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Atlastins (ATLs) are integral dynamin-like GTPases that are critical for the formation and maintenance of the
endoplasmic reticulum (ER) network, one of the most complex and essential organelles in eukaryotic cells.
The ER, which is composed of interconnected tubules and sheets, serves vital functions, including calcium
storage, protein and lipid synthesis, and inter-organelle communication. Homotypic membrane fusion,
mediated by ATLs, ensures the tubular structure of the ER by generating and stabilizing three-way junctions.
Humans express three ATL paralogs, called ATL1, ATL2, and ATL3, which have distinct expression patterns
and regulatory mechanisms. Mutations in these proteins are linked to hereditary sensory neuropathies and
hereditary spastic paraplegia, highlighting their critical importance in cellular and neuronal health. Here, we
review recent studies providing insights into how ATLs are regulated by their N- and C-terminal extensions, as
well as how extrinsic factors potentially regulate the activities of ATLs to establish and maintain the normal
ER structure.

The endoplasmic reticulum (ER) is a functionally and morphologically diverse, single-unit, membrane-
bound compartment that performs various fundamental cellular processes, including protein translocation
and modification, lipid synthesis, and regulation of calcium homeostasis [1]. The ER comprises the nuclear
envelope, which is now widely regarded as a specialized subdomain of the ER, and an interconnected
network of sheets and tubules, called the peripheral ER. The large surface area of ER sheets provides
an optimal site for ribosome binding, thereby enabling protein translocation and folding. The tubular
architecture of the ER network permits it to extend and branch throughout the cytoplasm, forming
contacts with virtually all other cellular organelles [2–5]. A hallmark of the tubular ER is a distinct
structure, termed a three-way junction, which forms upon fusion of the tip of one ER tubule with the
side of another ER tubule [6–8]. Atlastins (ATLs), which are integral dynamin-like GTPases, mediate
these membrane fusion events between ER tubules through a complex and highly regulated mechanism
that relies on their structural organization and GTPase activity [9,10]. Each ATL monomer consists of
a dynamin-like GTPase domain, a three-helix bundle (3HB), two transmembrane domains (TMDs), and
a cytoplasmic amphipathic helix (Figure 1) [11–13]. These structural components are essential for the
stepwise process of membrane tethering and fusion [13–17]. Upon GTP binding, ATL monomers on
opposing membranes dimerize via their GTPase domains, initiating a large conformational rearrangement
in the adjacent 3HBs to bring membranes into close apposition and promote fusion [16–18]. However, the
precise mechanism underlying this fusion process remains controversial, with multiple models proposed
based on structural, biochemical, and biophysical studies. Early structural models posited that GTP
hydrolysis drives the transition from a prefusion head-to-head dimer to a tightly packed crossover dimer,
wherein the 3HBs of each ATL monomer cross-over and interact with the GTPase domain of the opposing
partner, which is analogous to a postfusion state [17,19]. However, more recent findings challenge this
simple linear pathway. Single-molecule FRET and kinetic analyses suggest that crossover dimerization may
occur prior to GTP hydrolysis, which instead facilitates dimer disassembly and ATL recycling, not the
fusion event itself [20–22].

In addition to the biochemical steps of fusion, structural details provide critical insights into the
mechanistic versatility of ATLs. The amphipathic helix near the C-terminal region plays a pivotal role by
partially inserting into and destabilizing the membrane, creating localized curvature that facilitates the
fusion process [23]. This is further supported by the unique transmembrane topology of ATLs, which
stabilizes the high curvature of the ER network at three-way junctions [24]. Furthermore, crystal structures
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of ATL homologs reveal conserved dimerization interfaces within the GTPase domain, ensuring precise
co-ordination between opposing membranes [16,17,25].

Recent studies have illuminated critical regulatory features unique to human ATLs (Figure 2) [26–
29]. Human ATLs exhibit high conservation of their core regions (one dynamin-like GTPase domain,
one 3HB, two TMDs, and one cytoplasmic amphipathic helix) but differ in the sequence after their
amphipathic helices [C-terminal extension (CTE)] [26–28] and their N-terminal extensions [hypervariable
region (HVR)] [29]. According to recent crystal structures of the soluble portions of GDP-bound ATL1
and ATL3, the ATL1 HVR consists of a short β-hairpin, while the ATL3 HVR forms a single α-helix
that protrudes from the GTPase domain [29]. Interestingly, the structure suggests that the ATL1 HVR
directly contacts the GTPase domain of a neighboring ATL1 molecule in a manner that generates a
collection of HVR-dependent oligomers on one membrane. Thus, the ATL1 HVR may co-ordinate the
conformational and catalytic cycles of several ATL1 molecules in a membrane. Consistently, by performing
a light scattering-based tethering assay, Kelly et al. revealed that deletion of the ATL1 HVR markedly slows
tethering [29]. However, the loss of the ATL1 HVR does not affect liposome fusion upon reconstitution
into liposomes [26–28]. Thus, the function of the ATL1 HVR remains to be clarified. Furthermore, Jang
et al. discovered that the ATL1 HVR contains the binding site for neuronally enriched M1-spastin, which
increases the fusion rate of ATL1 upon reconstitution into liposomes together with ATL1 [26]. Thus, the
loss of the ATL1 HVR abrogates stimulation by M1-spastin, which otherwise stimulates ATL1-mediated
liposome fusion [26].

According to the study by Kelly et al., the ATL3 HVR forms an α-helix that protrudes from the
GTPase domain and possibly contacts the GTPase domain of a neighboring ATL3 molecule [29]. Despite
this, deletion of the ATL3 HVR does not compromise the membrane tethering kinetics of ATL3 [29].
Interestingly, however, deletion of the HVR (Δ1–18) almost completely abolishes ATL3-mediated liposome
fusion [26], reflecting the functional importance of the ATL3 HVR for ATL3-mediated fusion. These results
collectively suggest that the ATL3 HVR plays a role after the membrane tethering step but before the lipid
mixing step during ATL3-mediated membrane fusion.

Unlike the HVRs of ATL1 and ATL3, it remains unknown whether the ATL2 HVR has a role
in membrane tethering or fusion. Although ATL2 structures have not been reported, the AlphaFold
prediction of ATL2 suggests that its HVR is largely disordered. Thus, it would be interesting to determine
whether the disordered HVR of ATL2 has any role in ATL2-mediated ER membrane fusion.

The CTE is alternatively spliced in ATL1 and ATL2. Two ATL1 variants (ATL1-1 and ATL1-2) and
three ATL2 variants (ATL2-1, ATL2-2, and ATL2-3) have been biochemically characterized [26–28].
Deletion of the CTE from ATL1-1 and ATL1-2 markedly increases fusion activity [27]. The difference
between ATL1-1 and ATL1-2 is that the former contains an additional five amino acids (GSTNE).
Interestingly, C-terminal autoinhibition, which is observed in ATL1-1, is weakened by the absence of
the GSTNE motif in ATL1-2 [27].

ATL2-1, which is the major splicing variant of ATL2, has almost no fusion activity upon reconstitution
into liposomes, but an ATL2 mutant construct lacking the ATL2-1 CTE exhibits strong fusion activity
[26–28]. By contrast, the CTEs of ATL2-2 and ATL2-3 have almost no or little inhibitory activity [26–28].
Unlike the splicing variants of ATL1, the absence of the RSPRK motif, which is found in ATL2-3, modestly
strengthens C-terminal autoinhibition in ATL2-2 [27]. ATL3 has fusion activity on its own, which is
unaffected by the removal of its CTE, indicating that ATL3 is a constitutive fusion catalyst [27]. Therefore,
human cells possess several options to regulate ER fusion.

Although ATL2-1 has nearly no fusion activity due to C-terminal autoinhibition when reconstituted
into liposomes, it seems to readily become active in vivo [26]. ATL2-1 is the predominant ATL in HEK293
cells, and efficient fusion of HEK293 cell-derived ER microsomes is heavily dependent on ATL2-1 because
this fusion is completely blocked in the presence of an anti-ATL2-1 antibody [26]. Although it remains
unknown how the autoinhibition is relieved in vivo, our study proposed two potential scenarios [26]. First,
ATL3, although present in small quantities in HEK293 cells, may relieve the autoinhibition of ATL2-1 by
interacting with its CTE, and thereby preventing it from binding to the GTPase domain of ATL2-1. Second,
a cytoplasmic factor may bind to ATL2-1 and thereby relieve the autoinhibition because liposomes bearing
ATL2-1 became fusogenic in the presence of isolated cytosol.

Thus, the three human ATL paralogs exhibit significant functional diversity, reflecting their tissue-
specific roles and regulatory mechanisms. ATL1 is predominantly expressed in neurons, while ATL2 and
ATL3 are expressed more ubiquitously in tissues. ATL3 operates as a constitutive ER fusion catalyst, lacking
the autoinhibition observed in ATL1 and ATL2. These differences suggest that evolutionary adaptations
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occurred to meet the unique demands of different cell types. For example, a neuronal-specific splice
variant of ATL2 (ATL2-2) exhibits higher fusion activity than a ubiquitously expressed isoform (ATL2-1),
demonstrating how splicing events can adapt ATL functionality to specific cellular contexts [26–28].

Extrinsic regulatory mechanisms may further modulate ATL activity. The in vitro fusion activities
of bacterially expressed human ATLs were not observed until recently; therefore, post-translational
modifications, such as phosphorylation, were suspected to be required for the fusion activities of human
ATLs. When ATL1 was purified from a HEK293 cell-derived suspension cell line, S22 and S23 of
ATL1 were found to be heavily phosphorylated [28]. However, fusion activity was not due to this
phosphorylation because it was unaffected by alanine substitution of both sites [28]. Kelly et al. found
additional phosphorylation at S10 of ATL1 [29]. In their study, mutations at these three serine residues
(S10, S22, and S23) differentially affected membrane tethering and ER morphology [29]. However, Jang et
al. successfully reconstituted the fusion activities of all three human ATLs using bacterially expressed ATLs
[26]; therefore, post-translational modifications may not be essential for the fusion activities of human
ATLs per se. Nonetheless, external signaling pathways may fine-tune ATL activity in response to cellular
needs.

Recent advances in the study of ATLs have highlighted the role of lipid composition in modulating
their fusion activities [26,30,31]. Physiological lipid mixtures that mimic the ER membrane enhance
ATL-mediated fusion, suggesting that the lipid environment has an important role in regulating ATL
function [26]. This finding provides new avenues to explore how membrane composition influences ER
dynamics. Proteins function as catalysts during membrane fusion in general, whereas lipids were long
thought to only have structural functions. However, emerging evidence suggests that lipids also directly
regulate membrane fusion, such as SNARE-mediated and viral protein-mediated membrane fusion [32–

Figure 1: Domain organization of human ATLs and related proteins.

Human ATL1, human ATL2, human ATL3, Drosophila ATL (dATL), Saccharomyces cerevisiae Sey1p, and Arabidopsis thaliana RHD3 are shown. The protein diagram shows the
number of amino acid residues and where specific domains are located within the structure. While the three human paralogs are organized into five distinct segments (shown
as colored cylinders), the remaining proteins are subdivided into four segments. From start to end, the structure consists of an N-terminus of varying length shown in black, a
highly preserved GTPase domain shown in blue, a middle domain shown in orange, two consecutive TMDs shown in purple, and a C-terminus of varying length shown in green
or a combination of yellow and light green.
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35]. Such lipids, including phosphoinositides, sterols, diacylglycerol, and phosphatidic acid, are called
‘regulatory lipids’ because they have more functional than structural roles in membrane fusion [36].
Additionally, the inverted cone-shaped molecular structure of phosphatidylethanolamine (PE) induces
negative membrane curvature and assists the hemifusion structure, where two lipid bilayers partially
merge, allowing the outer leaflets to mix, while the inner leaflets and aqueous contents remain distinct,
to catalyze fusion [37]. Cholesterol has intrinsic negative curvature and thus may reduce the amount of
energy required to form lipid stalks in hemifusion intermediates and stabilize fusion pores. It might also
directly control the stability and formation of fusion pores [33]. The ER also contains these regulatory
lipids; therefore, we used a lipid mixture, whose composition resembles that of the ER, to reconstitute
human ATLs into liposomes and successfully observed fusion activity [26]. Omission of cholesterol alone
or cholesterol plus PE from the physiological lipid mixture markedly reduces ATL2-mediated fusion [26].
Nonetheless, these regulatory lipids may not be essential for human ATL-mediated fusion per se because
the Lee laboratory did not include any of these regulatory lipids to observe human ATL-mediated liposome
fusion when ATLs were purified from cultured human cells [27,28].

Furthermore, a study by Joji Mima’s laboratory revealed that Sey1p, the yeast ortholog of human ATLs,
requires regulatory lipids, including ergosterol (yeast cholesterol), phosphatidylinositol, and phosphatidic
acid, for efficient fusion [30]. Our laboratory also demonstrated that Sey1p harbors two sterol-binding
motifs close to its TMDs. Disruption of these motifs markedly abrogates the interaction of Sey1p
with sterols and markedly decreases Sey1p-mediated ER fusion [31]. Interestingly, each human ATL
contains potential sterol-binding motifs near its TMDs [31]. Thus, it would be intriguing to investigate
whether cholesterol also interacts with human ATLs through these motifs and, thus, enhances human
ATL-mediated ER membrane fusion.

The pathological significance of human ATLs is most evident in hereditary spastic paraplegia (HSP)
and hereditary sensory neuropathies (HSNs) [38]. Mutations in ATL1 are a leading cause of HSP, which
is a neurodegenerative condition characterized by spasticity in the lower limbs and progressive weakness
[39]. Similarly, mutations in ATL3 are implicated in HSNs [40,41]. The fusion activities of human ATLs
were successfully reconstituted in vitro recently, and thus, how disease-causing mutations affect the fusion
activities of ATLs can now be analyzed. While many ATL-associated, disease-causing mutations disrupt
ER network formation by impairing GTP hydrolysis, crossover dimerization, or membrane fusion [16,17],
several clinically relevant variants exhibit near wildtype fusion activity in vitro, but still cause HSP [23].
For example, the SPG3A-linked mutations R239C and H258R elicit opposite effects on liposome fusion,
namely, reduction and enhancement, respectively, but both cause disease, suggesting that fusion efficiency
alone does not determine pathogenicity [42]. Likewise, some ATL1 mutations do not significantly impair
fusion or ER morphology but still induce axon growth defects in neuronal models [43]. By contrast,
ATL3 with the HSN-causing mutations Y192C and P338R has no observable fusion activity [26,27].

Figure 2: Intrinsic and extrinsic modes of ATL regulation.
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These observations point to fusion-independent mechanisms, including misregulated ER–microtubule
interactions (via spastin or REEP1), disturbed ER–mitochondria coupling, or altered protein translation
and autophagy, particularly in long motor neurons [44,45]. Therefore, ATL mutations may contribute to
disease through diverse, context-dependent pathways, only some of which involve membrane fusion per se.

A recent study reported that the expression of ATL2-2, an uninhibited splicing variant, is elevated in
breast tumors compared with normal breast tissue. Furthermore, high ATL2-2 mRNA expression is associated
with basal-like, estrogen receptor-negative, large, and high-grade tumors, which are all indicative of a worse
prognosis [46]. These results suggest that tight regulation of the fusion activity of ATL2 is critical for normal
cell proliferation.

Comparative studies of ATLs and their orthologs, such as Root Hair Defective 3 (RHD3) in plants
[47] and Sey1p in yeast [31,48,49], have provided valuable evolutionary insights. Unlike mammalian ATLs,
these orthologs exhibit robust fusion activities without autoinhibition by the CTE, reflecting the simpler
regulatory demands of unicellular and plant systems [50]. These comparisons highlight the evolutionary
pressures that have shaped ATL function to meet the complex needs of multicellular organisms. Our
laboratory has demonstrated that ER fusion requires not only Sey1p but also ER-resident SNARE proteins
in the budding yeast Saccharomyces cerevisiae [31]. This was a surprising finding because a single fusion
event involves two distinct fusion machineries: the ATL-like GTPase Sey1p and SNAREs, which are usually
involved in the fusion of transport vesicles with target organelles [51]. Interestingly, however, Rab GTPases,
which are often essential for SNARE-mediated fusion [52], are not required for yeast ER fusion [31]. There
is accumulating evidence that ER-resident Rab GTPases [53,54] and SNAREs [55] play a role in regulating
the human ER structure; therefore, it would be intriguing to examine whether human SNAREs and Rab
GTPases are involved in ATL-mediated ER membrane fusion. In plants, the ATL homolog RHD3 plays
an essential role in ER morphogenesis and is particularly required for the development of fine polarized
structures such as root hairs. Loss of RHD3 function results in shortened root hairs and disrupted ER
networks, which are reminiscent of the defects in axonal development observed upon loss of mammalian
ATL1 [47,56,57]. This conservation across species underscores the fundamental role of ATL-like GTPases
in shaping ER structure to support highly elongated cellular processes.

Another emerging area of research involves the interactions of ATLs with other ER-shaping proteins.
For instance, reticulons (RTNs) and REEP proteins are curvature-stabilizing proteins that insert into the
membrane via hydrophobic hairpin domains and generate high membrane curvature, essential for tubule
formation [58–60]. RTNs can also oppose ATL function by promoting membrane constriction and fission,
as shown in recent in vitro and in vivo studies. In Drosophila, for example, ER fragmentation caused by
ATL loss is rescued by concurrent deletion of RTN, indicating that there is an antagonistic balance between
fusion and fission [61]. M1-spastin, a microtubule-severing ATPase, further contributes to ER morphology
by interacting with ATL1 and REEP1, thereby linking ER tubules to the microtubule cytoskeleton and
co-ordinating their extension and distribution [62]. These interactions are especially critical in neurons,
where long axons demand precise ER architecture for intracellular transport. Notably, mutations in ATL1,
M1-spastin (SPG4), and REEP1 (SPG31) are among the most common genetic causes of HSP, highlighting
their functional interdependence in disease contexts [6].

Among the proteins that interact with ATLs, lunapark may be the only one that antagonizes their
functions; however, its mode of action is largely not known [63]. Lunapark is also reportedly involved in
the stabilization of three-way junctions [64]. Consequently, lunapark may fine-tune the ER structure by
preventing excessive three-way junction formation and stabilizing preformed three-way junctions upon
alterations of the intracellular environment. Lunapark is an E3 ligase for ATLs, which is one of its
most well-defined functions [65]. For instance, the N-terminal cytoplasmic domain of human lunapark
possesses ubiquitin ligase activity to ubiquitinylate ATL2 [66]. In our recent study [67], we demonstrated
that the yeast lunapark Lnp1p prevents Sey1p-mediated ER fusion by inhibiting trans-Sey1p complex
formation, which is a prerequisite for ER membrane tethering and fusion, via its interaction with the
GTPase domain of Sey1p. Unlike human lunapark, Lnp1p does not seem to have E3 ligase activity because
its deletion does not affect the steady-state level of Sey1p. Considering that the fusion activities of all
human ATLs have been successfully reconstituted in vitro [26,28], it would be intriguing to examine
whether human lunapark negatively regulates human ATL-mediated fusion similarly to yeast lunapark.

Biochemical Society Transactions (2025) 53 699–707
https://doi.org/10.1042/BST20253043

© 2025 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 703

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
p
o
r
t
l
a
n
d
p
r
e
s
s
.
c
o
m
/
b
i
o
c
h
e
m
s
o
c
t
r
a
n
s
/
a
r
t
i
c
l
e
-
p
d
f
/
5
3
/
0
3
/
6
9
9
/
9
7
5
1
7
4
/
b
s
t
-
2
0
2
5
-
3
0
4
3
.
p
d
f
 
b
y
 
G
w
a
n
g
j
u
 
I
n
s
t
i
t
u
t
e
 
o
f
 
S
c
i
e
n
c
e
 
&
 
T
e
c
h
n
o
l
o
g
y
 
u
s
e
r
 
o
n
 
0
3
 
A
p
r
i
l
 
2
0
2
6

https://creativecommons.org/licenses/by/4.0/


Conclusions and future outlook
ER membrane fusion is a highly co-ordinated process that ensures dynamic remodeling and maintenance
of the ER network. Among the molecular players that mediate this process, ATLs function as the core
machinery of ER tubule fusion, with their mechanistic versatility underscoring the complexity of ER
dynamics. The intricate interplay of structural domains within ATLs, including their GTPase domain,
amphipathic helix, and TMDs, facilitates efficient tethering, fusion, and remodeling of ER membranes.
Recent structural and biochemical studies have revealed novel regulatory elements, such as the HVR and
CTE, which fine-tune the functions of ATLs in a paralog-specific and tissue-dependent manner [26–29].
These findings highlight the evolutionary adaptations of ATLs to diverse cellular environments, providing
an additional layer of complexity in ER network regulation.

Beyond intrinsic structural elements, extrinsic factors also shape the functions of ATLs. Post-
translational modifications, lipid composition, and interactions with ER-shaping proteins such as spastin
and lunapark further modulate the efficiency of ER fusion. Notably, the emerging involvement of
regulatory lipids in ATL-mediated fusion challenges the traditional view of membrane lipids as passive
structural components and instead positions them as active participants in ER dynamics.

Future research must address several open questions, including the mechanisms underlying relief of
ATL autoinhibition in vivo, the role of sterol-binding motifs in human ATLs, and the potential involvement
of Rab GTPases and SNAREs in ATL-mediated ER fusion. Furthermore, elucidation of the antagonistic role
of lunapark in the functions of ATLs may provide new insights into how ER homeostasis is maintained
under physiological and pathological conditions.

Overall, the study of ER membrane fusion has reached an exciting juncture, with advances in structural
biology and in vitro reconstitution assays providing unprecedented mechanistic clarity. Continued
exploration of ATLs and their regulatory networks will deepen our understanding of ER dynamics and
help to develop novel therapeutic strategies for ER-associated diseases.

Perspectives
• The dynamic network structure of endoplasmic reticulum (ER), which is maintained through regulated membrane

fusion events, is fundamental to cellular homeostasis and inter-organelle communication, and its disruption is linked

to severe neurological disorders, including hereditary spastic paraplegia and hereditary sensory neuropathies.

• Recent structural and biochemical studies have revealed that human atlastins (ATLs) employ sophisticated regulatory

mechanisms through their N- and C-terminal extensions, with distinct tissue-specific expression patterns and varying

degrees of autoinhibition, while regulatory lipids and protein partners provide additional layers of control over ER

membrane fusion.

• Future research should focus on understanding how atlastin autoinhibition is relieved in vivo, exploring the potential

roles of sterol-binding motifs in human ATLs, and investigating whether ER-resident SNAREs and Rab GTPases co-

operate with ATLs in membrane fusion, as observed in simpler organisms.
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