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An intramolecular salt bridge drives the
soluble domain of GTP-bound atlastin into
the postfusion conformation
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ndoplasmic reticulum (ER) network branching re-

quires homotypic tethering and fusion of tubules

mediated by the atlastin (ATL) guanosine triphos-
phatase (GTPase). Recent structural studies on the ATL
soluble domain reveal two dimeric conformers proposed
to correspond to a tethered prefusion state and a post-
fusion state. How the prefusion conformer transitions to
the postfusion conformer is unknown. In this paper, we
identify an intramolecular salt bridge mediated by two
residues outside the GTPase domain near the point of
rotation that converts the prefusion dimer to the post-
fusion state. Charge reversal of either residue blocked ER

Introduction

The membrane-anchored atlastin (ATL) proteins belong to the
dynamin superfamily of large GTPases (Zhu et al., 2003; Praefcke
and McMahon, 2004). In humans, the neuron-specific isoform
ATLI1/SPG3A is enriched in the cis-Golgi apparatus, and muta-
tions in it are linked to motor neurological deficits associated
with hereditary spastic paraplegia (Zhu et al., 2003). ATL2 and
ATL3, 62 and 60% identical to ATLI1, respectively, are ex-
pressed in most, if not all, tissues and primarily ER localized
(Rismanchi et al., 2008). siRNA-mediated depletion of isoforms
2 and 3 from HeLa cells, expressing little, if any, isoform 1
(Rismanchi et al., 2008), leads to an unbranched ER morphol-
ogy, implying a function for ATL2/3 in ER network branching
(Hu et al., 2009). This requirement could reflect a role for the
molecule in tubule formation, extension, tethering, and/or fu-
sion (Lee et al., 1989; Baumann and Walz, 2001). Though,
based on the remarkable finding that the single Drosophila
melanogaster orthologue of ATL, purified and incorporated
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network branching, whereas a compensatory charge re-
versal fo reestablish electrostatic attraction restored func-
tion. In vitro assays using the soluble domain revealed
that the salt bridge was dispensable for GTP binding
and hydrolysis but was required for forming the post-
fusion dimer. Unexpectedly, the postfusion conformation
of the soluble domain was achieved when bound to
the nonhydrolyzable GTP analogue guanosine 5'-[B,y-
imidoltriphosphate, suggesting that nucleotide hydroly-
sis might not be required for the prefusion to postfusion
conformational change.

into artificial liposomes, is sufficient to drive membrane tether-
ing and fusion, ATLs have been proposed to mediate the homo-
typic tethering and fusion of membranes that underlies the
branched ER network (Orso et al., 2009).

Recently, two groups have solved the x-ray crystal struc-
ture of the soluble domain of human ATL1 (Bian et al., 2011;
Byrnes and Sondermann, 2011). The structures reveal a globular
GTPase head connected through an eight—amino acid linker to a
middle domain comprised of a three-helix bundle. As expected,
the GTPase domain has an overall fold similar to that of GBP1
(Prakash et al., 2000), the closest relative of ATL1-3 in the
dynamin superfamily (14, 14, and 16% identical to ATLI,
ATL2, and ATL3, respectively). Dynamin superfamily members
undergo conformational changes in a manner dependent on their
nucleotide-bound state (Ghosh et al., 2006; Chappie et al., 2010).
Accordingly, ATL1 crystallization by both groups was performed
in the presence of a variety of GTP analogues. Both groups
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observed two strikingly distinct ATL1 conformers, indicating
that, like GBP1 and dynamin, ATL1 indeed undergoes discrete
conformational changes during its reaction cycle. Moreover, both
structures showed ATLI1 as a head to head dimer, reminiscent
of the head to head dimers observed in crystal structures of the
GTPase domains of dynamin bound to the transition state ana-
logue GDP + AIFx (Chappie et al., 2010), and GBP1 bound to
either guanosine 5’-[B,y-imido]triphosphate (GMPPNP) or
GDP + AlFx (Ghosh et al., 2006). Curiously, only GDP was
observed in the nucleotide-binding pocket of the structures ob-
tained, possibly because of either slow hydrolysis or increased
mobility of the terminal phosphate of GMPPNP and other ana-
logues (Bian et al., 2011; Byrnes and Sondermann, 2011). There-
fore, how changes in the nucleotide-bound state of ATL1 relate
to changes in its conformation remains to be clarified.

In the first of the two ATL1 dimer conformers (form 2),
the monomers interact in a head to head fashion with an inter-
facial area of 756 A% because of contacts solely between the
GTPase domains. The a-helical bundles of the respective middle
domains point away from the dimer interface, and although not
present in the crystal structures, the trans-membrane segments
would be expected to anchor the interacting subunits in oppos-
ing membranes. In the second conformer (form 1), a similar
head to head configuration is observed as in the form 2 dimer,
though additional contacts increase the interfacial area between
the GTPase domains to 1,226 A% In addition, the a-helical bun-
dles of the middle domains are crossed over with respect to the
head domains caused by a 90° rotation about a central conserved
proline residue in the linker. In this crossed dimer configuration
(form 1), a new set of contacts are made between the middle
domains and the opposing heads. As a consequence of the
crossover, the C termini of the two subunits of the form 1 dimer
are within 14 A of one another, necessarily placing the trans-
membrane segments of the interacting subunits in the same
membrane. Based on the orientation of the molecules relative to
the presumed orientation of the lipid bilayer, the form 2 and
form 1 dimers have been designated pre- and postfusion states,
respectively (Bian et al., 2011; Byrnes and Sondermann, 2011;
Daumke and Praefcke, 2011).

The dimer pairs suggest a compelling model for mem-
brane tethering and fusion. First, head to head dimerization of
ATL in trans (form 2) would initiate membrane tethering. Once
tethered, crossover of the middle domains would catalyze mem-
brane fusion, presumably by bringing opposing lipid bilayers
into tight apposition and deforming them, consequently reduc-
ing the activation barrier for membrane fusion (Bian et al.,
2011; Daumke and Praefcke, 2011). In part because dimeriza-
tion of ATLI in solution is nucleotide dependent (Bian et al.,
2011; Byrnes and Sondermann, 2011), GTP binding has been
suggested to form the prefusion dimer for the membrane-tethering
step, whereas GTP hydrolysis and P; release has been hypothe-
sized to trigger the 90° rotation and crossover of the middle
domains to achieve the fused state (Bian et al., 2011). According
to this scenario, a cycle of GTP binding and hydrolysis would
drive both membrane tethering and fusion, though how the
postfusion complex is disassembled for further rounds of fusion
remains to be clarified.
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If the crossed dimer conformation indeed represents the
postfusion state, contacts unique to this conformer should be
important for driving membrane fusion. Conversely, inhibiting
such contacts should block the conversion of prefusion dimers
to the postfusion state. Here, we report a functional analysis of
residues within the middle domain of ATL2 in search of ones
that might be involved in the prefusion to postfusion transition.
We then focus on a pair of residues that appear to mediate a
postfusion conformer-specific salt bridge. We show that the salt
bridge is not required for either GTP binding or hydrolysis but
is necessary for transitioning to the postfusion dimer conforma-
tion. Furthermore, although GTP hydrolysis has been suggested
to be required for formation of the postfusion conformation of
the soluble domain, our results indicate that hydrolysis is not
required, at least in the context of the soluble domain. The po-
tential implications of this finding with regard to the ATL fusion
mechanism are discussed.

Results

Loss of ER network branching upon

ATL2/3 knockdown is rescued by wild-type
ATLZ2 expression

To identify ATL residues that participate in the interconver-
sion between pre- and postfusion conformers, we used an RNAi
knockdown replacement assay. The assay is based on the previ-
ously reported requirement for ATL2/3 in ER network branching
in HeLa cells (Hu et al., 2009). As anticipated, treatment of HeLa
cells with siRNAs identical to those previously shown to knock
down ATL2 and ATL3 (Rismanchi et al., 2008) resulted in an
abnormal ER morphology characterized by a notable reduction
in network branch points (Fig. S1, A—C). In contrast to control
knockdown cells with 200400 ER network branch points per
cell, ATL2/3 knockdown cells typically had <100 network branch
points per cell (Fig. S1, C and D). Also consistent with a previous
study, knockdown of both isoforms was required to elicit the un-
branched phenotype (Fig. S1 A), indicating that either ATL2 or
ATL3 is sufficient to maintain normal network morphology (Hu
et al., 2009). To assess whether the unbranched ER phenotype
is a specific consequence of ATL2/3 loss, the ATL2/3 siRNA
was cotransfected with either a negative control DNA construct
or an siRNA-immune HA-tagged ATL?2 replacement construct.
Whereas ~50% of cells expressing the negative control construct
displayed a largely unbranched network (<100 branch points per
cell), few, if any, cells expressing wild-type HA-ATL?2 displayed
the phenotype (Fig. 1, A and B). Therefore, the unbranched ER
phenotype can be attributed specifically to the loss of ATL2/3.

Specific middle domain residues are
required for ATLZ2 activity

As our analysis was initiated before the recent determination of
the ATLI1 crystal structure, we started with a computationally
derived ATL2 structure model based on its similarity to GBP1
(Prakash et al., 2000; Pieper et al., 2011). Domain boundaries
defined by the model were applied to first test the importance
of the middle domain. As anticipated, the HA-tagged variant
ATL2A377-463 (or ATL2Amiddle), lacking the entire middle
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Figure 1.

Identification of ATL2 middle domain residues required for its ER network branching function. (A) Knockdown replacement assay. 48 h after

transfection with a Myctagged DP1 negative control (neg con) construct, wildtype HA-ATL2, or each of the indicated HAtagged ATL2 variants, cells were
transfected with siRNAs targeting ATL2 and ATL3. 72 h after knockdown, cells were fixed and stained using an antibody against the Myc or HA epitope
and viewed by confocal microscopy. Bar, 10 pm. (B) Quantification of the fraction of cells expressing the indicated proteins that had the unbranched ER
phenotype. Values represent the means of three independent experiments + SD. *, P < 0.0005 with respect to wild type; **, P < 0.0005 with respect to

the Myc-DP1 negative control.

domain, was stably expressed but failed to functionally replace
endogenous ATL2/3 (Fig. 1, A and B). Then, several conserved
middle domain residues were screened. RNAi knockdown re-
placement using ATL2 variants with either single or double
amino acid substitutions to alanine revealed required residues
within the middle domain (Fig. 1, A and B). Substitutions
that blocked ATL2 function include E380A, L384D, K433A,
K434A, M435A, F440A, and Y444 A. Most of the residues iden-
tified by our analysis are located near the GTPase head (Fig. S2,
A and B). Notably, M435 is equivalent to M408 in ATLI,
which, when mutated, is associated with hereditary spastic
paraplegia (Zhu et al., 2003), though the mutations have been
reported to have only modest effects on the GTPase activity of

ATL1 (Bian et al., 2011; Byrnes and Sondermann, 2011). Also,
E380 is equivalent to residue E328 in the Drosophila homo-
logue, whose charge reversal inhibits the in vitro liposome fu-
sion reaction by 75% (Bian et al., 2011).

ER network morphology after replacement with the various
ATL2 proteins appeared somewhat distinct, not only from one
another but also from the morphology seen after knockdown. The
exception was ATL2Amiddle, whose network morphology was
similar to the knockdown. The significance of these differences
is unclear but may reflect a differing ability of each variant to
engage in the ATL?2 reaction cycle, with ATL2Amiddle being
the least functional. Many of the single alanine substitutions
that blocked ER network branching were in highly conserved

Atlastin-mediated ER network branching
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Figure 2. View of required ATL2 residues in the prefusion and postfusion conformer. Required residues identified by knockdown replacement (Fig. 1) are
shown in cartoon and stick form. The Protein Data Bank coordinates for the prefusion (3QOF) and postfusion (3QNU) ATL1 conformers were downloaded
from the RCSB Protein Data Bank database (Bian et al., 2011) and rendered in PyMOL (Delano Scientific LLC). One subunit is green, and the other is blue.
Bound GDP is highlighted in sticks. (A) The location of the three categories of required residues in both pre- and postfusion dimer conformers are boxed
and numbered (1-3). (B) A close-up view of the required residues boxed (1-3) in A. Key residues are numbered by their position in the ATL2 sequence and
shown in stick form. See the Results under Middle domain mutations fall into three classes for details.

residues (Fig. S2 A), though substitution of at least one conserved
residue, E454, had no apparent effect (Fig. 1, A and B). Less con-
served or nonconserved surface residues, such as Q447 and S431,
respectively, could also be substituted (Fig. 1, A and B).

Finally, many of the nonfunctional ATL2 variants, when
expressed at high levels, exerted a dominant-negative effect on
ER morphology that could be observed even in the presence of
endogenous ATL2/3 (Fig. S2 C). To avoid the potentially com-
plicating effects of such high level expression, only cells ex-
pressing each variant below a predetermined threshold level
were included for quantification of functional replacement (see
Materials and methods).

Middle domain mutations fall into

three classes

The two dimer crystal forms of ATL1 (Bian et al., 2011; Byrnes
and Sondermann, 2011) allowed us to analyze the positions of
our mutations. Because ATL2 is 73% identical to ATL1 in its
cytoplasmic domain, its overall fold is likely very similar to
ATL1 with only minor differences in the precise placement of
the backbone and side chains. To aid in the analysis, compu-
tational models for ATL2 in both the pre- and postfusion con-
formation were derived based on the ATLI structures (Pieper
et al., 2011). Inspection revealed that the required residues fall
into three categories (Fig. 2, A and B). The first category con-
sists of L384, Y444, and F440 (Fig. 2, A and B, box 1). These
residues pack together near the surface of the middle domain in
the prefusion conformer, and the packing interactions remain
relatively unchanged in the postfusion conformer. The second
category consists of K433 and M435 (Fig. 2, A and B, box 2).
These residues are in a loop connecting two helices (a8 and
a9) of the middle domain. In the prefusion conformer, K433
and M435 contact residues within the head domain of the same

JCB « VOLUME 185 « NUMBER 4 « 2011

monomer. In the postfusion conformer, K433 and M435 alter
their contacts to residues in the head domain of the opposing
monomer. The third and final category, consisting of E380 and
K372, was of particular interest, as it pointed to residues ap-
pearing to make substantial contacts only in the postfusion con-
former (Fig. 2, A and B, box 3). In the prefusion conformer,
the nonpolar portion of the E380 side chain may be involved
in a set of middle domain packing interactions, and K372
exhibits no obvious contacts. Significantly, K372 is immediately
adjacent to the point of 90° rotation that converts the prefusion
dimer to the postfusion dimer conformer, and in the postfusion
conformer, it becomes involved in a salt bridge with E380.

A salt bridge specific to the postfusion
dimer is required for ATL2 activity

To test the functional significance of the K372-E380 salt bridge
seen in the postfusion structure, we first examined the effect of
charge reversal of either residue on the ER network branching
function of ATL2. For this, two new variants, ATL2 K372E
and ATL2 E380R, were generated. Each variant was stably
expressed, but neither functioned in ER network branching
(Fig. 3, A and B), confirming the importance of the respective
charges at the two positions. Indeed, at high expression levels,
both variants exerted a dominant-negative phenotype such that
an abnormal network branching pattern was seen even in the
presence of endogenous ATL2/3 (Fig. 3 C). Notably, although
K372 and E380 are each seen to make an additional polar con-
tact in the postfusion dimer structure with E275 and Q376,
respectively, neither charge reversal of E275 nor alanine sub-
stitution of Q376 interfered with ATL2 function (Fig. 3, A-C).
Thus, the latter contacts appear dispensable. Finally, to test whether
the inability of ATL2 E380R and ATL2 K372E to function
might indeed be caused by their inability to form a salt bridge,
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Figure 3. The K372-E380 salt bridge is required for ATL2 function. (A) Cells transfected with the indicated HA-ATL2 variants were treated 48 h later with
siRNAs against ATL2 and ATL3. 72 h after knockdown, cells were fixed and stained with antibodies against the HA epitope and viewed by confocal
microscopy. (B) Quantification of the fraction of cells expressing the indicated proteins that had the unbranched ER phenotype. Values represent the means
of three independent experiments + SD. *, P < 0.0005. (C) High level expression of the indicated nonfunctional HA-ATL2 variants also confers a dominant-
negative ER phenotype seen here even without ATL2/3 knockdown. Bars, 10 pm.

the double mutant variant ATL2 K372E,E380R was constructed.
We reasoned that combining the mutations in the same molecule
might serve a compensatory function, restoring electrostatic
attraction. Remarkably, this variant functioned indistinguishably
from wild-type ATL2 in ER network branching (Fig. 3, A and B)
and exhibited no dominant-negative phenotype (Fig. 3 C). Thus,
the salt bridge between K372 and E380, specific to the postfusion
conformer, is required for ATL2 function.

Because the K372-E380 contact is specific to the postfusion
dimer conformer, we anticipated that the most upstream steps
of the proposed ATL reaction cycle, namely GTP binding, for-
mation of the prefusion dimer, and nucleotide hydrolysis, would

all be normal in the single charge reversal mutants. To assess
the biochemical properties of the mutant proteins, the soluble
cytoplasmic domain of the relevant ATL2 variants—wild type,
K372E, E380R, and the double mutant as well as the nucleotide
binding—deficient K107A—were expressed, purified, and sub-
jected to GTP hydrolysis assays.

Members of the dynamin superfamily of large GTPases
possess a core GTPase domain with a globular fold similar
to that of Ras and other small GTPases (Prakash et al., 2000;
Niemann et al., 2001), but their biochemical properties differ
in significant ways. In contrast to Ras superfamily small GTP-
ases that require guanine nucleotide exchange factors for GTP
loading because of their high, subnanomolar nucleotide affinity
(Neal et al., 1988), dynamin-related GTPases have a rela-
tively low affinity for nucleotides (Song and Schmid, 2003).

Atlastin-mediated ER network branching
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Figure 4. The K372-E380 salt bridge is not required for either nucleotide binding or hydrolysis. (A) 1 pM of the purified cytoplasmic domains (ATL2
1-467) of the indicated proteins were incubated with 5 pM (circles), 10 pM (squares), or 20 pM (triangles) GTP and assayed for phosphate release at the
indicated times. Each point represents the means of two independent measurements. (B) A Lineweaver-Burk plot based on initial velocities from A was used
to extract the Ky of the indicated ATL2 proteins for GTP. (C) The indicated concentrations of wild-type ATL2 were incubated with 0.2 mM GTP followed
by assaying for phosphate release. (D) 0.3, 0.6, or 1.25 pM of the indicated ATL2 variants was incubated with 0.2 mM GTP followed by an assay for
phosphate release. Values represent the means of three independent measurements + SD. v, initial velocity.

To assess nucleotide binding by ATL2 and how the K372-E380
salt bridge might influence it, the ability of each variant to bind
and hydrolyze GTP was measured over a range of substrate con-
centrations (Fig. 4 A). When analyzed using a linearized form of
the Michaelis—Menton equation (Fig. 4 B), wild-type ATL2 had
an expected relatively high apparent Michaelis constant (Ky,)
for GTP of 34 uM, well within the range of the 10-100-uM
Ky exhibited by other dynamin-related GTPases (Song and
Schmid, 2003; Song et al., 2004). Under these conditions,
K372E, E380R, and the double mutant ATL2 each exhibited a
Ky for GTP close to that of wild-type ATL2: 38, 35, and 44 uM
for K372E, E380R, and the double mutant, respectively (Fig. 4,
A and B). Therefore, the inability to form the K372-E380 con-
tact appeared to have little impact on nucleotide binding.
Dynamin-related GTPases are also distinguished from Ras
superfamily GTPases by their relatively high intrinsic catalytic
activity, which renders them independent of an external GTPase-
activating protein (Song and Schmid, 2003). In the case of
dynamin, self-assembly into higher order oligomers further
stimulates hydrolysis by as much as 100-fold, in a manner de-
pendent on its associated GTPase effector domain (Stowell et al.,

JCB « VOLUME 195 « NUMBER 4 « 2011

1999; Song and Schmid, 2003). Other dynamin-related GTPases,
such as GBP1, have intrinsic GTPase activity but do not undergo
higher order assembly (Prakash et al., 2000). Consequently, these
GTPases do not exhibit the dramatic assembly stimulated in-
crease in activity that is observed for dynamin. Nevertheless, the
basal GTPase activity of full-length GBP1 is stimulated three- to
fivefold upon dimer formation, with a dimerization constant of
0.4 uM (Prakash et al., 2000; Ghosh et al., 2006). Notably, dimer-
induced stimulation of GBP1 catalytic activity is observed even
for truncated molecules retaining only the GTPase head domain,
implying that stimulation by dimer formation requires only the
head to head binding interface (Ghosh et al., 2000).

To assess the extent to which the ATL2 GTPase is stimu-
lated by dimer formation, the ability of the wild-type ATL2 sol-
uble domain to hydrolyze GTP was measured at saturated GTP
concentrations under initial velocity conditions (Fig. S3 A)
over a range of protein concentrations. As anticipated, the cata-
lytic rate constant, k., was stimulated approximately twofold
with an apparent dimerization constant of ~0.2 uM (Fig. 4 C),
presumably caused by enhancement of GTP binding by formation
of the head to head dimer. ks began to level off at 0.3-0.5 uM

620z Jequiede( z0 uo 3senb Aq 4pd'900501 L0Z A0l/6SE0.LS L/S09/7/56 L 4Pd-8lone/qol/Bio sseidny//:dpy woly pepeojumoq


http://www.jcb.org/cgi/content/full/jcb.201105006/DC1

; dimer monomer
nucleotide —
-72 kD
- - —ee—-
id -72 kD
wi
type GDP ‘“
-72 kD
GMPPNP _.. = &
-72 kD
- TTee=
K372E 72 kD
GMPPNP - —oe
-72 kD
’ -8~
E380R L 72 kD
GMPPNP =8= ..:
=72 kD
K372E, } -8
E380R 72 kD
GMPPNP | iR
. 55 kD

Figure 5. The K372-E380 contact is required for GMPPNP-dependent stable dimer formation. The purified cytoplasmic domains of the indicated ATL2
variants (30 pM) were incubated with no nucleotide (—), 5 mM GDP, or 2 mM GMPPNP for 30 min at RT. Thereafter, samples were resolved on a Super-
dex 200 column. The Coomassie-stained proteins (~60 kD) present in monomer (~70 kD) and dimer peak (~150 kD) positions from each column run
are shown after SDS-PAGE. Also shown is a surface rendering of pre- and postfusion dimer conformers with K372 and E380 highlighted in blue and red,
respectively. Models were drawn in PyMOL from Protein Data Bank no. 3QOF and 3QNU.

ATL2, suggesting that ATL2 was largely dimeric above this
concentration. No further stimulation of the GTPase activity
was observed, even at concentrations as high as 30 uM ATL?2
(Fig. S3 B), consistent with a lack of higher order assembly
under these conditions. Next, to determine the impact of the
K372-E380 salt bridge on catalytic activity, the ability of both
wild-type and mutant variants to hydrolyze GTP was measured
over a range of protein concentrations at which the wild-type
protein was expected to be dimeric. ks for wild-type ATL2 was
~6 min~', consistent with previous measurements for ATL1
(Bianetal.,2011; Byrnes and Sondermann, 2011), and it did not
vary significantly between 0.3 and 1.25 uM ATL2 (Fig. 4 D).
As expected, the nucleotide binding—deficient K107A ATL?2
exhibited only low activity, with a ko, of ~0.6 min~!. Under
these conditions, k,,, for K372E and E380R ATL?2, as well as
the double mutant variant, was indistinguishable from that of
the wild type. Therefore, the ability of ATL2 to bind GTP and
form a head to head dimer as well as hydrolyze GTP does not
appear to depend on the K372-E380 salt bridge.

The K372-E380 ionic contact is required
for stable dimer formation

The undiminished ability of K372E ATL2 and E380R ATL2
to bind and hydrolyze GTP suggested that prefusion (head to

head) dimer formation was normal. Formation of a GMPPNP-
dependent dimer, as detected by size exclusion chromatogra-
phy (SEC), has been suggested previously by others to reflect
formation of the GTP-bound prefusion state (Bian et al., 2011;
Byrnes and Sondermann, 2011). Therefore, we next subjected
each variant to SEC analysis.

Consistent with previous studies (Bian et al., 2011;
Byrnes and Sondermann, 2011), the soluble domain of wild-
type ATL2 formed dimers in the presence, but not in the
absence, of GMPPNP (Fig. 5). No ATL2 dimerization was
observed with GDP, consistent with previous studies for
ATL1 (Byrnes and Sondermann, 2011; Moss et al., 2011),
though contrasting with another (Bian et al., 2011). Also as
expected, stable dimer formation was diminished for the nu-
cleotide binding—deficient ATL2 K107 (Fig. S4). Under these
conditions, both ATL2 K372E and ATL2 E380R were ex-
pected to form stable dimers. To our surprise, the level of
ATL2 K372E and ATL2 E380R in the dimer fractions was
negligible, regardless of whether they had been incubated
with GMPPNP (Fig. 5). Remarkably, however, the compen-
satory charge reversal mutation in ATL2 K372E,E380R fully
restored GMPPNP-dependent dimer formation. Thus, in con-
trast to expectations, the K372-E380 salt bridge is required to
form a stable GMPPNP dimer.
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The soluble domain of ATL2 adopts

the postfusion conformation in the
GMPPNP-bound (GTP bound) state

The inability of ATL2 K372E and ATL2 E380R to form the
GMPPNP-dependent solution dimer raised the possibility that
the GMPPNP solution dimer actually corresponds to the post-
fusion, rather than prefusion conformer. The implications of
this hypothesis are significant, as it would imply that the ATL2
soluble domain achieves the postfusion conformation in the
GTP-bound state, not requiring nucleotide hydrolysis. To test
this possibility, we used two independent means to probe the
conformational state of ATL2 in the presence of various nu-
cleotide analogues.

First, we attempted to visualize the GMPPNP-bound
ATL2 solution dimer by single-particle EM of negatively
stained samples. EM images of GMPPNP-bound ATL2 par-
ticles were processed, and a total of 571 individual particle
images were boxed manually, band-pass filtered, and aligned
with respect to their center of mass. To test whether
GMPPNP-bound ATL2 adopts the prefusion or postfusion
conformation, two 3D density maps from the same set of
particle images were reconstructed using two different initial
reference maps calculated from the atomic models of the
prefusion (Protein Data Bank accession no. 3QOF) and post-
fusion (Protein Data Bank accession no. 3QNU) ATLI con-
formers (shown in Fig. 2 A). The resulting 3D maps resembled
the postfusion conformation more than the prefusion one
(Fig. S5). Cross-correlation values between the final density
maps and their respective initial references were 0.293 for
the prefusion map and 0.425 for the postfusion map, indicat-
ing that the GMPPNP-bound ATL2 dimer more likely adopts
the postfusion configuration.

The second method was cross-linking. Bismaleimidoeth-
ane (BMOKE) is a short bifunctional sulthydryl cross-linker ca-
pable of conjugating two cysteine residues to one another if
they lie in close enough (~10 A) proximity. ATL2 has three
surface-exposed cysteines. Two are in the head (C59 and C144)
and one is in the middle domain (C395). Of these, only the mid-
dle domain C395 residue is in a position to mediate cross-link-
ing of one monomer to the other to form a covalently conjugated
dimer. Importantly, C395-mediated dimer conjugation is pre-
dicted to occur in the postfusion state but not in the prefusion
state (Fig. 6 A). This is because the C395 residues of the two
monomers are <20 A apart in the postfusion dimer, but they are
>100 A apart in the prefusion dimer. In contrast to C395, the
other two cysteines in the head are too far apart, >50 A, in either
dimer configuration. Nevertheless, they may mediate cross-
linking within the monomer, likely leading to the slightly more
rapidly migrating species of the monomer seen even in the
absence of nucleotide. Significantly, cross-linker—dependent
dimer conjugation was observed only in the presence of GMPPNP
(Fig. 6 B). Dimer formation was not observed in the absence of
nucleotide or in the presence of GDP or GTP, indicating that the
postfusion conformation is specific to the GMPPNP-bound (or
GTP bound) state. Presumably, postfusion dimer formation also
occurs transiently with bound GTP, but subsequent hydrolysis
returns it to the monomer state. As a control to confirm that the
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GMPPNP dimer is cross-linked through the middle domain
C395 residue, an ATL2 variant lacking the C395 sulthydryl
(ATL2 C395N) was tested. As predicted, it failed to form di-
mers either in the presence or absence of GMPPNP. To further
validate our assay for postfusion dimer formation, ATL2 K372E
and ATL2 E380R were each subjected to the same assay. As
predicted by their behavior in SEC, neither of the single mutant
variants formed the GMPPNP-dependent cross-linked dimer,
whereas the compensatory double mutation restored dimer for-
mation (Fig. 6 C). These results argue that the soluble domain
of ATL?2 adopts the postfusion conformation exclusively in the
GMPPNP-bound (or GTP bound) state. Moreover, although
nucleotide hydrolysis is dispensable for achieving the post-
fusion state, at least for the soluble domain, formation of the
K372-E380 salt bridge is not.

Discussion

Our findings reveal an intramolecular salt bridge required for
the ER network branching function of ATL2. The importance
of the K372-E380 ionic interaction for ATL2 function is likely
caused by its stabilization of the postfusion dimer conforma-
tion. This might seem surprising given that the charge interac-
tion occurs intramolecularly, within each monomer subunit of
the dimer. Based on the position of the salt bridge in the context
of the postfusion dimer, we speculate that the ionic contact con-
strains the linker in a kinked conformation relative to the head
and middle domains. In so doing, it may serve to position M374
and L375, two intervening nonpolar residues that need to pack
extensively against the opposing head, to form the postfusion
conformation. In the absence of the salt bridge, the linker may
be rendered too flexible, reducing the ability of M374 and L375
to pack effectively.

Previous observations are consistent with the K372-E380
salt bridge being required for ATL-catalyzed membrane fusion.
A Drosophila ATL variant bearing a mutation equivalent to
E380R is significantly reduced in its ability to catalyze lipo-
some fusion (Bian et al., 2011), though neither its GTPase ac-
tivity nor its ability to dimerize has been reported. In addition, a
Drosophila variant with a mutation equivalent to K372E lacks
fusion activity (Bian et al., 2011). Thus, the opposing charge
carried by the two residues appears functionally important.
Whether the salt bridge, per se, is required for fusion activity
remains to be determined. But based on the cumulative evidence,
it seems likely that the ability of the two residues to engage in a
salt bridge will be required for stabilizing the postfusion dimer
and hence for membrane fusion, even in the more distantly re-
lated organism.

Our finding that the ATL2 soluble domain can achieve the
postfusion conformation in the GMPPNP (or GTP)-bound state
without nucleotide hydrolysis contrasts with the conclusions
from an earlier study. In that study, biochemical analyses per-
formed on the ATL1 soluble domain were used to arrive at the
opposite conclusion: that ATL1 adopts the prefusion conforma-
tion in the GTP-bound state and the postfusion conformation in
the GDP-bound state (Bian et al., 2011). This has contributed,
at least in part, to the current model for ATL proposing that
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Figure 6. GTP hydrolysis is not required for the prefusion to postfusion conformational change. (A) Location of the C395 residue in ATL2 used to report on
the postfusion conformation. The C395 side chain in ATL2 is highlighted as spheres in both pre- and postfusion ATL1 dimer structures rendered as detailed
in Fig. 2. (B) The purified cytoplasmic domain of wild-type or C395N ATL2 (20 pM) was incubated in the presence or absence of the indicated nucleotides
for 30 min at RT. Thereafter, samples were diluted, further incubated with or without BMOE for 1 h at RT, resolved by SDS-PAGE, and stained with
Coomassie blue. The positions of non—cross-linked monomer and covalently cross-linked dimer ATL2 are indicated by single and double asterisks, respec-
tively. The open circle indicates the position of ATL2 likely to have cysteine modifications not leading to dimer formation. (C) The purified cytoplasmic
domains of the indicated ATL2 variants were subjected to the assay as described in B. Molecular masses are given in kilodaltons.

the prefusion to postfusion conformational change is directly
coupled to GTP hydrolysis and P; release. The reasons for the
conflicting results and conclusions remain unclear, and further
work will be needed to resolve the discrepancy. Nevertheless,
the results presented herein clearly indicate that GTP binding,
in the absence of hydrolysis, is sufficient to induce the pre-
fusion to postfusion conformational change, at least for the
ATL2 soluble domain.

As shown previously for GBP1 (Prakash et al., 2000;
Ghosh et al., 2006), we observed a modest concentration-
dependent stimulation of the ATL2 soluble domain GTPase
activity in the submicromolar range. By analogy to GBP1, this
is likely caused by enhancement of GTP binding by formation
of the head to head dimer. As the K372-E380 salt bridge is not
present in the crystal structure of the initial nucleotide-bound
prefusion dimer (Bian et al., 2011; Byrnes and Sondermann,
2011), mutations hindering formation of the salt bridge would
not be predicted to impair the initial dimer-induced stimulation
of GTP binding and hydrolysis. As expected, neither the K372E
nor E380R mutant variants were diminished in their ability to
bind or hydrolyze GTP. This result underscores the specificity
of the defect in the K372E and E380R mutant ATL2 variants:

they are likely able to form the initial head to head contact and
bind GTP as well as the wild-type protein, yet they fail to transi-
tion to the postfusion conformation.

Our observation that GTP hydrolysis is neither required
for, nor dependent on, formation of the postfusion conformation
is somewhat surprising. It will be important to determine
whether this behavior of the soluble domain reflects that of the
full-length molecule in membranes. Finally, the interpretation
of our findings with respect to the role of GTP hydrolysis in the
ATL fusion mechanism also needs to be tempered by the un-
certainty of whether the behavior of the ATL2 soluble domain,
observed herein, reflects the behavior of the full-length, mem-
brane-anchored protein. A possibility deserving of consider-
ation is that membrane-anchored ATL is more conformationally
constrained than its soluble counterpart. That is, whereas the
soluble domain is sufficiently flexible to adopt the postfusion
conformation when restricted to the GTP-bound state, mem-
brane-anchored ATL may require an additional input of energy,
provided perhaps by the hydrolysis of GTP within the prefusion
dimer. A requirement for nucleotide hydrolysis for formation
of the membrane-anchored postfusion dimer would serve to
explain the requirement for GTP hydrolysis in ATL-catalyzed
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liposome fusion (Orso et al., 2009). On the other hand, this sce-
nario depends on the membrane-anchored prefusion dimer
being compatible with the GTP-bound state and the postfusion
dimer being compatible with the GDP-bound state. This seems
counterintuitive, given that the postfusion conformation of
the soluble domain is clearly compatible with the GMPPNP
(or GTP)-bound state but most likely not with the GDP-bound
state (Fig. 6 B).

An alternative possibility is that the behavior of the solu-
ble domain does indeed reflect the behavior of the membrane-
anchored full-length protein. In the latter scenario, we would
propose that nucleotide hydrolysis is not directly coupled to
the prefusion to postfusion conformational change but rather
that the energy released from hydrolysis is harnessed to drive
another discrete step in the ATL reaction cycle. Whatever the
identity of that hydrolysis-dependent step, it should explain the
observed requirement for GTP hydrolysis in the in vitro fusion
assay (Orso et al., 2009). Further work to determine the confor-
mational states of GTP- and GDP-bound membrane-anchored
ATL2, as well as the impact of the salt bridge identified herein
on the catalytic properties of full-length and membrane-anchored
ATL2, promises to more clearly delineate the role of nucleotide
hydrolysis in the ATL2 mechanism.

Materials and methods

Cells, constructs, antibodies, and reagents

All experiments were conducted on Hela cells maintained at 37°C in a 5%
CO; incubator in MEM (Sigma-Aldrich) and 10% FBS (Atlanta Biologicals)
with 1% penicillin/streptomycin (Thermo Fisher Scientific). The N-terminally
HAtagged ATL2 isoform 2 construct was contributed by C. Blackstone
(National Institutes of Health, Bethesda, MD). All ATL2 variant constructs
were generated by PCR-mediated site-directed mutagenesis (QuikChange;
Agilent Technologies). The siRNA-immune HA-ATL2 construct was gener-
ated using QuikChange to replace the 21 nucleotides targeted by the ATL2
siRNA 5-GGAGCTATCCTTATGAACATTCATA-3' with 5-GGAGCTATCC-
GTACGAACACTCATA-3'. N-erminally Myctagged PRA2 and DP1 con-
structs were generated by PCR amplification of a Hela <DNA library and
cloning into the pCS2 Myc vector at the EcoRl and Xbal sites and the Xbal
site, respectively. All constructs used herein were fully verified by sequenc-
ing (Genewiz). An mAb used to detect protein disulfide isomerase (Abcam)
and the HA epitope (Sigma-Aldrich) were purchased, and the 9E10 mAb
was used to defect the Myc epitope. The rhodamine anti-mouse secondary
antibody was also purchased (Invitrogen). GTP, GDP, and GMPPNP were
purchased (Sigma-Aldrich), reconstituted to 100 mM stocks in 10 mM Tris,
pH 8.0, and 1 mM EDTA, and stored at —80°C.

Knockdown replacement assay

Cells plated on 60-mm culture dishes were transfected with ~5 pg of the
indicated HA-ATL2 replacement constructs using transfection reagent (jet-
PEI; VWR). Myctagged PRA2 and Myctagged DP1, both ER-localized
proteins, served as negative controls. Neither affected either the percent-
age of cells showing the unbranched ER phenotype or the extent of loss of
network branching relative to siRNA treatment alone. 24 h after DNA
transfection, cells were trypsinized and replated onto 12-mm glass cover-
slips in a 24-well plate. siRNA treatment targeting both ATL2 and ATL3
was performed the next day using transfection reagent (Oligofectamine;
Invitrogen) according to manufacturer’s recommendations. The ATL2 (#1)
and ATL3 (#2) siRNAs were identical in sequence to those previously pub-
lished (Rismanchi et al., 2008). 72 h after knockdown, cells were fixed in
ice-cold methanol and processed for immunofluorescence. In brief, primary
(1 h at RT) and secondary (30 min at RT) antibody incubations were per-
formed in a blocking solution consisting of PBS + 2.5% calf serum + 0.1%
Triton X-100, and washes were with 5x 1 ml PBS. All images were ob-
tained using a spinning-disk confocal scanhead (Yokagawa; PerkinElmer)
mounted on a microscope (Axiovert 200; Carl Zeiss) with a 100x 1.4 NA
objective (Carl Zeiss) and acquired using a 12-bit camera (ORCA-ER;
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Hamamatsu Photonics). Maximal value projections of sections at 0.2-pm
spacing (approximately six per cell) were acquired using Imaging Suite
software (PerkinElmer) and imported as 8-bit images info Photoshop
(Adobe). Quantification of functional replacement was performed manu-
ally on a wideield fluorescence microscope (Axioplan; Carl Zeiss) with a
40x 1.4 NA objective. Images were acquired using a 12-bit camera
(ORCA-ER) and QED software (Media Cybernetics). For quantification of
functional replacement, the fraction of cells expressing the indicated
HA-ATL2 that showed a loss of ER network branching (among >100 cells
per experiment) was counted. Some of the HA-ATL2 variants, when ex-
pressed at high levels, exhibited a dominant-negative ER phenotype (even
without ATL knockdown). For these variants, a threshold level of HA-ATL2
immunofluorescence below which expression of the replacement construct
alone did not confer an ER phenotype was determined. Quantification of
functional replacement was then restricted to those cells expressing the
HA-ATL2 variant below the predetermined threshold.

Protein expression and purification

The 6His-tagged cytoplasmic domain of ATL2 was generated using PCR
amplification of nucleotides encoding amino acids 1-467 from HA-ATL2
and cloned into the pRSETB vector at Nhel and EcoRl sites. Variants were
generated using QuikChange mutagenesis and sequence verified. Protein
expression was induced with 0.5 mM IPTG in BL21(DE3)plysS cells at
23°C for 16 h, and purification used standard protocols for purification of
6Histagged proteins on Ni*2 agarose beads (QIAGEN). Proteins, eluted in
50 mM Tris, pH 8.0, 250 mM imidazole, 100 mM NaCl, 5 mM MgCl,,
and 10% glycerol, were typically 8-24 mg/ml, >95% pure, flash frozen in
liquid N, and stored at —80°C.

GTPase assay

Purified 6His-ATL2 variant proteins, dialyzed into SEC and precleared by
centrifugation in a rotor (TLA-100; Beckman Coulter) at 100,000 rpm for
15 min, were diluted to various concentrations in the same buffer. GTP at the
indicated concentrations was added to the protein and incubated at 37°C
for varying times. After quenching with 5 mM EDTA, 160 pl of each reaction
was then added to 40 pl malachite green phosphate assay reagent (Accu-
rate Chemical & Scientific Corp.) in a 96-well transparent flatbottomed dish
(Costar; Thermo Fisher Scientific) and developed for 10 min at 25°C before
measuring the absorbance at 650 nm. Phosphate release was calculated
using a standard curve according to the manufacturer’s instructions.

Ky and k., determinations

1 pM dialyzed and precleared 6His-ATL2 variant proteins were incubated
with 5, 10, or 20 pM GTP at 37°C for varying times, quenched, and
assayed for phosphate release (see previous paragraph). Initial velocities for
each ATL2 variant were plotted against substrate concentration on a double
reciprocal scatter plot, and the K, for each ATL2 variant was extracted from
the x intercept of its bestfit line (R? = 0.99 — 1; x intercept = —1/Kj). For
kobs determinations at differing protein concentrations, varying concentra-
tions of 6His-ATL2 variants were incubated with 0.2 mM GTP (determined to
be saturating for <2 yM ATL2) for 5 min at 37°C. During this time, product
formation was predetermined to be linear with time. Samples were quenched
and assayed for phosphate release (see previous paragraph). When assay-
ing GTPase activity at high concentrations (3 and 30 pM ATL2), GTP was
added at 1T mM in the reaction and incubated for 1 min at 37°C. Thereafter,
samples were diluted 10-fold before assaying for phosphate release.

SEC

Purified 6His-ATL2 variant proteins, dialyzed into SEC buffer + 0.5 mM DTT
and precleared by centrifugation in a rotor (TLA-100) at 100,000 rpm for
15 min, were diluted to 10 or 30 pM and incubated with or without 2 mM
GMPPNP for 30 min at RT. 100 pl of each sample was then injected onto a
fast protein liquid chromatography column (Superdex 200; GE Healthcare)
preequilibrated in SEC buffer + 0.5 mM DTT and separated at a flow rate of
0.5 ml/min at 4°C. 0.5-ml fractions within the included volume of 24 ml
were collected, precipitated with TCA using 0.5% Triton X-100 as a carrier,
resuspended in reducing sample buffer, resolved by SDS-PAGE, and stained
using Coomassie blue. Where indicated, wild-type ATL2 was incubated with
5 mM GDP for 30 min at RT and resolved on the same column, except that
1 mM GDP was also included in the column buffer.

Cross-linking

Purified 6His-ATL2 variant proteins were dialyzed into SEC buffer, pH 7.0,
at 4°C and precleared by centrifugation in a rotor (TLA-100) at 100,000
rpm for 15 min. 20 pM of each protein was incubated at RT in SEC buffer,
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pH 7.0, in the absence or presence of 2 mM GMPPNP, GDP, or GTP. After
30 min at RT, the reaction was diluted fivefold into SEC (to 4 yM ATL2) in
the absence or presence of 12 pM BMOE (Thermo Fisher Scientific) and
incubated for 1 h at RT. Samples were then quenched with 20 mM DTT for
15 min, mixed with reducing sample buffer, and resolved by SDS-PAGE.

EM

20 pM purified 6His-ATL2 in buffer containing 25 mM Tris-HCI, pH 7.5.
100 mM NaCl, 5 mM MgCl,, 2 mM EGTA, 5% glycerol, and 0.5 mM DTT
was diluted twofold in the same buffer without glycerol in the presence
of 1 mM GMPPNP. After 30 min at RT, the reaction mixture was further
diluted 30-fold into the same buffer and immediately applied onto glow-
charged thin carbon foil grids, blotted with a filter paper, and stained with
a 2% solution of uranyl acetate in water. The grids were examined at 120
kV with an electron microscope (Tecnai 12; FEl). Inages were recorded
with @ 2,000 x 2,000 charge-coupled device camera (UltraScanT 1000;
Gatan, Inc.) at @ nominal magnification of 52,000.

Image processing and model docking

EM images were processed using the EMAN image analysis software
(National Center for Macromolecular Imaging; Ludtke et al., 1999; Tang
et al., 2007). Individual particles were boxed manually with 80 x 80 pix-
els (2.17 A/pixel), normalized, and combined fo yield one raw image
stack file. A total of 571 individual particle images were collected, band-
pass filtered, and aligned with respect to their center of mass. To test the
likelihood of the conformations that the ATL GTPase could adopt, two simu-
lated 3D density maps were computed with Chimera (version 3; University
of California, San Francisco) from the atomic models of two conformers
(shown in Fig.6 A), prefusion (Protein Data Bank accession no. 3QOF) and
postfusion (Protein Data Bank accession no. 3QNU). These two density
maps were then used as initial references for the reference-based projec-
tion matching of the particle images followed by the reconstruction of parti-
cle images in EMAN2. The iterative refinement cycles were ended when
the calculated Fourier shell correlation between the 3D models generated
in two consecutive iferations showed no further improvement. This indi-
cated that the 3D reconstruction was converging fo a stable optimum, and
the final 3D density maps were calculated. For model docking, the atomic
models of prefusion and postfusion were fitted info the reconstructed EM
density map using the feature Fit model in map implemented in Chimera.
Cross-correlation values between the final density maps and the simulated
3D density maps from two conformers were calculated. The value was
0.293 for the prefusion conformer and 0.425 for the postfusion conformer,
with 55% volume included.

Online supplemental material

Fig. S1 shows that RNAi-mediated depletion of both ATL2 and ATL3 leads
to a reduction of ER network branch points in Hela cells. Fig. S2 shows
that the middle domain ATL2 residues required for function lie near the
GTPase head. Fig. S3 shows that the linearity of GTPase assay and ATL2
GTPase activity are not further stimulated at high ATL2 concentrations.
Fig. S4 shows that stable formation of ATL2 soluble domain dimers depends
on GTP binding. Fig. S5 shows an EM analysis of the GMPPNP-bound
ATL2 solution dimer, indicating that the soluble domain of ATL2 is more
likely to adopt the postfusion dimer conformation when it is bound to
GMPPNP. Online supplemental material is available at http://www.jcb
.org/cgi/content/full/jcb.201105006/DCT1.
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