVR, although basal tethering
was detectable consistent with basic, GTPase-dependent di-
merization of the ATL1 ΔHVR (Fig. 2 A; and Fig. 3, B and D).
Tethering rates were substantially slower in WT ATL3, and
neither WT nor ΔHVR displayed concentration-dependent
tethering kinetics (Fig. 3, C and D). To rule out differences in
apparent tethering rates were caused by reduced lipid loading
efficiency of the ΔHVR construct, we subjected WT ATL1 and
ΔHVR to density gradient centrifugation in the presence and
absence of lipids (Liu et al., 2015) and analyzed gradient frac-
tions (Fig. S2 A). The SDS-PAGE analysis confirmed that deletion
of ATL1’s HVR did not impact lipid binding of the proteins used
in these assays. Additional tethering controls were performed
(Fig. S2 B), including addition of 100 mM EDTA or 500 mM
imidazole after 45 min, resulting in elution of protein from lipid
vesicles and a subsequent drop in OD360 signal. Reactions were
also performed in the absence of MgCl2 or with GDP instead of
GTP. These controls confirmed that tethering required ATL
proteins on the surface of liposomes as well as GTP hydrolysis.

Observed tethering rate constants as a function of protein
concentration indicate a robust tethering enhancement of WT

ATL1 with a strong dependence on the HVR (Fig. 3, B and D). At
later time points, WT ATL1 samples produced macroscopic,
tethered clusters that were visually discernable and occurred
when tether formation began to plateau, causing high signal
variation (Fig. 3, B and E). Tethered clusters cleared from solu-
tion upon elution of ATL from vesicles as shown in Fig. S2.
Macroscopic tethering and signal variation did not occur at later
time points in ATL3 (Fig. 3 C).

ATL1’s HVR is phosphorylated on three conserved serine
residues
The HVR of ATL1 was predicted to be post-translationally
modified, and given the strong HVR-dependent phenotype in
membrane tethering, we speculated that HVR modification in
ATL1 may provide a mode of regulation in vivo. Unbiased pro-
teomic screens predict modifications at 11 locations, with the
most reproducible modifications being phosphorylation within
the HVR at S10, S22, and S23 (PhosphoSitePlus v.6.5.9.3; Hornbeck
et al., 2015; Fig. 4 A).

We experimentally confirmed the predictions by monitoring
the phosphorylation status of exogenously expressed ATL1 in
U2OS cells, a human osteosarcoma cell line. Cell lysates were
analyzed by immunoblotting both denaturing SDS-PAGE and
Phos-tag gels against a C-terminal Myc epitope on the recom-
binant proteins (Fig. 4 B; Kinoshita et al., 2009). The Phos-tag
reagent interacts specifically with phosphorylated species, af-
fecting their electrophoretic mobility. The WT sample exhibited
two higher-order populations in the Phos-tag immunoblot (in-
dicated in Fig. 4 B as “1” and “2”), which collapsed to a single
species in the immunoblot from denaturing SDS-PAGE without
Phos-tag reagent. Upon deletion of the ATL1 HVR, both Phos-tag
and standard denaturing SDS-PAGE immunoblots depicted sin-
gle populations (Fig. 4 B). These data confirm that WT ATL1 is
phosphorylated on the HVR at one or more positions in cells.

To gain residue-specific resolution of the phosphorylation
events on ATL1, we used liquid chromatography with tandem
mass spectrometry (LC-MS/MS). Exogenously expressed WT
ATL1 was immunoprecipitated from U2OS cell lysate, trypsin-
digested, and subjected to LC-MS/MS. We observed phosphor-
ylation on the three highest confidence residues listed in the
PhosphoSitePlus database: S10, S22, and S23 (Fig. 4 C). Shown are
the two phosphorylated peptides identified by mass spectros-
copy: peptide 1 (green) included S10, which was only observed in
its phosphorylated state; and peptide 2 (maroon) included S22

and S23, which were found to be present in one of two states,
both phosphorylated or neither phosphorylated. The fraction of

Table 2. Small-angle x-ray scattering statistics

Guinier GNOM P(r)

qRg Rg Quality estimate Rg (Å) Dmax (Å)

ATL1 WT 0.32–1.29 28.55 ± 0.065 82.49 28.92 ± 0.074 100

ATL1 ΔHVR 0.28–1.18 27.75 ± 0.071 80.41 28.13 ± 0.053 92

ATL3 WT 0.28–1.30 27.68 ± 0.071 85.62 28.32 ± 0.11 106

ATL3 ΔHVR 0.28–1.29 27.20 ± 0.090 85.77 27.75 ± 0.077 94
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total peptides with the phosphorylated residues is shown in
Fig. 4 D, with pS10 observed on 100% of S10 and pS22/pS23 oc-
curring on 24% of observed S22/23-containing peptides. As
shown in Fig. 4 E, these three serine residues are strictly con-
served within ATL1’s HVR.

The S10E phosphomimetic mutant decreases ATL1 tethering
rates but not catalytic activity
Having verified that ATL1 was phosphorylated in vivo, we were
interested in establishing if these modifications would impact

catalytic activity. This was achieved by comparingWT protein to
proteins with serine-to-glutamate mutations at sites of phos-
phorylation, which mimic the charge density of phosphorylated
serine residues. The kcat values for each protein were similar
between WT and those of proteins with phosphomimetic mu-
tations at sites that we confirmed to be modified in cells (S10E
and S22E/S23E): WT: 6.05 ± 0.04 min−1, S10E: 5.97 ± 0.40 min−1,
and S22E/S23E: 6.31 ± 0.55 min−1 (Fig. 5 A). Since we observed
that S10 was entirely phosphorylated in cells, this modification
must coexist with phosphorylation of S22/S23. Therefore, the

Figure 3. The HVR contributes to ATL1-mediated membrane tethering. (A) Phosphate release kinetics (left) across increasing protein concentrations and
kcat values (right) for the catalytic core of ATL1 and ATL3 WT and ΔHVR. All kinetic experiments were performed with two biological and three technical
replicates (n = 6), with error bars showing SD (where not visible, errors were smaller than symbols representing means). ATL1 WT and ΔHVR are 6.05 ±
0.039 min−1 and 5.94 ± 0.028 min−1, respectively, with P = 0.049; ATL3 WT and ΔHVR are 1.81 ± 0.062 min−1 and 1.51 ± 0.084 min−1, respectively, with P =
0.015. Statistical significance was determined by unpaired, two-tailed t test, assuming Gaussian distribution of data. Here and in all figures, statistical sig-
nificance is denoted as: ns, P > 0.05; *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; and ****, P ≤ 0.0001. (B) Tethering reactions of ATL110xHIS WT (dark blue) and
ΔHVR (light blue) at increasing protein concentrations and fixed lipid (1 mM) and GTP (500 µM) concentrations. A rise in OD360 signal over time indicates
increasing turbidity of the solution due to an increase in vesicle cluster number or size. Erratic signal and/or signal drops at later time points correlate with the
appearance of macroscopic clusters that are visible with the naked eye (marked by dark blue arrows). All tethering reactions were performed with two bi-
ological and three technical replicates. The mean signal at OD360 is shown with the SD in gray across the 45-min reaction. (C) As in B but with ATL310xHIS WT
(maroon) and ΔHVR (orange). (D) Left: Tethering rates (min−1) were plotted for each construct at increasing concentrations with linear regressions shown for
each, and error bars showing SD. Right: Specific tethering (min−1•μM−1) was calculated for each protein construct on the left, and statistical significance was
determined with an unpaired, two-tailed t test (ATL1 WT and ΔHVR P = 0.0055; ATL3 WT and ΔHVR P = 0.5642). Distribution of the data was assumed to be
normal. (E) Photographic images (top view of the reaction well) of ATL110xHIS ± HVR tethering reactions after 45 min with and without GTP.
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S10E/S22E/S23E triple mutant was tested and showed a minor
decrease in Pi release to 5.41 ± 0.15 min−1.

Similar to experiments described for the HVR-deletion mu-
tant, we used a vesicle tethering assay to elucidate how ATL1
phosphorylation may regulate function at the membrane. Pro-
tein concentration–dependent tethering assays were conducted
with WT and phosphomimetic mutations that correspond to
in vivo phosphorylation states. Fig. 5, B and C, shows that the
variant with a glutamate substitution at the most prevalent
phosphorylation site, S10E, displayed a strong reduction in the
rates of tethering. A corresponding mutant mimicking the less
abundant pS22/pS23 modifications was not statistically different
fromWT. Combination of all phosphomimetic positions resulted
in in a tethering phenotype comparable to that of S10E alone,
indicating that modification of S10 is the major contributor to
decreased tethering kinetics. The effect of the S10E/S22E/S23E
mutant was noticeable also upon inspections of the reaction
wells, with the mutant not showing the macroscopic vesicle
aggregates that were observed with the WT protein.

Catalytic activity and vesicle tethering experiments were
conducted with serine-to-alanine mutations in the same com-
binations used to mimic phosphorylation to ensure mutations
were specific to the characteristics of the side chain rather than
general effects of altering the sequence. In all cases, ATL1 pro-
teins with alanine substitutions in S10, S22, and S23 reflected the
catalytic and tethering rates of WT ATL1 (Fig. S3).

ATL1 HVR phosphomimetic mutants alter protein localization
at the ER
We established that incorporating phosphomimetic mutations at
sites of endogenous phosphorylation modulates ATL function
in vitro. This effect was exclusive to measurements made while
ATLs were associated with membranes. To investigate how
phosphorylation may regulate ATL function at the ER, we con-
ducted immunofluorescence imaging of cells expressing either
serine-to-glutamate or serine-to-alanine mutations that mimic
the phosphorylated and dephosphorylated states, respectively.

To exclusively measure the effects of phosphomimetic mu-
tations, we used a NIH-3T3 cell line, in which all three ATL
isoforms were deleted using CRISPR/Cas9-mediated gene edit-
ing (Zhao et al., 2016). Upon addback of WT ATL1 to the triple
knockout (TKO) cell line, ERmorphology reverted to the same as
in the parent NIH-3T3 cell line (Fig. 6 A), showing a branched ER
network in lieu of long, unbranched ER tubules reported for the
TKO cell line. The S10, S22/S23, S10/S22/S23 phosphorylation site
iterations were tested with both glutamate and alanine muta-
tions. All ATL1 phosphomimetic mutants were shown to cor-
rectly localize to the ER by imaging cotransfected cells with an
mCherry-tagged ER resident membrane protein, Sec61β (Fig. S4;
Zurek et al., 2011). In the following, we mainly refer to ATL1 ER

Figure 4. Several serine residues in ATL1’s HVR are phosphorylated.
(A) Reported phosphorylation of individual residues within human ATL1,
compiled by PhosphoSitePlus v.6.5.9.3 (Hornbeck et al., 2015) with teal bars
showing number of reports from unbiased proteomics screens citing a
phosphorylation. The x axis color codes residue number by structural domain
(yellow = HVR, orange = G domain, green = flexible linker, purple = middle (M)
domain, black = transmembrane (TM) domain, and grey = C-terminal helix
[CTH]). The inset of the graph magnifies the HVR and labels total reference
numbers for each Ser in the database. (B) Western blots of U2OS lysates
transfected with ATL1myc ± its HVR. Blots of a Phos-tag gel (top) and SDS-
PAGE (middle) are shown, both probed with α-c-myc. The bottom blot from
an SDS-PAGE was probed with α-calnexin as a loading control. Total protein
in lysate was quantified and normalized before gel loading. Molecular weights
indicated as kilodaltons on the left (SDS-PAGE only). Standards were omitted
from Phos-tag gels since their separation relies on both molecular weight and
phosphorylation state of the analyte, causing aberrant migration of proteins
and molecular weight markers. (C) LC-MS/MS of WT ATL1myc identified two
peptides within the HVR with variably phosphorylated serine residues
(peptide 1, green, S10-containing; peptide 2, maroon, S22/S23-containing). The

number of modifications is indicated as well as m/z (mass-to-charge ratio,
m = atomic mass and z = formal charge) for each peptide. (D) Graph indi-
cating the relative peptide fraction containing the phosphorylated species for
peptides 1 and 2, respectively. (E) WebLogo of ATL1 HVR with its three
phosphorylated serine residues identified in mass spectroscopy shown in red.
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distribution when ATL1 expression is probed. However, since
ATL1 WT and variants associate with the ER membrane, their
localization likely correlates with overall ER morphology, except
for punctate ATL1 localization, which appears to mark specific
junction sites within the ER (Nixon-Abell et al., 2016).

Addback experiments resulted in changes to ATL localiza-
tion. ATLs were found at two major ER locations, ER tubes (WT
phenotype) and ER puncta. Based on the ATL1 staining, two
global ER morphologies are also reported, the reticular structure
(WT phenotype) and a largely diffuse structure, which adopted
a “fuzzy” appearance. The aforementioned localizations and
morphologies were found across all exogenously expressed ATL
constructs and were subsequently quantified (Fig. 6, B–F). All
mutation iterations of the phosphorylation sites resulted in a
subtle reduction in the number of cells having discernable ER
tubules, except for the protein with glutamate substitutions at
S22/S23 (Figs. 5 E and 6 C). The phosphorylation mimetic at S22/
S23 resulted in a more substantial reduction in cells with dis-
cernable ER tubules (∼40%), while the corresponding alanine
mutation had no such effect. It is noteworthy that combining the
glutamate mutation at S22/S23 with S10E resulted in a rescue of
tubules, indicating that normal phosphorylation and/or turn-
over at site S10 exhibits dominance over the phenotype (Fig. 6, D

and E). In contrast, all mutants expressed resulted in their ac-
cumulation in puncta at the ER, with position S10 contributing
the most to this phenotype as seen in the variants with S10

modified alone and in combination with S22/S23 (Fig. 6 E). Ad-
ditionally, the alanine mutation of S10 caused more cells with
puncta staining than the corresponding glutamate mutation
(Fig. 6, B and E). The prevalence of cells with discernable ER
tubes and puncta were observed to varying degrees for both S10E
and S10A variants, which indicates that regulation may require
cycling between phosphorylated and dephosphorylated states.
At least, it suggests that for WT function, the unphosphorylated
ATL1 is required as well as the phosphorylated species.

We also observed variable shifts in ATL’s reticular localiza-
tion pattern to a diffuse, fuzzy appearance depending on the
phosphomimetic combination expressed. While the S10 gluta-
mate and alanine mutants did not display this shift, expression of
the S22/S23 glutamate mutant resulted in nearly all cells con-
taining a fuzzy ATL localization (Fig. 6, B, C, and F). Strikingly,
expression of the S22/S23 alanine mutant remained reticular
comparable toWTATL1. The physiological relevance of this result
is unclear since phosphorylation of S22/S23 appears unlikely to
exist in the absence of S10 phosphorylation, which, when com-
bined, lessens the morphology’s prevalence (Fig. 6, D and F).

Figure 5. Phosphomimetic ATL1 variants show altered vesicle tethering kinetics without affecting GTPase rates. (A) Left: Phosphate release kinetics of
ATL1 WT (blue), S10E (green), S22E/S23E (maroon), and S10E/S22E/S23E (orange) across protein concentrations of 0 to 2 µM. Each data point is the average μM
Pi/min released across three technical and two biological replicates (n = 6) with error bars showing SD. Right: kcat for each mutant. Statistical significance was
calculated using an unpaired, two-tailed t test against ATL1 WT (ATL1 S10E P = 0.8567; S22E/S23E P = 0.6498; and S10E/S22E/S23E P = 0.0019), with the
assumption of normal data distribution. (B) Left: Initial tethering rate (min−1) for each mutant at each protein concentration. The slope for each mutant
construct was calculated and values plotted in the graph on the right with statistical significance tested as in A compared with WT protein (P = 0.0005 for
ATL1 S10E; P = 0.0557 for ATL1 S22E/S23E; P = 0.005 for ATL1 S10E/S22E/S23E). (C) Vesicle tethering reactions of ATL1 WT and phosphomimetic mutants at
increasing protein concentrations (indicated) and constant lipid concentration (1 mM). Replicate type and number as described in Fig. 3, B and C.
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Figure 6. HVR phosphomimetic mutations alter ATL1 ER distribution in mammalian cells. (A) NIH-3T3 ALT1/2/3 TKO cell imaged by immunofluores-
cence against endogenous ER-resident protein calnexin (canx; gray box). The same cell type exogenously expressing c-myc–tagged WT ATL1 and imaged by
immunofluorescence against endogenous calnexin (left) and c-myc (middle). Merged signals on the right (blue box). Main image scale bar = 10 µm; inset image
scale bar = 5 µm. (B–D) Representative images of NIH 3T3 ATL1/2/3 TKO cells transiently transfected with c-myc–tagged, phosphomimetic mutant ATL1
constructs, probed against c-myc: (B) S10E (green) or S10A (light green); (C) S22E/S23E (maroon) or S22A/S23A (pink); and (D) S10E/S22E/S23E (orange) or S10A/
S22A/S23A (light orange). Each image is labeled with the most prominent phenotype observed for that condition. (E) Percentage of cells in A–Dwith tubule (left)
and punctate (right) ATL localization. For each sample, a minimum of 70 cells was imaged (or 44 for ATL1 WT). The mean of three experiments is represented
with SD represented by error bars. Statistical significance was determined by one-way ANOVA. The data were assumed to have normal distribution. Here and
in all figures, statistical significance is denoted as: ns, P > 0.05; *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; and ****, P ≤ 0.0001. (F) Quantification of cells in each
condition with a fuzzy morphology of ATL signal. Represented as in E.
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Hierarchical order of ATL1 HVR phosphorylation
Biochemical and cellular experiments resulted in varying phe-
notypes depending on which phosphorylation site was investi-
gated. In addition, the abundance of phosphorylation at a given
site varies as determined by mass spectroscopy. These ob-
servations led us to posit that phosphorylation of S10, S22, and S23

may be dependent on each other and occur hierarchically. To
test this, we investigated the phosphorylation state of the
aforementioned serine-to-alanine point mutants. Lysates from
U2OS cells expressing each mutant were investigated using LC-
MS/MS, and the peptides of interest and their corresponding
mass-to-charge ratios are reported (Fig. 7 A). We first evaluated
the S22A/S23A mutant to determine if S10 could be phosphory-
lated. Similar to the mass spectrometry experiment with WT
ATL1 (Fig. 4), all identified peptides containing S10 in the
ATL1 S22A/S23A sample were found to be phosphorylated (Fig. 7
B). This indicates phosphorylation at position S10 occurs inde-
pendently of S22 or S23 modification. In contrast, the ATL1 S10A
sample displays a variety of phosphorylation states on residues
S22 and S23 that were not represented in the WT sample (Fig. 7
C). In the WT ATL1 sample, S22 and S23 were always modified
together; pS22 or pS23 did not exist independently. In the

ATL1 S10A sample, 17.2% of the relative peptide fractionwas fully
un-modified, 18.8% was phosphorylated at both S22 and S23,
43.8% was singly phosphorylated on residue S22, and 20.3% was
singly phosphorylated on S23. The differences in phosphoryla-
tion patterns observed on residues S22 and S23 in the absence of
pS10 imply a coordination of these modifications relying on an
intact S10 site for phosphorylation. It remains unclear what the
impact of such a regulatorymechanismmay be, as S10 appears to
be phosphorylated nearly, if not entirely, constitutively. How-
ever, as previously noted, the fact that we see significant ER
morphological disruptions in both glutamate and alanine mu-
tants at position 10 would indicate that there should be a tran-
sition from unphosphorylated to phosphorylated or turnover of
this modification, the extent and kinetics of which are not yet
understood.

Identification of putative kinases modifying conserved serine
residues in ATL1’s HVR
Due to hierarchical (or coordinated) phosphorylation of the
HVR, we hypothesized that one or more specific kinase(s) may
recognize ATL1. Determining the kinase candidates would be a
first step in uncovering ATL regulation and the cellular path-
ways involved. To identify kinases that specifically phosphory-
late ATL1, we screened a library containing 58 Ser/Thr kinase
domains (Albanese et al., 2018). Small-scale reactions were
conducted for each kinase, with and without ATP and the re-
combinant ATL1 catalytic core that historically includes the
entire HVR. Reactions were analyzed by denaturing SDS-PAGE,
and the acrylamide gels were stained with ProQ Diamond
phosphoprotein stain, which selectively stains phosphoproteins;
the fluorescent signal was quantified using ImageJ (Schneider
et al., 2012). The ratio of ProQ stain signal between reactions
with and without ATP represents the fold-increase of phos-
phorylation over background (Fig. 8 A). To exclude the possi-
bility of signal attributed to auto-phosphorylation of the kinase,
reactions without ATP and/or ATL1 were conducted for each
kinase (Fig. S5). The screen identified several kinase families to
be strong modifiers of ATL1 in vitro, which include casein kinase
II (CK2 α and α’ catalytic subunits), p21-activated kinases (PAK7/
5, PAK 6, and PAK4), Ca2+/calmodulin-dependent kinase II
(CaMKII α, δ, and γ isoforms), cAMP-dependent protein kinase
(PKA; catalytic α subunit), phosphorylase b (γ subunit), Aurora
kinase A (AurA), and casein kinase I (CK1 δ, e, and γ-2 subunits;
Fig. 8 A).

Having identified candidate kinases, we next tested if their
activity is specific to the conserved residues in the HVR by an-
alyzing various mutant ATL1 proteins. Kinase reactions as de-
scribed above were conducted with the following ATL1 proteins:
WT, S10A, S22A/S23A, S10A/S22A/S23A, and ΔHVR. Results are
presented as the phosphorylation percentage when compared
with WT ATL1. Phosphorylation of S10 was specifically catalyzed
by p21-activated kinases (PAK7/5, PAK6, and PAK4; Fig. 8 B),
Aurora A, and PKA C-α (Fig. 8 C). Phosphorylation of S22/S23 was
specific to CK2 (both α and α’; Fig. 8 D) and partially to CaMKII
(γ, δ, and α; Fig. 8 E). Other kinases appeared less specific, with
CK1 δ uniquely phosphorylating the HVR but devoid of apparent
residue specificity. CK1 e, CK1 γ-2, and phosphorylase B γ largely

Figure 7. Hierarchical order of ATL1 HVR phosphorylation. (A) Peptides
identified in LC-MS/MS analysis of ATL1 mutant proteins indicated. Phos-
phorylated serine residues are shown in red, the number of phosphorylated
residues is specified for each peptide, and m/z (mass-to-charge ratio, m =
atomic mass and z = formal charge) is shown for each identified peptide.
(B) Relative peptide fraction identified in LC-MS/MS analysis of ATL1 S22A/S23A
for the phosphorylated peptide 1 (from A). (C) As in B, but for the variably
phosphorylated peptide 2 from LC-MS/MS analysis of ATL1 S10A.
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Figure 8. Kinase screen identifies enzymes that phosphorylate ATL1’s HVR site-specifically in vitro. (A) Kinase reactions were performed using a screen
of S/T kinase domains with the ATL16xHIS catalytic core as the substrate. All reactions were performed in triplicate, run on SDS-PAGE gels, stained with ProQ
Diamond phosphoprotein stain, and the band intensity was quantified using ImageJ (Schneider et al., 2012). The phosphorylation fold-increase (plotted on the x
axis) was determined by the ratio of band intensity for the +ATP condition over the −ATP condition and plotted as the mean intensity from triplicate conditions
(n = 3; error bars show SD). Bars are colored by kinase family where relevant. (B–F) In vitro phosphorylation reactions as in A but with mutant ATL1 constructs
(biologically relevant S-to-A combinations and ΔHVR) using a subset of kinase candidates identified in A: (B) PAK7/5, PAK6, and PAK4; (C) miscellaneous kinases
(AurA, phosphorylase B gamma, and PKA P-α); (D) CK2 α and CK2 α’; (E) CaMKII γ, CaMKII δ, and CaMKII α; and (F) CK1 δ, CK1 ε, and CK1 γ-2. All quantifications
are displayed as the average percent of WT ATL1 phosphorylation across triplicate reactions (n = 3; error bars show SD).
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phosphorylated regions of the protein within the HVR but also
outside of the HVR without any obvious residue specificity
(Fig. 8, C and F). Together, these results implicate a subset of
kinases capable of phosphorylating ATL1’s HVR in a site-specific
manner, suggesting biological pathways that involve ATL1 post-
translational modifications.

Discussion
Here we provide first structural insights into the short, hyper-
variable N-terminal region of ATLs, with ATL1’s HVR forming a
β-hairpin, and ATL3’s HVR forming an α-helix (Fig. 1). While
short, these motifs are well-conserved across homologues for
each ATL isoform but are highly variable across isoforms. The
ATL1 HVR could potentially participate in intermolecular pro-
tein interfaces, e.g., with a small groove on the side of an adja-
cent G domain as seen in the crystal lattice. Such packing
manifests as long rows of protomers, which, if extrapolated to a
set of trans membranes, would support a model in which the
HVR works to coordinate aligned ATL1 protomers on the cis
membrane in an optimal orientation to dimerize with aligned
protomers on the trans membrane. The implications in mem-
brane fusion would be twofold: (1) increased process efficiency
through a potential avidity effect, with hydrolysis and subse-
quent dimerization cycles likely to occur in a primed and/or
coordinated manner and interactions potentially spanning lon-
ger length scales; and (2) reduction of futile cis hydrolysis cycles,
as the orientation of the coordinated polymer would not allow it.
The ATL3 HVR structure did not support a similar organization.
A HVR-dependent vesicle tethering component observed for
ATL1 but not ALT3 supports the hypothesis that ATL1’s HVR
provides a cooperative benefit when the protein is confined to
the two-dimensional space of a membrane, while ATL3’s HVR
may not function in the same manner.

Based on these isoform effects, we hypothesize that the HVR
may have divergent functions in different isoforms. With ATL
isoforms retaining such a high overall sequence identity, study
of each HVR could shed light on observed discrepancies among
the isoforms, including innate kinetic and cellular fusion effi-
ciencies (Hu et al., 2015; O’Donnell et al., 2017) as well as roles in
other cellular pathways such as ER-phagy (Liang et al., 2018;
Chen et al., 2019), lipid droplet formation (Klemm et al., 2013;
Falk et al., 2014), and viral and bacterial proliferation (Shen
et al., 2017; Steiner et al., 2017; Monel et al., 2019; Neufeldt
et al., 2019). Future studies may also look at whether the HVR
functions in isoform segregation, as most cell types express
multiple ATL isoforms (Rismanchi et al., 2008), and it is not
known whether mixed-isoform dimers or oligomers are func-
tional. A recent study demonstrated isoform-specific roles of
ATLs in supporting replication of dengue and Zika virus in in-
fected cells, implicating the HVR in this process (Neufeldt et al.,
2019). In this context, it also was posited that the HVR may
confer isoform specificity in regard to functional homodimeri-
zation in the cell, a model our present study may support.

Regulation for dynamin-catalyzed membrane fission in-
volves recruitment to growing helical dynamin polymers at
stalks of budding vesicles (Antonny et al., 2016; Jimah and

Hinshaw, 2019) and stimulation of GTP hydrolysis rates upon
polymerization (Tuma and Collins, 1994; Warnock et al., 1996;
Chappie et al., 2010; Kong et al., 2018; Chappie et al., 2009; Ford
and Chappie, 2019), mechanisms that are not directly evident in
ATL-catalyzedmembrane fusion. Onemay expect oligomerization
patterns to deviate between fission and fusion events, especially
considering that homotypic fusion inherently necessitates inter-
actions of two protein populations: those on cis versus trans
membranes. While a majority of the research on ATL’s catalytic
mechanism has focused on how trans interactions contribute to
membrane fusion, much remains unknown regarding cis inter-
actions (Liu et al., 2015). Accumulating evidence supports the
crucial role such interactions play in dynamin-related fusion
proteins. Mitofusins (Mfns), which are responsible for homotypic
fusion of outer mitochondrial membranes, undergo cis oligomer-
ization in a redox- and GTP-dependent manner, which increases
mitochondrial fusion efficiency (Shutt et al., 2012; Mattie et al.,
2018). More strikingly, cryo-electron tomography experiments
have shown that Mfns form a more clustered array at the docking
site of opposing membranes, which, with multiple rounds of GTP
hydrolysis, is proceeded by formation of fusion pores (Brandt
et al., 2016). Visualization of ATL-containing, docked proteoli-
posomes by electron microscopy has revealed that an ATL
tether-trapping (nonfusogenic) mutation exhibited a zipper-like
ultra-structure at the vesicle interface (Saini et al., 2014),
strongly suggesting prefusion coordination of ATLs. The HVR-
dependent cis/trans oligomer model proposed here for human
ATL1 suggests one structural solution, by which formation of
ATL oligomeric arrays could provide cooperative improvements
to membrane fusion efficiency.

Post-translational modifications of dynamin provide an ad-
ditional level of control of membrane fusion events (Smillie and
Cousin, 2005; Kar et al., 2017; Srinivasan et al., 2018; Ahn et al.,
2002; Cao et al., 2010). ATL1 phosphorylation occurs in mam-
malian cells on residues S10, S22, and S23, with S10 being modified
in 100% of identified peptides, and S22/23-containing peptides ex-
isting either doubly phosphorylated or doubly unphosphorylated
(Fig. 4, C and D). Mass spectroscopy experiments performed on
ATL1 serine-to-alanine mutant proteins established that while S10

remains completely phosphorylated in the absence of S22/S23

phosphorylation, S22- and S23-containing peptides are variably
phosphorylated within a S10A mutant protein (Fig. 7). This could
result from alteration of kinase binding or recognition site(s) or
downstream signaling events due to the absence of S10 phospho-
rylation. Similar to the HVR deletion, S10E mutation mimicking
HVR phosphorylation at this site resulted in a significant decrease
in tethering rates (Fig. 5, B and C), with the effect being specific to
the phosphomimetic mutation, as the corresponding serine-to-al-
anine mutant proteins were unaffected (Fig. S3). Although our
mass spectroscopy results indicated that S10 was completely
phosphorylated in mammalian cell–derived samples, immunoflu-
orescence experiments revealed that expression of either the ATL1
phosphomimetic S10E or the S10A control mutant resulted in re-
distribution from ER tubules to puncta (Fig. 6, B and E). This is
suggestive of a crucial turnover of this modification, even if tran-
sient or within small subpopulations of the protein. Together with
the delayed tethering kinetics, one functional mode for the
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phosphorylation could be in regulating turnover of ATLs by
priming for subsequent hydrolysis through regulation of HVR
structure and/or interactions. A similar mechanism was identified
for the regulation of mitochondrial fusion by ubiquitination of
Mfns, found to alter its oligomerization state (Anton et al., 2013).
However, as our ATL1 HVR structure begins at residue 18, any
model remains speculative at this point.

Unlike with the ATL1 S10 mutants, expression of ATL1 S22E/
S23E and S22A/S23A mutant proteins in mammalian cells yielded
different phenotypes, with expression of the S22E/S23E mutant
causing a decrease in the percentage of cells with discernible
ATL1-positive tubules and an increase of cells lacking distinct
boundaries of ATL1 signal localization (“fuzzy” signal), while
expression of the S22A/S23A mutant protein presented as ATL1
WT (Fig. 6, C, E, and F). As the effects were specific to the
mimicked phosphorylation state, modification of S22 and/or S23

appears to result in a more binary regulatory mode, with little
impact on tethering kinetics (Fig. 5). As S22 and S23 are located
within the first β-sheet of the HVR and near the turn of the
hairpin, phosphorylation of these residues may influence its
secondary structure and/or electrostatic potential (Fig. 9 A).
While the mechanism of how this translates to cellular activity
and ER sub-localization is not yet clear, the regulatory mode
appears to deviate from that of S10 phosphorylation. When the
ATL1 triple phosphomimetic mutant and corresponding alanine
control (S10E/S22E/S23E or S10A/S22A/S23A) were expressed
in cells, phenotypes appeared to more strongly match those
seen with S10 mutants (Fig. 6, D–F). Along with our mass
spectroscopy and kinetic data, this indicates that S10 phos-
phorylation retains a dominant effect over S22 and/or S23

modification. The identification of kinases (and phospha-
tases) carrying out these modifications may help uncover the
biological implications of ATL1 regulation through phospho-
rylation. Our studies revealed several candidate families that
showed site-specific effects and share localization and/or
common processes with ATLs (Fig. 9 B).

CK2 α and α’ catalytic subunits were the two top hits, mod-
ifying ATL1 primarily on residues S22 and/or S23 (Fig. 8 D). CK2
is implicated in cell survival and progression, linked to ER stress
levels (Venerando et al., 2014) and neuronal development
(Blanquet, 2000). Both ATL1 and CK2 are primarily expressed in
the brain (Blanquet, 2000), and α, α’, and β subunits localize to
the smooth ER (Faust et al., 2001).

S10-specific kinases include the group II p21-activited kinases
(PAK7/5, PAK6, and PAK4), AurA, and PKA. Group II PAKs
regulate cytoskeletal dynamics, cell survival, proliferation, and
neuronal development with mutations leading to neurodegen-
erative disease (Kumar et al., 2017; Eswaran et al., 2008). AurA is
a particularly strong candidate for phosphorylation of S10 as it
was the subject of one of the large, unbiased screens initially
reporting phosphorylation on this ATL1 residue (Kettenbach
et al., 2011). AurA plays a critical role in mitotic progression
through centrosome maturation, formation of bipolar spindles,
and coordination of cytokinesis (Nikonova et al., 2013). It is well
established that the distribution of the ER throughout the cell
periphery is closely linked to microtubule cytoskeletal dynamics
(Terasaki et al., 1986; Park et al., 2010) and that during mitosis,
the ER undergoes drastic morphological changes (Puhka et al.,
2007; Wang et al., 2013; McCullough and Lucocq, 2005), which
ATL helps regulate (Wang et al., 2013). Phosphorylation of ATL1
by AurA would be a novel mechanism through which ER mor-
phology is controlled through the cell cycle. This could mirror
conceptually a mechanism identified for controlling mitochon-
drial dynamics during the G2/M phase via the phosphorylation
of the dynamin-related Drp1 homologue, important for fission,
through an AurA homologue (Kato et al., 2019).

The catalytic subunit of PKA also modifies ATL1 on S10

in vitro. This kinase is activated upon increases in cellular
concentration of cAMP in response to diverse signaling events,
including activation of G protein coupled receptors (Turnham
and Scott, 2016). Several studies have reported regulation of
mitochondrial dynamics by PKA by phosphorylation of Drp1

Figure 9. Phosphorylation of conserved serine residues in the ATL1 HVR. (A) Cartoon representation of the ATL1 catalytic core structure presented in
Fig. 1 (G domain, blue; middle domain, purple; structured portion of the HVR spanning residues 18–31, pink; S22 and S23, red; residues 1–17, disordered). The
inset shows a close-up view of the HVR with S22 and S23 side chains and main chain represented as sticks and colored in red and according to atom type.
(B)WebLogo of the ATL1 HVR with the conserved serine residues found to be phosphorylated shown in red. Above the phosphorylated residues are listed their
cognate kinase candidates. Less specific kinase candidates are listed below.
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(Chang and Blackstone, 2007; Cribbs and Strack, 2007) and
Mfn2 (Zhou et al., 2010), suggesting a common theme in regu-
lating organelle dynamics. Several CaMKII isoforms (γ, δ, and α)
phosphorylate ATL1, primarily on S22 and/or S23, although there
is also apparent modification outside of the HVR. CaMKII plays a
crucial role in learning and memory formation putatively by
promoting long-term potentiation in dendritic spines (Lisman
et al., 2002). A number of reports have identified functional
phosphorylation of Drp1 by CaMKII, resulting in altered mito-
chondrial morphology (Xu et al., 2016; Hu et al., 2019; Bo et al.,
2018; Jiang et al., 2015). A recent study presented a direct con-
nection between CaMKII and somatosensory-activated disruption
of ER structure in murine neurons, implicating a dynamin-related
protein in restoring a continuous ER (Kucharz and Lauritzen,
2018). Although speculation at this point, ER collapse and recov-
ery through a reversible, CaMKII-mediated phosphorylation of
ATL1 could provide a plausible model for this observation.

While ATL1 regulation by phosphorylation has not yet been
reported in humans, it has been described for its Arabidopsis
thaliana homologue root hair defective 3 (RHD3), in which
C-terminal phosphorylation events increased membrane fusion
activity by promoting oligomerization (Ueda et al., 2016). Ad-
ditionally, both RHD3 and human ATL1 are regulated by ubiq-
uitylation modifications altering protein levels through targeted
protein degradation (Sun et al., 2020) or decreased GTPase ac-
tivity (Zhao et al., 2020), respectively.

Based on evidence we have shown here, it appears that
ATL1’s HVR encodes innate aspects of the enzyme’s tethering
efficiency and potentially membrane fusion. We have laid the
groundwork for better understanding of how this ill-defined
motif contributes to regulation of ATL1 intrinsically through
putative inter-molecular interactions and extrinsically through
phosphorylation of conserved serine residues by candidate
kinases identified here. Future work may expand upon these
models and continue to define how ATL function is regulated,
especially in the context of the majority of cells that express
more than one isoform with distinct HVRs, allowing for distinct
control. It will also be interesting to explore how the features
described here may play into the dynamic remodeling of the ER
during cell division and in other pathways in which ATLs have
been implicated.

Materials and methods
Primers
The following DNA oligos, synthesized by Thermo Fisher Sci-
entific, were used in the studies (for site-directed mutagenesis,
only sense primers are listed; corresponding reverse-complement
primers were used in the mutagenesis PCR): ATL1_pET21_1_s, 59-
GATATCGCTAGCATGGCCAAGAACCGCAGGGAC-39; ATL1_pET
21_33_s, 59-GATATCGCTAGCATGGGTCCGGTTCAGGTTCTGATTG
TG-39; ATL1_pET21_439_as, 59-GATATCGCGGCCGCTTTGCTATCA
TTGTGCTTGAT-39; ATL1_pET21_449_as, 59-CTCGAGGCGGCCGCT
TACATTTTTTTTTTCTCGCTCTGTTCG-39; ATL3_pET21_1_s, 59-
GATATCGCTAGCATGTTGTCCCCTCAGCGAGTGG-39; ATL3_pET
21_25_s, 59-GATATCGCTAGCATGGGTCCAGTGCAGGTTGTTTTG
GTTC-39; ATL3_pET21_334_as, 59-GATATCGCGGCCGCCCTTGAT

AAATTTTAATATATG-39; ATL3_pET21_445_as, 59-CTCGAGGCG
GCCGCCTATTGAGCTTTTTTATCCATGGATGG-39; ATL1_pcDNA_
1_s, 59-GATATCGGATCCATGGCCAAGAACCGCAGGGAC-39; ATL
1_pcDNA_33_s, 59-GATATCGGATCCATGGGACCAGTCCAAGTCCT
CATTG-39; ATL1_pcDNA_558_as, 59-GATATCGCGGCCGCCATTTT
TTTCTTTTCTGATTG-39; ATL1S10A_s, 59-CAAGAACCGCAGGGAC
AGAAACGCTTGGGGTGGATTTTCGGAAAAG-39; ATL1S22A_s, 59-
GGAAAAGACATATGAATGGGCCTCAGAAGAGGAGGAGCCAGTG-
39; ATL1S23A_s, 59-GGAAAAGACATATGAATGGAGCGCAGAAGAG
GAGGAGCCAGTG-39; ATL1S22/23A_s, 59-GGAAAAGACATATGAAT
GGGCCGCAGAAGAGGAGGAGCCAGTG-39; ATL1S10E_s, 59-CAAG
AACCGCAGGGACAGAAACGAATGGGGTGGATTTTCGGAAAAG-
39; ATL1S22E_s, 59-GGAAAAGACATATGAATGGGAGTCAGAAGAG
GAGGAGCCAGTG-39; ATL1S23E_s, 59-GGAAAAGACATATGAATG
GAGCGAGGAAGAGGAGGAGCCAGTG-39; and ATL1S22/23E_s, 59-
GGAAAAGACATATGAATGGGAGGAAGAAGAGGAGGAGCCAGT
G-39.

Protein expression and purification
The catalytic core with or without the N-terminal hypervariable
motif of human ATL1 (1–449 and 33–449) and ATL3 (1–445 and
25–445) was cloned into a pET21 vector with a C-terminal dec-
ahistidine tag using standard molecular cloning methods. The
catalytic core of ATL1 (residues 1–439) and the G domain of ATL3
(residues 1–334) with a C-terminal hexahistidine tag were ex-
pressed from a pET21 vector. Overexpression of each construct
was performed using Escherichia coli BL21(DE3) upon induction
with 0.5 mM IPTG at 18°C for 16 h. Cells were harvested by
centrifugation at 4,500 ×g and resuspended in Ni2+- nitrilotri-
acetic acid (NTA) Buffer A (25 mM Tris-Cl, pH 8.5, 500 mM
NaCl, and 20mM imidazole), snap-frozen in liquid nitrogen, and
stored at −80°C. To purify, cells were thawed at room temper-
ature, sonicated, and spun at 39,000 ×g to remove membrane
aggregates. Supernatant was loaded onto Ni2+-NTA Superflow
resin (Qiagen) at 1 ml resin per 1 liter culture. Flow-through was
discarded, and resin was washed with 15 column volumes (CV)
buffer A followed by elution with Ni2+-NTA buffer B (25 mM
Tris-Cl, pH 7.5, 500 mM NaCl, and 500 mM imidazole) in 3 CV.
Protein was desalted using a HiPrep 26/10 Desalting column (GE
Life Sciences) into buffer containing 25 mM Tris-Cl, pH 7.5,
400 mM NaCl, and 5 mM EDTA. Desalted protein was concen-
trated with a 30,000 MWCO filter protein concentrator (Milli-
pore) and gel-filtered on a GE S200 16/60 column equilibrated in
25 mM Tris-Cl, pH 7.5, and 100 mM NaCl. Peak fractions were
concentrated and snap-frozen in liquid nitrogen and stored at
−80°C.

Crystallization of ATLs
All ATL crystals were attained by initial sitting drop vapor dif-
fusion screening and optimized via hanging drop vapor diffusion
by mixing 1 µl of protein and 1 µl of reservoir solution followed
by incubation at 20°C. For ATL1 residues 1–439, crystals grown
from either native or selenomethionine-derivatized protein
were attained from a 30 mg/ml protein solution containing
2 mM guanosine-59-[(β,γ)-methyleno]triphosphate (Jena Bio-
sciences) and 4 mM MgCl2, and a reservoir solution containing
3.5 M sodium formate, pH 7. For ATL3 residues 1–334, crystals
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were attained from a 20 mg/ml protein solution containing
2 mM guanosine 59-diphosphate (Sigma-Aldrich) and 4 mM
MgCl2, and a reservoir solution containing 187.5 mM ammo-
nium acetate, 21.5% PEG3350, and 100 mM Bis-Tris, pH 6.5.
Crystals were transferred to reservoir solution supplemented
with 25% glycerol for cryoprotection and flash-frozen in liquid
nitrogen.

Crystallographic data collection and analysis
Data were collected on ATL1 and ATL3 crystals using Cornell
High Energy Synchrotron Source (CHESS) beamlines A1 and F1,
respectively. For ATL1, single anomalous diffraction experi-
ments were conducted on selenomethionine-containing pro-
teins for experimental phasing. ATL1 datasets were collected at
lambda = 0.9767 Å with 1° oscillations on an ADSCQ210 CCD area
detector. For ATL3, data were collected at lambda = 0.9770 Å
with 1° oscillations on a Pilatus 6M detector. Images were inte-
grated and scaled using XDS and XSCALE for all datasets
(Kabsch, 2010). The ATL1 selenomethionine data were truncated
at 3.5 Å where the anomalous correlation was calculated to be
18% in the high-resolution bin. Substructure and phases were
attained through Autosol (Terwilliger et al., 2009) using the
selenomethionine data for phase information and native data for
high resolution reflections. Phases for ATL3were attained through
molecular replacement methods using PHENIX (Liebschner et al.,
2019) and the coordinates of ATL3 (PDB accession no. 5VGR) as
the search model. All structures were subsequently built and
refined against the native datasets using PHENIX (Liebschner
et al., 2019) and Coot (Emsley et al., 2010). The aforementioned
software packages were accessed through SBGrid (http://www.
sbgrid.org; Morin et al., 2013).

Phosphate release kinetics
GTP hydrolysis activity for all ATL catalytic core constructs was
determined using the Enzchek phosphate assay kit from Thermo
Fisher Scientific. Reactions were scaled to a final volume of
200 µl with a total concentration of 0.5 mMGTP (Thermo Fisher
Scientific). Reactions contained a range of ATL concentrations,
from 0 µM to 2 µM, run in the presence of reaction buffer
(25 mM Tris-Cl, pH 7.5, 100 mM NaCl, and 2 mM MgCl2).
Starting at the time of GTP addition, release of Pi was measured
as a spectrophotometric shift from 330 to 360 nm with the
conversion of 2-amino-6-mercapto-7-methylpurine riboside to
ribose 1-phosphate and 2-amino-6-mercapto-7-methylpurine by
purine nucleoside phosphorylase. kcat values were calculated
using three technical replicates and two biological replicates for
each protein construct.

SEC-MALS
The catalytic core constructs of ATL1 and ATL3with and without
their HVR used for kinetic experiments were loaded onto a
Superdex Increase 200 10/300 GL column (GE) at 50 µM after
column equilibration with MALS buffer (25 mM Tris-Cl, pH 7.5,
100 mM NaCl, 2 mM EGTA, and 4 mM MgCl2), run at 0.7 ml/
min. ATL WT and mutant protein constructs were first incu-
bated with indicated nucleotides (2 mM GDP, 2 mM guanosine
5’-[β,γ-imido]triphosphate (GppNHp), 2 mMGDP in the presence

of 2 mM AlCl2, 20 mM NaF, and 4 mM EGTA, or without nucle-
otide). After column separation, protein was run through a static
18-angle light scattering detection unit (DAWNHELEOS-II) and a
refractive index detector (Optilab T-rEX). Determination of mo-
lecular mass was calculated using Wyatt’s Astra VI software.
Monomeric BSA (Sigma-Aldrich) was used to normalize signal
intensity across light-scattering detectors.

SEC-SAXS
Experimental set-up was exactly as described in SEC-MALS
section. Data were collected at CHESS at the BioSAXS beamline
(Beamline ID7A1). Background signal was established as base-
lined scattering signal at the beginning of each SEC run, within
the void volume of the column (after buffer equilibration). All
data were processed using the ATSAS suite (Manalastas-Cantos
et al., 2021) and BioXTAS RAW (Hopkins et al., 2017). Frames from
monodisperse peak maxima (determined by x-ray scattering in-
tensity and absorbance intensity at 280 nm) were averaged for
analysis. Guinier analysis was performed to assess quality of the
experimental data, with a maximum qRg < 1.3 (q, scattering angle;
Rg, radius of gyration). Indirect Fourier transform of experimental
data yielded the distance distribution plot, or P(r). Kratky plots
were derived from P(r) functions and report protein foldedness.

Liposome preparation
Lipids were purchased from Avanti Polar Lipids either recon-
stituted in chloroform or as desiccate and subsequently recon-
stituted after purchase. For liposome tethering and flotation
assays, lipids were prepared at 10 mM at a molar ratio of 1% 18:
1 DGS-NTA(Ni) (1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-car-
boxypentyl)iminodiacetic acid)succinyl]) to 99% 18:1 (Δ9-cis) PC
(1,2-dioleoyl-sn-glycero-3-phosphocholine) by transferring in-
dicated molar amounts of each lipid to glass vials and evapo-
rating chloroform under an N2 air stream for 15–20 min, then
desiccating for 1.5 h. Multilamellar vesicles were produced by
reconstituting lipids in reaction buffer (25 mM Tris-Cl, pH 7.5,
and 100 mM NaCl) with intermittent vortexing for 30 min.
Multilamellar vesicles were subjected to 10 freeze-thaw cycles
between liquid N2 and a 25°C water bath to reduce multilamellar
structures in favor of unilamellar vesicles. Liposomes were
stored at −80°C until needed. Liposomes were thawed at room
temperature, then extruded to establish a homogenous popula-
tion size of unilamellar vesicles by extruding samples through a
100-nm filter 21 times and used immediately.

Liposome tethering assay
Catalytic core ATL protein was loaded onto extruded vesicles as
a 2X reaction stock with 2 mM lipids (1 mM final) and 2–5 µM
protein (1–2.5 µM final) by incubating at room temperature for
30 min. Reactions were initiated by dilution of 2X reaction stock
with reaction buffer (25 mM Tris-Cl, pH 7.5, 100 mM NaCl, and
4 mMMgCl2) either in the presence or absence of 500 µM GTP.
Reactions were measured spectrophotometrically at OD360 for
45 min and were imaged at t = 45 min using a BioRad Chemidoc
system. Each reaction condition was performed in triplicate
with two biological replicates, and all data analysis was done in
GraphPad Prism. For each triplicate condition, the signal from
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the reactions lacking GTP was averaged and subtracted from the
reactions containing GTP. For calculating apparent tethering
rates, data were truncated after the signal plateaued at the
maximum and before the signal dropped off (only in conditions
where a drop-off in signal was observed). A single-phase asso-
ciation rate was fitted to each replicate, then averaged and
plotted against protein concentration. The rate constant for each
protein construct was determined by calculating the linear re-
gression of rates versus protein concentration. An unpaired
t test was performed to determine statistical significance.

Statistical analysis
Unless otherwise indicated, all kinetic reactions were performed
in triplicate with two biological replicates (n = 6). Biological
replicates used recombinant protein expressed and purified
separately. Statistical significance was calculated to compare
ATL1 WT with mutant proteins in GTPase and vesicle tethering
assays using unpaired, two-tailed t tests with significance indi-
cated by a P value <0.05. For cell imaging experiments, ex-
periments were performed in triplicate. Percentages of imaged
cells with a given phenotype were calculated for each experi-
mental condition. Statistical significance of phenotype changes
compared with ATL1 WT and cognate mutant pairs (e.g.,
ATL1 S10E and ATL1 S10A) was determined using one-way AN-
OVA analysis. Normal distribution of data was assumed but not
formally tested.

Liposome flotation assay
Flotation assays were conducted using a Nycodenz concentra-
tion gradient as described by Liu et al. (2015). Nycodenz stock
solutions were prepared at 25% and 70% in tethering reaction
buffer. 2X liposomes stocks were prepared and loaded with ATL
as described above at 2 µM protein and 2 mM lipids. The 2X
loaded vesicle stock was combined at a 1:1 ratio with the 70%
Nycodenz solution, for a final mixture composed of 35% Nyco-
denz, 1 µM protein, and 1 mM lipids. This solution comprised the
bottom 20% of the total volume of concentration gradient. The
middle 70% of the gradient consisted of the 25% Nycodenz so-
lution, and the top 10% of the volume was composed of vesicle
tethering reaction buffer. The gradients were spun for 2 h at
200,310 ×g at 4°C. Fractions were taken from the top, middle,
and bottom for analysis on SDS-PAGE by SYPRO Ruby staining
(Thermo Fisher Scientific).

Cell lines and antibodies
The following cells were used in experiments as indicated: U2OS
(American Type Culture Collection ID HTB-96); NIH-3T3
(American Type Culture Collection ID CRL-1658) were received
from Dr. Craig Blackstone’s laboratory (National Institute of
Neurological Disorders and Stroke, Bethesda, MD); NIH-3T3
ATL1/2/3 TKO cells (E21 cell line) were engineered by the
Blackstone laboratory using CRISPR editing, resulting in each atl
allele having small insertion or deletion mutations (1–7 nt) in
exon regions (described in Zhao et al., 2016). The following an-
tibodies were used as indicated in subsequent sections: anti-c-
Myc monoclonal antibody (mouse) 9E10 (Thermo Fisher Scien-
tific; cat #MA1-980); anti-calnexin polyclonal (rabbit; Abcam; cat

#ab22595); EZview Red anti-c-Myc (rabbit) affinity gel (Sigma-
Aldrich; cat #E6654); Goat anti-mouse IgG cross-adsorbed sec-
ondary antibody, Alexa Fluor 488 (Thermo Fisher Scientific; cat
#A-11017); goat anti-mouse IgG (heavy and light chains) HRP-
conjugated secondary antibody (Thermo Fisher Scientific; cat
#62-6520); and goat anti-rabbit IgG (heavy and light chains)
HRP-conjugated secondary antibody (Thermo Fisher Scientific;
cat #65-6120).

Mass spectroscopy
ATL1 (1–558) WT, S10A, S22A/S23A, and S10A/S22A/S23A were
cloned into a pcDNA4 mammalian expression vector containing
a C-terminal c-myc tag using standard molecular cloning tech-
niques. U2OS cells were transiently transfected using poly-
ethylenimine and harvested after 24 h by washing three times in
cold PBS. Cells were lysed in 25 mM Tris-Cl, pH 7.5, 100 mM
NaCl, and 1% Triton X-100. Cleared lysates were loaded onto
EZview Red α-c-myc affinity resin preequilibrated in wash
buffer (same as lysis buffer but with 0.1% Triton X-100) and
incubated, rotating at 4°C for 2 h. The supernatant was removed,
and the resin was washed three times with wash buffer for
15 min each. Protein was eluted in 0.1 M glycine, pH 2.5, by
incubating for 10 min, followed by pH adjustment to pH 7.5 with
Tris-HCl. All buffers used in sample processing contained Halt
protease and phosphatase inhibitor cocktail (Thermo Fisher
Scientific), except for the last resin wash step and elution buffer.
Samples were cleaved with trypsin following elution, then ap-
plied to LC-MS/MS for analysis.

Western blot analysis
As described above, all mammalian expression vectors con-
tained a C-terminal c-myc tag. Transfections in U2OS cells were
performedwith polyethylenimine, and transfections in NIH-3T3
ATL1/2/3 TKO cells were performed using Avalanche-Omni (EZ
Biosystems) according to the manufacturer’s instructions. Cells
were washed three times in cold PBS, then harvested by
scraping and lysed in cold lysis buffer containing either Halt
protease and phosphatase inhibitors or cOmplete protease in-
hibitors (Millipore Sigma), depending on the experiment. After
clearing aggregates by centrifugation, total lysate protein con-
centration was determined by Bradford reagent (Bio-Rad), and
samples were normalized before loading on either SDS-PAGE or
Phos-tag gels (FujiFilm WAKO) and run according to the man-
ufacturer’s instructions, followed by transfer to polyvinylidene
difluoride membranes. Before transfer, Phos-tag gels were
washed in transfer buffer containing 10 mM EDTA a total of
three times for more efficient protein transfer. Polyvinylidene
difluoride blots were blocked either overnight at 4°C or at room
temperature for 2 h using SuperBlock T20 (TBS) Blocking Buffer
(Thermo Fisher Scientific). Blots were incubated either with 1:
1,000 mouse α-c-myc monoclonal 9E10 antibody (Thermo Fisher
Scientific) or 1:60,000 rabbit α-calnexin (Abcam) in TBS with
0.1% Tween-20 for 1 h at room temperature, followed by a 30-
min incubation period with either 1:5,000 goat α-mouse-HRP
polyclonal antibody or 1:5,000 goat α-rabbit-HRP polyclonal
antibody (Thermo Fisher Scientific) diluted in TBS with 0.1%
Tween-20. Blots were washed three times with PBS between
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antibody incubation steps. Blots were developed with enhanced
chemiluminescent HRP substrate (Thermo Fisher Scientific) and
imaged with a ChemiDoc XRS+ System (BioRad).

Mammalian cell immunofluorescence and imaging
NIH-3T3 ATL1/2/3 TKO and U2OS cells were seeded in Nunc
Lab-Tek chamber slides, transfected as described above, and
processed 24 h after transfection. Cells were washed three times
with cold PBS, then fixed with 4% formaldehyde for 20 min
followed by permeabilization with 0.1% Triton X-100 in PBS for
10 min, then blocked in 10% BSA in PBS for 2 h. Cells were in-
cubated with primary antibody for 1.5 h in a 5% BSA PBS solu-
tion containing 1:400mouse α-c-mycmonoclonal antibody, then
washed and incubated with a 1:400 dilution of secondary anti-
body of α-mouse Alexa Fluor 488 (Invitrogen) for an hour. Cells
were washed a final set of times and treated with ProLong Gold
Antifade mountant (Thermo Fisher Scientific), then sealed with
a coverslip. Imaging was performed at 25°C on a Perkin-Elmer
UltraView spinning disc confocal microscope with a Nikon Plan
Apo 60×A/1.4 oil objective using a 1394 ORCA-ER camera (Ha-
mamatsu Photonics) and Ultraview software (Perkin-Elmer).

Image brightness and contrast were adjusted using ImageJ
(Schneider et al., 2012). Each image was scored on the presence
or absence of apparent tubule and/or puncta localization of
ATL as well as whether the ATL signal was diffuse (“fuzzy”)
throughout the cell. These phenotypes were not mutually ex-
clusive. For each condition, a minimum of 70 cells was imaged
across three experiments and categorized (with the exception of
ATL1WTwith 44 cells). Statistical comparisonswere determined
using one-way ANOVA, with significance defined as P < 0.05.

Kinase screen expression and purification
Kinase screen (Addgene kit #1000000094) was received as
bacterial glycerol stocks. Expression and purification protocols
were adapted from the published protocol in Albanese et al.
(2018). Plasmids containing all the Ser/Thr kinases were iso-
lated by miniprep of overnight cultures inoculated from glycerol
stocks. Plasmids containing kinases conferred carbenicillin re-
sistance andwere cotransformed into Rosetta2 DE3 cells (Novagen)
with a lambda phosphatase-encoding plasmid conferring resis-
tance for spectinomycin (provided in the Addgene kit). 60 ml
cultures containing MagicMedia (Invitrogen), 100 µg/ml carbeni-
cillin, and 100 µg/ml spectinomycin were inoculated with Rosetta2
DE3 cotransformations and grown at 37°C for 4 h, then at 16°C for
40 h. Cells were harvested by centrifugation at 3,000 ×g, re-
suspended in buffer A, and frozen in liquid N2. Frozen cell pellets
were thawed to room temperature followed by sonication on ice
until lysates were homogenous. Lysates were cleared by centrifu-
gation at 3,000 ×g at 4°C, then loaded onto 100 µl Ni2+-NTA resin
(Qiagen) preequilibrated with buffer A. Resin was washed with
100 CV buffer A, then eluted into 250 µl buffer B. Protein con-
centration was measured by Bradford reagent (BioRad), then ali-
quoted and frozen in liquid N2 and stored at −80°C until needed.

In vitro phosphorylation experiments
All kinase reactions were performed in triplicate with a final
concentration of 0.5 µM kinase, 20 µM catalytic core ATL

substrate, 5 µM ATP, and 1X Halt protease and phosphatase
inhibitor (Thermo Fisher Scientific) in a volume of 50 µl in ki-
nase reaction buffer (30 mM Tris-Cl, pH 7.5, 100 mM NaCl,
20 mMMgCl2, and 1 mg/ml BSA). Control reactions were run in
the absence of either ATP or ATL substrate. Reactions were run for
1.5 h at room temperature. 10% total reaction volume was analyzed
by separation by SDS-PAGE followed by staining with ProQ Dia-
mond phosphoprotein stain (Thermo Fisher Scientific) and imaging
with a ChemiDoc XRS+ System (BioRad). Quantification of phos-
phorylation levels was determined by band intensity quantification
in ImageJ (Schneider et al., 2012). In Fig. 8 A, the ratio of ATL1 band
intensity in the presence and absence of ATP was reported as an
average across triplicate experiments. In Fig. 8 B, phosphorylation
levels of ATL1 mutant proteins were reported as a percentage of the
ATL1 WT band intensity in the presence of ATP. Values here were
also reported as an average across three replicates.

Online supplemental material
Fig. S1 depicts crystal packing, HVR interfaces, and electron
density of ligands for both ATL1 and ATL3. Fig. S2 provides
vesicle tethering controls, which include ATL3 ± HVR, density
gradient centrifugation, and assays supplemented or devoid of
EDTA, imidazole, GDP, andMgCl2. Fig. S3 is amutational analysis of
ATL1 serine residues found to be phosphorylated; phosphate release
and tethering are assayed. Fig. S4 includes microscopy of mutated
HVR phosphorylation sites and the corresponding ER localization.
Fig. S5 shows auto-phosphorylation controls and example ProQ
Diamond phosphoprotein–stained SDS-PAGE analysis.
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Figure S1. Molecular details of crystal packing, HVR interactions, and ligand density. (A) Crystal structure of ATL1. A unit cell of the crystal is shown in
the top left corner. The inset below shows an Fo-Fc omit map contoured at 3 σ for the bound nucleotide (GDP) and magnesium ion. The left panel shows the
interaction interface between the HVR of one molecule with the G domain of an adjacent protomer in the crystal. At the center of the interface is a hydrophobic
interaction of P28 of the HVR F205 and M201 of the G domain. In addition, E202 interacts with the peptide backbone of the HVR. (B) Crystal structure of ATL3.
The presentation follows details mentioned in A. The interaction between the tip of the helix formed by the HVR motif and an adjacent G domain is minimal.
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Figure S2. Vesicle tethering controls. (A) Flotation assay using Nycodenz with 1 µM ATL110xHIS WT or ΔHVR catalytic core fragment in the presence (right
two panes) or absence (left two panes) or lipids containing 1% molar ratio of Ni2+-NTA–modified lipids. Top (“T”) and bottom (“B”) fractions were analyzed by
SDS-PAGE and stained with SYPRO Ruby gel stain. The protein ladder on the left is labeled with molecular weights in kilodaltons and was stained with
Coomassie stain. (B) Controls for tethering reactions in Fig. 3 performed with 1 µM ATL110xHIS and either addition of 100 mM EDTA or 500mM imidazole at 45
min, or in the absence of MgCl2 or presence of 2 mM GDP. Each data point represents the average of triplicate reactions (n = 3), with error bars in gray
representing SD.
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Figure S3. Phosphate release and tethering kinetics for ATL1 S-to-Amutants. (A) Left: Phosphate release kinetics of the catalytic core of ATL1 WT (blue),
S10A (light green), S22A/S23A (pink), and S10A/S22A/S23A (light orange) in units of μM Pi released per minute at increasing protein concentration (0–2 µM). All
reactions were performed in triplicate with two technical replicates (n = 6). Right: Apparent turnover rates for each mutant. Experimental set-up and analysis
as in Fig. 5 A. Statistical significance compared with ATL1 WT was determined using an unpaired, two-tailed t test, assuming normal data distribution.
(B) Tethering rate analysis as described in Fig. 5 B. (C) Tethering reactions for ATL110xHIS WT (blue), S10A (light green), and S22A/S23A (pink) measured at OD360

across 45-min reactions, with the first 10 min inset to the right. Each experimental condition was performed in triplicate with two biological replicates (n = 6).
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Figure S4. ER localization of ATL1 mutants. ATL1 WT, ΔHVR, S10E, S10A, S22E/S23E, S22A/S23A, S10E/S22E/S23E, and S10A/S22A/S23A. (A–G) ATL1myc con-
structs used in Fig. 6 transiently cotransfected with mCherry-SEC61β in U2OS cells. Cells were processed for immunofluorescence using α-c-myc antibodies,
with ATL1myc mutants shown in green and SEC61β in red. Main image scale bar = 10 µM; inset scale image scale bar = 2.5 µm.
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Figure S5. In vitro phosphorylation controls and gel staining. (A) ProQ Diamond phosphoprotein-stained SDS-PAGE analysis of kinase reaction with PAK7/
5 ± recombinant ATL1 substrate and ± ATP. BSA was included in the reaction buffer. Bands of interest labeled on right of the gel: BSA (69.3 kD), the catalytic
core of ATL1 (52.8 kD), and PAK7/5 (36.7 kD). Molecular weights labeled on the left in kilodaltons. (B) Follow-up kinase reactions from A corresponding to
Fig. 8, B–F. Experimental set-up as in A except point mutants and HVR deletion mutant of ATL1 were used as the substrates. Reactions analyzed by SDS-PAGE
stained with phosphoprotein-specific ProQ Diamond (left) and Coomassie (right). Bands of interest labeled on the right as in A, with the addition of ΔHVR ATL1
(48.9 kD). Molecular weights as indicated on the left in kilodaltons.
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