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he endoplasmic reticulum (ER)

in eukaryotes is composed of

an interconnected network of

membrane tubules that under-
goes permanent membrane fusion and
fission. A hallmark of this membrane sys-
tem is the presence of so-called three-way
junctions (Fig. 1). These connections be-
tween adjacent membrane tubules are
essential for the continuity of the ER lu-
minal space. In 2009, two groups identified
the ER resident atlastin GTPases as key
players involved in the maintenance of
normal ER morphology (1, 2). Whereas
down-regulation of atlastin function in
Drosophila motor neurons resulted in
shorter and unconnected ER tubules (1),
interference with atlastin function in
humans and yeast resulted in long un-
branched ER tubules (2). Furthermore,
purified atlastin was shown to catalyze
membrane fusion in a GTPase-dependent
fashion (1) and interact with proteins from
the reticulon and deleted in polyposis 1
(DP1) families (2), which are also involved
in maintaining ER shape (3). The work by
Byrnes and Sondermann (4) in PNAS now
sheds light on the structural basis of how
atlastins perform this function.

Three atlastin isoforms exist in humans,
the neuronal atlastin-1/Spg3a and the
ubiquitous atlastin-2 and -3. They are built
of a 45-kDa cytosolic part composed of
a large guanine nucleotide binding (G)
domain and a helical middle domain
(MD) followed by two predicted trans-
membrane (TM) segments and a short C-
terminal cytosolic portion of about 60 aa
in length. Sequence comparison indicates
that atlastins belong to the dynamin su-
perfamily of GTPases, which are involved
in cellular membrane remodeling events
including membrane tubulation, fission,
and fusion (5). Members of this super-
family oligomerize around target mem-
branes and show oligomerization-stimu-
lated GTPase activity. The closest homo-
logs of atlastins, the guanylate binding
proteins (GBPs), have been implicated in
the defense against intracellular pathogens
but also in the control of cell proliferation
and adhesion (6).

Byrnes and Sondermann (4) present two
independent X-ray structures of the first
cytosolic part of human atlastin-1, en-
compassing the G domain in the guano-
sine diphosphate (GDP)-bound state and
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Model for membrane fusion catalyzed by atlastins (Left) and BDLP (Right). Two atlastin mole-

cules located at opposing membranes assemble through their G domains in a GTP-dependent fashion,
with a dimer arrangement as seen in crystal form 2. The second cytosolic domain of atlastin is indicated
as a dashed line. Reticulons, DP1 family proteins, and spastin facilitate the creation of membrane cur-
vature. After GTP hydrolysis-dependent membrane fusion and establishment of a three-way junction,
the two atlastin molecules might adopt a conformation as seen in crystal form 1. In BDLP, the MD
contributes to the neck, trunk, and tip domains. BDLP molecules in the GTP-bound form oligomerize in
cis, thus inducing membrane tubulation and extreme membrane curvature (indicated by the red stars),
especially at or close to the tip of the membrane tubule (13). After GTP hydrolysis, the BDLP coat col-
lapses allowing membrane fusion. Interestingly, the relative arrangement of G domain and MD in
atlastin-1 crystal form 1 resembles the open oligomerized conformation of BDLP, whereas crystal form 2
of atlastin-1 has a similar relative domain arrangement as the closed state of BDLP.

the MD. Not surprisingly, the G domain is
closely related to that of human GBP1,
whose structure and catalytic mechanism
have been extensively characterized (7, 8).
The MD forms an elongated three heli-
cal bundle with a similar architecture as
other dynamin superfamily members, such
as dynamin (9), myxovirus resistance
protein 1 (MxA) (10), GBP1 (7), bacterial
dynamin-like protein (BDLP) (11), and
the Eps15 homology domain-containing
proteins (EHD) ATPases (12). Strikingly,
the orientation of the MDs relative to
the G domains differs dramatically in the
two crystal forms of atlastin-1 (Fig. 1 Left).
This includes an almost 90° rotation in the
linker region between the G domain and
the MD around a conserved proline resi-
due that has previously been recognized as
a hinge region mediating similar large-
scale rearrangements in BDLP and possi-
bly, other dynamins (13). The solved

PNAS

atlastin-1 construct ends just before the
start of the predicted transmembrane
segments (Fig. 1). It should be noted,
however, that the second cytosolic part of
atlastins bears limited sequence similarity
to the GTPase effector domain (GED) of
GBP1. As in the other dynamin family
members, it might, therefore, adopt
a GED-like structure consisting of a long
a-helix that folds back to the G domain.
Atlastin-1 dimerizes in solution only
in the GTP- but not in the GDP-bound
form. Interestingly, both crystal forms
of atlastin-1 dimerize through the same
highly conserved interface in the G
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domain, suggesting that high protein con-
centrations during crystallization might
have favored low-affinity dimerization in
the GDP-bound form. The same di-
merization interface is not only used in
many dynamin-related GTPases such as
GBP1 (8), dynamin (9), and BDLP (11),
but also in the septin and paraseptin
families (summarized in ref. 14). This G
domain dimer may, thus, represent a fea-
ture of a primordial membrane-associated
GTPase that further evolved into the
septin and dynamin branches (14). In
GBP1 and dynamin, dimerization leads to
rearrangements of catalytic residues in-
ducing GTP hydrolysis. For GBP1, this
includes a flip of an arginine residue in the
phosphate-binding loop. This cis arginine
finger stabilizes the transition state of the
reaction and is conserved in most GBPs
and atlastins (8). In the structure of GDP-
bound atlastin-1, however, it is part of
the dimer interface. A hallmark for a
dimerization-induced GTPase mechanism
is the cooperativity of the reaction. Al-
though this has not been examined for
atlastin-1, the structural parallels suggest
that atlastins also use such a catalytic
mechanism. In accordance with this, in-
terference with dimerization by single
point mutations led to reduced GTPase
activity (4).

Atlastin-1/Spg3 constitutes one of sev-
eral genes affected in hereditary spastic
paraplegia (HSP), a progressive spasticity
of the lower extremities resulting from
neuronal dysfunction (15). The 28 identi-
fied missense mutations in HSP patients
cluster predominantly in the dimer in-
terface, the nucleotide binding pocket, and
the interface between G domain and the
MD. Whereas some mutations interfere
with the activation of the GTPase re-
action, others compromise protein stabil-
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ity; still others are predicted to interfere
with binding of interaction partners such
as reticulons/DP1 proteins (2) or the triple
ATPases associated with a variety of cel-
lular activities (AAA) domain containing

Byrnes and Sondermann
present two independent
X-ray structures of the
first cytosolic part of
human atlastin-1.

spastin, whose genes are also found mu-
tated in HSP patients (16).

The dimerization mode of the G do-
mains, combined with the two different
crystal forms, offers exciting insights into
the mechanism of atlastin-catalyzed mem-
brane fusion. In the extended atlastin-1
dimer of crystal form 2, the two tips of the
MD connecting to the transmembrane
helices are located at opposing sides
(Fig. 1 Upper Left). This dimer agrees
with X-ray scattering data of atlastin-1 in
solution in the presence of a non-hydro-
lyzable GTP analogue (4), with the pro-
posed model of GBP1 and biochemical
data showing that atlastin can cross-link
two opposing membranes in vitro and
mediate membrane fusion in a GTP
binding and hydrolysis-dependent fashion
(1). Interestingly, crystal form 1 of atlastin-
1 features a cross-over of the linker and
helical domain with an additional interface
in the helical domain. This topology rep-
resents an attractive model for an end
state of atlastin after GTP hydrolysis-me-
diated fusion (Fig. 1 Left) and resembles
the postfusion SNARE complex, where
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two transmembrane spanning segments,
initially at opposing membranes, are lo-
cated next to each other (17).

This suggested mechanism of mem-
brane fusion in atlastin is strikingly dif-
ferent from that proposed for BDLP (and
possibly, the related mitofusins) (13). By
assembling on the surface of the same
membrane, BDLP polymers create high
membrane curvature, a prerequisite for
membrane fusion (Fig. 1 Upper Right).
After GTPase-dependent release of the
BDLP coat, membrane fusion was sug-
gested to occur particularly at or close to
the tips of the membrane tubule where
curvature is maximal and the membrane
is most fusogenic (Fig. 1 Lower Right).
Although these models of membrane fu-
sion appear mutually exclusive, there are
also a number of similarities between at-
lastins and BDLP. They can both bind to
phosphatidylserine containing liposomes,
inducing membrane tubulation and high
membrane curvature (13, 18). Further-
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dimerizes through the G domains, with
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entations, similar to crystal form 2 of
atlastin-1 (Fig. 1) (11). As in atlastins, the
BDLP homologue from B. subtilis can
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MD, the GTP-bound form of BDLP oli-
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(13). Additional experiments are needed
to address whether atlastins and BDLP
indeed use different strategies or whether
there is a universal mechanism shared by
all dynamin-related proteins with mem-
brane fusion activity.
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