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Tail-anchored (TA) membrane proteins are involved in a variety of
important cellular functions, including membrane fusion, protein
translocation, and apoptosis. The ATPase Get3 (Asna1, TRC40) was
identified recently as the endoplasmic reticulum targeting factor of
TA proteins. Get3 consists of an ATPase and ␣-helical subdomain
enriched in methionine and glycine residues. We present structural
and biochemical analyses of Get3 alone as well as in complex with a
TA protein, ribosome-associated membrane protein 4 (Ramp4). The
ATPase domains form an extensive dimer interface that encloses 2
nucleotides in a head-to-head orientation and a zinc ion. Amide
proton exchange mass spectrometry shows that the ␣-helical subdomain of Get3 displays considerable flexibility in solution and maps the
TA protein-binding site to the ␣-helical subdomain. The non-hydrolyzable ATP analogue AMPPNP-Mg2ⴙ- and ADP-Mg2ⴙ-bound crystal
structures representing the pre- and posthydrolysis states are both in
a closed form. In the absence of a TA protein cargo, ATP hydrolysis
does not seem to be possible. Comparison with the ADP䡠AlF4ⴚ-bound
structure representing the transition state (Mateja A, et al. (2009)
Nature 461:361–366) indicates how the presence of a TA protein is
communicated to the ATP-binding site. In vitro membrane insertion
studies show that recombinant Get3 inserts Ramp4 in a nucleotideand receptor-dependent manner. Although ATP hydrolysis is not
required for Ramp4 insertion per se, it seems to be required for
efficient insertion. We postulate that ATP hydrolysis is needed to
release Get3 from its receptor. Taken together, our results provide
mechanistic insights into posttranslational targeting of TA membrane
proteins by Get3.
ATP-binding protein 兩 crystal structure 兩 Asna1/Trc40 兩 Get pathway 兩
posttranslational targeting

I

nsertion of proteins into the membrane of the endoplasmic
reticulum (ER) can proceed by different pathways (1–2). The best
understood one is the signal recognition particle (SRP)-dependent
pathway in which the N-terminal signal sequence as part of the
ribosome nascent chain complex is targeted to the ER membrane
and insertion through the Sec61 translocation channel proceeds
cotranslationally (3–5). Different pathways are used by tailanchored (TA) proteins that are anchored to the membrane by a
single C-terminal transmembrane domain (TMD) (6–8). They are
excluded from cotranslational targeting used by most membrane
proteins by the C-terminal position of their targeting signal. Members of this protein class are components of the ER translocation
site like Sec61␤ and the ribosome-associated membrane protein 4
(Ramp4), SNARE proteins involved in vesicular trafficking, or
apoptotic proteins of the Bcl2 family (7, 9–11). One pathway of
membrane insertion of TA proteins involves a highly conserved
ATPase, called Asna1 or TRC40 (10). Mammalian Asna1/TRC40
(12) shows sequence similarity to bacterial ArsA, the catalytic
subunit of the Escherichia coli arsenite resistance pump but has
evolved a different function. Asna1/TRC40, like its yeast homolog
Get3, associates in the cytosol with the TMD of TA proteins, targets
their cargos to the ER, and mediates insertion into the ER
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0910223106

membrane. Efficient membrane insertion was found to be ATPdependent (9, 10). In vivo analyses show that deletion of Get3 in
Saccharomyces cerevisiae is not lethal but is sensitive to heat and
metal stress (13, 14), whereas knockout of the Get3 homolog Asna1
in mice results in early embryonic lethality (15).
In addition to Get3, 4 other proteins of the Get pathway were
detected recently using genetic and physical interaction analysis.
It was shown that Get1 and Get2 together form a receptor at the
ER membrane (16), whereas Get4 and Get5 interact with Get3
in the cytosol to form the yeast TMD recognition complex (17).
In the absence of its receptor Get1/Get2, Get3-TA protein
complexes aggregate in the cytosol and delivery of TA proteins
to the ER fails (16). Thus, Get3 seems to function also as a
membrane protein chaperone that keeps TA proteins in an
insertion-competent state (18).
Up to now, the molecular mechanism of TA protein recognition
and binding by Get3 remained unclear. TA protein insertion is
regulated by ATP binding and hydrolysis in Get3. The sequence
similarities observed between Get3 and bacterial ArsA suggest that
they share a similar fold. ArsA is a member of the SRP, MinD, BioD
(SIMIBI) class of nucleotide-binding proteins, which is characterized by the formation of nucleotide-dependent dimers (19). The
SIMIBI class contains ATP- and GTP-binding proteins, and all
members contain insertions of different length in the nucleotidebinding domain (NBD) that are connected to the switch I and/or
switch II region. The crystal structures of ArsA show conformational changes related to the nucleotide load, which propagate to
the helical insertions that carry an arsenite-binding site (20, 21). In
the well-characterized SRP GTPases (22–24), a unique insertion in
the switch I region plays an essential regulatory role in the activation
of GTP hydrolysis during cotranslational protein targeting (25–28).
To understand the molecular mechanisms of Get3-directed TA
protein insertion, we determined the crystal structure of Get3 from
a thermophilic fungus in the non-hydrolyzable ATP analogue
AMPPNP-Mg2⫹- and ADP-Mg2⫹-bound states. Recently, two
reports on the crystal structure of Get3 were published (29, 30).
These studies showed the nucleotide-free and ADP structures of
Get3 in an open state and the ADP䡠AlF4⫺-bound structure in a
closed state. However, important intermediate states of the catalytic cycle of the Get3 ATPase were still missing. The two structures
determined in our study represent the pre- and posthydrolysis states
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Fig. 1. Overall structure of Get3. (A) AMPPNP-Mg2⫹-bound structure of C. therm. Get3. The dimer is in the closed state. N- and C-termini, the P-loop, swI, swII,
and the Zn ion and secondary structure elements mentioned in the text are labeled. Coloring of secondary structure elements is done in a ramp from blue
(N-terminus) to red (C-terminus). (B) ADP-Mg2⫹-bound structure of C. therm. Get3. The ␣-helical (green) and ATPase (blue) subdomains for the 2 chains are
colored in similar shades. (C) Overall changes in the ␣-helical subdomains in different nucleotide states. Monomeric Get3 is shown with AMPPNP-Mg2⫹ of C.
therm. (Left; same for ADP-Mg2⫹) and with ADP䡠AlF4⫺ of S. cerevisiae (Right; PDB code 2woj). The ␣-helical and ATPase subdomains are colored in green and
gray, respectively. In the AMPPNP-Mg2⫹-bound (and ADP-Mg2⫹-bound) states, the ␣-helical subdomains are only partially folded.

and complete the series of snapshots along the catalytic cycle of the
Get3 ATPase. We used amide hydrogen exchange mass spectrometry (HX-MS) (31, 32) to analyze the conformational dynamics of
Get3 in solution and to determine the TA-binding site. Furthermore, we performed in vitro membrane insertion studies and show
that TA protein insertion by Get3 depends on nucleotide and a
membrane receptor. ATP hydrolysis is not a prerequisite for TA
protein insertion per se but is required for efficient insertion into
the ER membrane. Taken together, our functional data and
comparisons of the pre- and posthydrolysis structures with the
transition state (29) allow us to propose a model for Get3-mediated
TA protein targeting.
Results and Discussion
Overall Structure of the Get3 Dimer. To understand the molecular

mechanism of Get3-dependent TA protein insertion, we aimed to
determine the crystal structure of Get3. We took advantage of the
thermophilic fungus Chaetomium thermophilum (C. therm.) and
cloned the get3 gene from this organism (see SI Text). C. therm.
Get3 shares 53% sequence identity and 71% similarity with Homo
sapiens Asna1 (49% and 66%, respectively, with S. cerevisiae Get3)
(Fig. S1). Using the ATPase domain of ArsA (PDB ID code 1f48)
as a search model, the AMPPNP-Mg2⫹- and ADP-Mg2⫹-bound
Get3 structures were solved by molecular replacement at resolutions of 3 and 3.5 Å, respectively. Crystallographic statistics are
given in Table S1. The asymmetric unit contains one Get3 homodimer with dimensions of 70 ⫻ 60 ⫻ 50 Å3 (Fig. 1 A and B),
which correlates with the dimer observed as the major form of Get3
in solution. The homodimer encloses a continuous interface of
1,275 Å2 of buried surface area in the AMPPNP-Mg2⫹-bound
structure (1,125 Å2 for the ATPase subdomain) and 1,241 Å2 in the
ADP-Mg2⫹-bound structure as calculated with PISA (33). Each
Get3 monomer consists of two domains, an ATPase and an
␣-helical subdomain. The C. therm. AMPPNP-Mg2⫹- and ADPMg2⫹-bound Get3 structures represent the pre- and posthydrolysis
states and are very similar overall (rmsd of 0.5 Å over 259 residues;
Fig. S2 A and D). In contrast to the ADP structure (30), the
additional presence of the Mg2⫹ ion leads to a closed structure that
involves a rotation of the two monomers toward each other similar
to ArsA (20), NifH (34), or the NBDs of ABC transporter proteins
(35, 36). Therefore, both structures show the Get3 dimer in a closed
state, as indicated by the close proximity of the two P-loops
[distances between Gly-36 are 4.1 Å in Get3 with AMPPNP-Mg2⫹
and 4.5 Å with ADP-Mg2⫹; 3.6 Å in Saccharomyces cerevisiae with
ADP䡠AlF4⫺ (29)]. The open state is indicated by longer distances
[e.g., 13.8 Å in ADP (30) and 16.9 Å in the Schizosaccharomyces
pombe apo form (29)]. The nucleotides are arranged head-to-head
2 of 6 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0910223106

in the dimer interface. The ATPase subdomains of the homodimer
are clamped together by a zinc ion, which is coordinated by two
conserved cysteine residues (C281 and C284) from helix ␣11 (Fig.
1 A and B and Fig. S2B). The presence of a zinc ion in heterologously expressed C. therm. Get3 was confirmed by several independent methods (Fig. S2B). The functional importance of the zinc
ion was recently demonstrated in yeast, because Get3 variants that
are not able to bind zinc are monomers and cannot complement
growth defects of a ⌬get3 yeast strain (37). The high conservation
of Get3 suggests a similar functional role of the zinc ion in C. therm.
Get3. The zinc ion might act as a hinge that allows opening and
closing of the dimer depending on cargo binding or on the nucleotide load, as proposed previously (29). In contrast, isolated NBDs
of ABC transporter proteins that are not held together by a metal
ion are typically monomers in the absence of nucleotide, whereas
in the full transporters, they stay associated as dimers independent
of the nucleotide (35).
Get3 shares the fold of the SIMIBI class of nucleotide-binding
proteins (19). Using the DALI server (38), the highest structural
similarities are found with ArsA [Fig. S2C; rmsd of 1.88 Å over 208
residues (20)], Soj (39), MinD (40), and NifH (34), followed by
other SIMIBI class members BioD (41) and the 3 SRP GTPases Ffh
(22), FtsY (23), and FlhF (24). The ␣-helical subdomain of Get3 is
composed mainly of 2 parts (helices ␣4–6 and ␣7–9), which are
inserted adjacent to the switch I and switch II regions (Fig. 1).
Although an ␣-helical subdomain is also present in NBDs of ABC
transporter proteins, the Get3 homologs contain an additional
insertion between helices ␣7 and ␣9 [TRC40 insert (29)]. The Get3
␣-helical subdomain is enriched in methionine and glycine residues
(Fig. S1) and has been proposed as a putative TA protein-binding
site (29, 30). Similar to the proposed signal sequence-binding site in
the M domain of SRP54 (42, 43), the sequence conservation of
these regions is low. The physicochemical properties of methionine
make this residue excellently suited to interact with hydrophobic
regions without sequence specificity. In both structures of C. therm.,
Get3 helices ␣6, ␣7, and ␣9 form about half of the ␣-helical
subdomain and are ordered similar to the ADP-bound structure of
Get3 from S. cerevisiae (30). The hydrophobic groove, as observed
in the ADP䡠AlF4⫺-bound structure (29), is therefore not fully
assembled. A comparison of the different Get3 structures shows
that arrangement of the helices varies significantly (Fig. 1C). The
␣-helical subdomain therefore seems highly dynamic and may adopt
a defined structure only upon TA protein binding.
Localization of Fast-Exchanging Regions in Get3. To understand the
conformational flexibility of Get3, particularly of the ␣-helical
subdomain in solution, we performed continuous-labeling 1H/2H
Bozkurt et al.

differences in helix arrangement observed in the crystal structures
are an intrinsic property of the highly dynamic ␣-helical subdomain.

Fig. 2. Localization of Ramp4-induced changes in Get3 using HX-MS. Ramp4dependent changes in HX kinetics of Get3 segments are projected onto the crystal
structure. Get3 secondary structure is colored according to the deuteron incorporation shown in Fig. S3 for Get3 alone (Left) and the Get3–Ramp4 complex
(Right): blue, 0 –20%; cyan, 20 – 40%; yellow, 40 – 60%; orange, 60 – 80%; and red,
80 –100%. It should be noted that helix ␣7 gets significantly stabilized.

HX-MS experiments, as described previously (44, 45). With this
approach, the global stability and different conformational states of
a protein can be analyzed. It also allows determining protein–
protein interaction sites (31). Get3 in its apo form [corresponding
to the open form observed previously (29, 30)] exchanged about
57% of its exchangeable amide hydrogens within 10 s in D2O and
about 82% within 1 h. Well-folded globular proteins generally
exchange about 50% of their exchangeable amide hydrogens within
1 h (46). The ␣-helical subdomain, which is only partially ordered
in the crystal structures, comprises about 30% of Get3. Therefore,
the overall exchange characteristics observed for Get3 indicate a
high degree of solvent accessibility, which correlates nicely with
what is expected for a protein with highly dynamic regions. To
localize regions within Get3 that contain slow- and fast-exchanging
amide hydrogens, the protein was digested after the continuouslabeling HX reaction under quench conditions (47). The peptides
generated were subsequently analyzed by electrospray ionisation
mass spectrometry (ESI-MS). This procedure allows identifying
structural elements in Get3 that are tightly folded or are in a rapid
unfolding-folding equilibrium. The obtained peptides cover about
80% of the Get3 sequence, with an average length of about 12
residues (Fig. 2; the analysis is shown in detail in Fig. S3 and Fig.
S4A). The N-terminus of Get3 shows a fast exchange, indicating a
highly dynamic structure accessible to solvent, which might explain
why Get3FL protein crystals did not diffract to high resolution. The
ATPase subdomain shows less deuteron incorporation, indicating
a high level of structural rigidity (Fig. 2). Overall, the protection
against HX agrees nicely with the crystallographic data. The
well-folded secondary structure elements of the ATPase subdomain provide a stable structural framework for Get3. Highly
dynamic or solvent-accessible regions indicated by fast exchange
(e.g., residues 105–126, residues 139–149, residues 156–183, residues 218–235) belong mainly to the ␣-helical subdomain (helices
␣4–6 and ␣7–9). In solution, helices ␣4–9 show a fast exchange,
indicating that these helices are in a rapid unfolding-folding equilibrium, and helix ␣7, which is adjacent to switch II, shows almost
complete deuteration within 10 s (for the kinetics of deuteron
incorporation, see Fig. S4B). Helices ␣6, ␣7, and ␣9 contribute
about half of the putative TA protein-binding site and are present
in all crystal structures of Get3. However, high B-factors and partial
disorder have been observed (29). In the crystal structure of
apoGet3, helix ␣7 is partially dissolved (29). In the AMPPNPMg2⫹- and ADP-Mg2⫹-bound structures (this study), it is present
but poorly ordered, and in the ADP䡠AlF4⫺-bound structure, it is
well ordered (29). In all previous crystal structures, these helices are
involved in crystal contacts, and are therefore stabilized to a
different extent. The HX-MS data support the notion that the
Bozkurt et al.

tures of Get3, together with mutagenesis data, pull-down experiments, and complementation assays, suggest that the ␣-helical
subdomain is involved in TA protein binding (refs. 29, 30; this
study). To characterize the interaction of Get3 with TA proteins, we
coexpressed and copurified C. therm. Get3 with C. therm. Ramp4
similar to the human Asna1–Ramp4 complex. The Get3–Ramp4
complex does not contain bound nucleotide as analyzed by HPLC
analysis. We performed an HX-MS experiment of the Get3–
Ramp4 complex similar as before for Get3 alone. To localize TA
protein-induced changes in Get3, we compared deuteron incorporation into different segments of the Get3–Ramp4 complex with
Get3 alone (Fig. 2 and Fig. S3, Middle and Right). The presence of
Ramp4 had a small but distinct effect. Protection of amide hydrogens was observed specifically in the ␣-helical subdomain (residues
156–183 and residues 218–235), corresponding to helices ␣7, ␣8,
and ␣9. A small but significant deprotection was observed at the end
of helix ␣6 (residues 139–152). Ramp4 binding had no significant
effect on the ATPase subdomain, indicating that cargo remains
bound in the absence of nucleotide and does not induce a completely closed form as observed in the nucleotide-bound Get3
crystal structures. The specific protection of the ␣-helical subdomain suggests that it is indeed involved in TA protein binding.
Binding of Ramp4 Can Induce Oligomerization of Get3. Get3 forms a

stable dimer in solution independent of the nucleotide load.
Because higher oligomeric forms of Get3 homologs were described previously (48, 49), we analyzed C. therm. Get3 and the
Get3–Ramp4 complex by analytical ultracentrifugation (AUC;
Fig. S5). For Get3 alone, 3 species were identified in the
c(s)/c(M) distributions computed from the sedimentation velocity analysis: monomer (48%, 3.09S), dimer (51%, 4.45S), and
tetramer (1.5%, 7.73S), with corresponding molecular masses of
37.5, 62.7, and 144.0 kDa, respectively. The ratio between
monomer and dimer varies, with 50% being the lowest dimer
fraction observed. In the presence of ADP or AMPPNP, the
Get3 dimer shows a lower sedimentation coefficient, which
suggests a more compact structure (Fig. S5B). This observation
is in line with the crystal structures, which show that binding of
nucleotide and Mg2⫹ induces a closed state of Get3. The
copurified Get3–Ramp4 complex displays a behavior in AUC
[and size exclusion chromatography (SEC)] very different from
that of Get3 alone and is present mainly as a higher oligomer
with a sedimentation coefficient of 7.39S (corresponding to a
molecular mass of 136 kDa), indicative of a tetramer (Fig. S5 C
and D). Negligible amounts of a higher oligomeric state were
also observed that might represent a hexamer. TA protein
binding seems therefore able to induce oligomerization of Get3.
Because the recombinant Get3–Ramp4 complex does not contain nucleotide, TA proteins remain bound to Get3 in the
absence of nucleotide. The relevance of oligomerization for the
in vivo function of Get3 remains to be shown. However, in
⌬get1/2 yeast strains (16), Get3 is found in large protein aggregates in the cytosol, which suggests that disruption of membrane
insertion induces aggregation of Get3–substrate complexes. The
observed tetrameric Get3–Ramp4 complex that is formed during
coexpression in E. coli might represent a stable intermediate that
is formed because of the absence of the membrane components
required for TA protein insertion. It underlines the chaperone
function of Get3, which keeps TA proteins in solution before
membrane insertion.
Recombinant Get3–Ramp4 Complex Is Functional in Membrane Insertion. To test whether C. therm. Get3 can mediate insertion of

Ramp4 into ER-derived membranes, we performed membrane
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Localization of Ramp4-Induced Changes in Get3. The crystal struc-

Fig. 3. Functional characterization of the Get3–Ramp4 complex. (A) Membrane
insertion and glycosylation of Ramp4. The chimeric C. therm. Get3-mammalian–
Ramp4op complex (for definition of Ramp4op, see SI Materials and Methods)
was incubated in the presence of ATP without (lane 1) or with (lanes 2 to 4) RMs.
The mixtures were separated into a supernatant (Sn) fraction and a pellet (P)
fraction. Endoglycosidase H (EndoH) was added to one-half of the pellet fraction
(lane 4). (B) Nucleotide requirements for membrane insertion of Ramp4op.
(Upper) Get3–Ramp4op complexes were incubated with RMs in the absence or
presence of adenosine nucleotides as indicated. (Lower) Amounts of glycosylated
Ramp4op observed with different nucleotides are shown. (C) Dependence of
Ramp4op membrane insertion on a membrane proteinaceous factor. Get3–
Ramp4op complex was incubated with RMs (lane 2) or with trypsin-treated RMs
(T-RMs; lane 3) in presence of ATP.

insertion assays using a chimeric complex of C. therm. Get3mammalian Ramp4 and rough microsomal membranes (RMs; Fig.
3). The chimeric complex was chosen because the membrane
insertion of mammalian Ramp4 has been analyzed in detail. Ramp4
as part of the Get3–Ramp4 complex (Fig. 3A, lane 1) is shifted to
a higher molecular weight form after incubation with RMs (lane 3),
indicating membrane insertion and glycosylation of Ramp4. Disappearance of this band on deglycosylation (lane 4) confirms that
the slower migrating band indeed represents a glycosylated form of
Ramp4. Membrane insertion of Ramp4 requires the presence of
nucleotides (Fig. 3B), because membrane insertion is not observed
in the absence of ATP (lane 2). In addition to ATP, the nonhydrolyzable ATP analogue AMPPNP and ADP can promote significant membrane insertion of Ramp4 (lanes 3–5) but not AMP
(lane 6), suggesting that the presence of nucleotide (with both the
␣- and ␤-phosphates) is required for membrane insertion of
Ramp4. Membrane insertion in the presence of both ADP and
AMPPNP reaches about 60% of the level obtained with ATP (Fig.
3B, Lower). Because ADP and AMPPNP promote membrane
insertion but ATP is more efficient, hydrolysis is not required for
insertion per se. We speculate that the release of Get3 from a
membrane receptor, similar to the situation in the SRP system
(25–27), might depend on hydrolysis, so that efficient insertion is
only observed with ATP. To test whether Get3-dependent insertion
into mammalian RMs requires a proteinaceous receptor, we treated
RMs with trypsin to remove domains of membrane proteins
exposed to the cytosol (Fig. 3C). Such treated RMs were no longer
capable of promoting membrane insertion and glycosylation of
Ramp4 (lanes 2 and 3). A proteinaceous component is therefore
crucial for membrane insertion. Using the chimeric C. therm.
Get3–Ramp4 complex and mammalian RMs, the inserted fraction
was similar to that obtained with the homologous system. C. therm.
Get3 can therefore functionally interact with the membrane components present in mammalian RMs. The high efficiency of membrane insertion using this heterologous system underlines the high
degree of conservation of both the insertion machinery and the
molecular mechanism of insertion.
Communication Between the Nucleotide and the TA Protein-Binding
Sites. We have shown that the recombinant Get3–Ramp4 complex

is capable of promoting efficient membrane insertion in the pres4 of 6 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0910223106

Fig. 4. Nucleotide-binding site of AMPPNP-Mg2⫹-bound Get3. (A) Key interactions in the nucleotide binding site in cis. Important elements such as the
A-loop, P-loop, swI, and swII are labeled. AMPPNP and side chains of interacting
amino acids are shown in sticks, Mg2⫹ as a wheat-colored sphere, and water
molecules as gray spheres. (B) Key interactions in the nucleotide binding site in
trans. Lys-35 from the P-loop and Glu-243 from helix ␣10 interact with AMPPNP
in trans. Secondary structure elements belonging to the second monomer are
indicated by a single quotation mark, such as ␣10⬘ and P-loop’, in Figs. 4 and 5.

ence of nucleotide. To understand the communication between the
nucleotide and the TA protein-binding sites in Get3, we analyzed
the pre- and posthydrolysis states of Get3 (AMPPNP-Mg2⫹- and
ADP-Mg2⫹-bound, respectively) in more detail and compared
them with the recent structure of the transition state [ADP䡠AlF4⫺bound (29)]. In the AMPPNP-Mg2⫹-bound (and in the ADPMg2⫹-bound) Get3 structure, the dimer is in a closed state. The
␣-helical subdomain is not stably assembled; therefore, it does not
significantly contribute to the dimer interface. Comparison with the
apo- and ADP-bound open structures (29, 30) shows that the
presence of the Mg2⫹ ion induces the closed state. The nucleotide
is primarily bound by one monomer but interactions in trans are
present (Fig. 4). In the AMPPNP-Mg2⫹-bound structure, the
A-loop and Asn-270 adjacent to strand ␤7 interact with the adenine
ring of the nucleotide. The ribose interacts with Val-318 (main
chain) of the A-loop in cis and with Glu-243 from the start of helix
␣10 in trans. The P-loop residues Gly-37, Gly-39, Lys-40, Thr-41,
and Thr-42 interact with the ␣- and ␤-phosphates of AMPPNP (and
ADP) in cis, whereas the conserved Lys-35 interacts with the
␥-phosphate in trans (Fig. 4B). Corresponding interactions are also
present in the ADP䡠AlF4⫺-bound structure (29). The Mg2⫹ ion is
octahedrally coordinated in the AMPPNP-Mg2⫹-bound (and
ADP䡠AlF4⫺-bound) structures by 3 water molecules, the ␤- and
␥-phosphate oxygens and Thr-41 (Figs. 4A and 5B). However, the
switch I and switch II regions are not well defined and are too far
apart to allow ATP hydrolysis. The closed state of Get3 observed
in the AMPPNP-Mg2⫹-bound structure is therefore not sufficient
for ATP hydrolysis.
Major differences between the prehydrolysis (and posthydrolysis) state and the transition state are observed (Fig. 5). In the latter,
the ␣-helical subdomain is more stably assembled and the dimer
interface is closed up further. The ‘‘ordering’’ of the ␣-helical
subdomain contributes to a significant increase of dimer interface
by formation of a putative composite TA-binding site. Closing up
the dimer in the transition state establishes symmetrical interactions
across the dimer interface that are not present in the pre- and
posthydrolysis states (Fig. 5A). Switch II and helices ␣6 and ␣7 play
an important role, and the residues involved are highly conserved.
In the ADP䡠AlF4⫺-bound structure, His-172 stacks to His-172⬘
across the dimer interface and interacts with Glu-138⬘ in trans. A
salt bridge is formed across the dimer interface between Asp-137
and Arg-175⬘. In the AMPPNP-Mg2⫹-bound structure, these interactions are not present, because the interface is not fully closed.
In C. therm. Get3, His-162 is rotated with respect to His-162⬘ and
they are located further apart. His-162 does not interact with
Glu-134, and the salt bridge between Arg-165 and Asp-133 is not
formed because of the different orientation of helix ␣6 at the
bottom of the TA protein-binding site. For example, in a superposition of the AMPPNP-Mg2⫹- and ADP䡠AlF4⫺-bound structures,
Bozkurt et al.

Fig. 5. Communication between the TA protein and the nucleotide-binding
sites in Get3. The Get3 prehydrolysis state (Left, AMPPNP-Mg2⫹) is compared with
the transition state (Right, ADP䡠AlF4⫺, PDB ID code 2woj). (A) Active site closure
viewed from the TA binding site. In the AMPPNP-Mg2⫹-bound structure, helices
␣6 and ␣7 pack loosely against each other, leaving the nucleotide solvent exposed. In the transition state, they close tightly over the nucleotide binding site.
(B) Differences in the ␣-helical subdomain and in nucleotide-binding motifs
between the prehydrolysis and the transition states are shown with the following
changes observed in the transition state: helix ␣6 rotates around 25°, and helix ␣7,
swI, swII, and helix ␣10 move toward the nucleotide. Helices ␣6 and ␣7 interact by
means of a hydrophobic interface (HI). (C) Detailed view of the active site. The
closing up in the transition state is clearly visible. The catalytic water (WCat) can be
placed by the conserved aspartate from swI only in the transition state.

the C␣-atoms of Glu-134 and the corresponding Glu-138 are more
than 5 Å apart.
Closing up is communicated to the active sites in the ATPase
subdomains, as indicated by a shorter distance between the two
P-loops across the dimer interface. Whereas in the AMPPNPMg2⫹-bound (and ADP-Mg2⫹-bound) structure, the nucleotides
are still accessible from the solvent, they are completely shielded in
the transition state. In the fully closed transition state, helix ␣7 and
the switch regions are well ordered. Helices ␣7 and ␣10 are moved
in by 2 Å, and helix ␣6 reorients by about 25° (Fig. 5B). A
hydrophobic interface between helices ␣6 and ␣7 takes part in the
transition and suggests how closing up could be triggered by the
hydrophobic TMD of a TA protein. Moving in the switch I and
switch II regions by about 2 Å results in the formation of a
water-filled cavity. An intricate hydrogen-bonding network of the
enclosed water molecules is set up, with the putative catalytic water
being oriented by Asp-57 from the switch I region (Asp-64 in C.
therm.; Fig. 5C). Therefore, the closing up of the active sites in the
transition state organizes the environment of the ␥-phosphate as
required for efficient ATP hydrolysis.
A detailed analysis of the different catalytic states of Get3
demonstrates how the dimer interface is used to communicate
between the TA protein-binding site and the active site of the
ATPase. The differences observed, particularly for helices ␣6 and
␣7, suggest how cargo binding could induce the closing up of the
Bozkurt et al.

dimer, which is required for ATP hydrolysis. Thereby, futile cycles
of ATP hydrolysis by Get3 are prevented in the absence of TA
proteins. The release of inorganic phosphate after hydrolysis seems
blocked by the presence of a TA protein, because closing up the
interface, as seen in the transition state, completely shields the
nucleotide-binding sites.
Integrated Model for TA Protein Targeting and Insertion. Based on
two crystal structures of Get3 representing the open and fully closed
states, a plausible model was proposed for how TA protein insertion
is regulated by Get3 (29). In the cytosol, ATP binding to Get3 drives
the dimer to the closed state so that TA proteins can interact with
their cognate binding site in the ␣-helical subdomain. The Get3-TA
protein complex may stay in the closed state, which is not competent
in ATP hydrolysis, until it reaches the Get1/2 receptor at the ER
membrane. On interaction with the receptor and/or other partners,
the fully closed state (transition state) is established and ATP gets
hydrolyzed. Relaxation to the closed state after release of inorganic
phosphate triggers TA protein release to the membrane. Conversion to the open state induces dissociation of Get3 from the
membrane. In this model, membrane insertion would be strictly
dependent on ATP hydrolysis.
Having now in hand structural snapshots of almost the complete catalytic cycle of the Get3 ATPase as well as functional
data on membrane insertion, a modified and integrated model
can be proposed for how TA protein binding and insertion are
linked to the ATPase cycle of Get3. We have shown that
membrane insertion by Get3 does not depend on ATP hydrolysis
per se, because significant insertion is also observed with ADP
and AMPPNP. This is somewhat reminiscent of cotranslational
targeting by the SRP system, which is regulated by GTPases that
are also members of the SIMIBI class. Here, the activation of
GTP hydrolysis in the targeting complex is required for the
release of SRP from its receptor (25, 26). Applied to Get3 and
TA protein insertion, this would translate to a scenario in which
ATP hydrolysis is required for the dissociation of Get3 from the
Get1/2 receptor. We therefore favor the following mechanism
(Fig. 6). TA proteins bind to Get3 in the closed state (ATP-,
AMPPNP-, or ADP-Mg2⫹-bound) (step 2). Subsequent interaction with the Get1/2 receptor triggers TA protein release to the
PNAS Early Edition 兩 5 of 6
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Fig. 6. Model for TA binding and insertion. In the cytosol, the nucleotide-free
(and ADP-bound) Get3 dimer is open. ATP binding to Get3 drives closure of the
dimer (step 1) and allows TA protein binding. TA binding induces the fully closed
hydrolysis-competent state (step 2). Get1/2 receptor docking occurs before or
after ATP hydrolysis, with ADP and inorganic phosphate staying trapped in the
closed active site (step 3). After TA protein release, inorganic phosphate is
released and Get3 dissociates from the Get1/2 receptor (step 4). The Get3 dimer
adopts an open structure on release of Mg2⫹ (step 5).

membrane (step 3). In case of the Get3-ATP-Mg2⫹ complex, the
transition to the fully closed state allows ATP hydrolysis but
ADP and inorganic phosphate stay trapped in the closed active
site. The chemical energy of ATP hydrolysis is stored in a
strained conformation. After release of the TA protein, ADP
and inorganic phosphate can be released and relaxation of Get3
to the open state induces dissociation from the receptor (step 4).
A somewhat similar mechanism based on related structural
differences as observed here for Get3 has been reported for
NBDs of ABC transporter proteins (35, 50). In case of a
Get3-AMPPNP-Mg2⫹ or Get3-ADP-Mg2⫹ complex, TA proteins are also inserted into the membrane. However, Get3 stays
trapped at the Get1/2 receptor, because the energy of ATP
hydrolysis is not available to drive dissociation. This model
explains the lower efficiency of TA protein insertion observed
with ADP and AMPPNP. AMP does not support membrane
insertion because it does not drive the dimer to the closed state.
Whether ATP hydrolysis occurs immediately on TA protein
binding (step 2) or on Get1/2 receptor interaction (step 3) is not
clear at present. It will therefore be exciting in the future to
delineate the molecular details of how TA protein binding
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regulates the ATPase cycle of Get3 and how it modulates the
interaction with the Get1/2 receptor.
Methods
Summary. Detailed methods on cloning, purification, crystallization, structure
determination, and biochemical characterization (HX-MS, AUC, and membrane
insertion studies) are provided in SI Materials and Methods. Briefly, C-terminally
His-tagged Get3 from C. therm. was cloned into the pet24d vector and expressed
in E .coli. Recombinant Get3 was purified with Ni-affinity and SEC. In the presence
of AMPPNP-Mg2⫹ or ADP-Mg2⫹, C. therm. Get3 crystallized in the primitive
orthorhombic space group P212121. The AMPPNP-Mg2⫹- and ADP-Mg2⫹-bound
Get3 structures were solved by molecular replacement using the ATPase domain
of ArsA (PDB ID code 1f48) as a search model.
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AUC. Oligomerization states of Get3 and the Get3–Ramp4 complex

Cloning, Expression, and Purification. The constructs of C. therm. get3

from C. therm. were analyzed in sedimentation velocity experiments
using a Beckman Optima XL-A analytical ultracentrifuge equipped
with absorbance optics and an An60 Ti rotor (Beckman Coulter,
Fullerton, CA). Experiments were carried out at 35,000 rpm and
20 °C at protein concentrations of 50–100 M Get3, corresponding
to an absorbance of 0.5–1 at 280 nm. Partial specific volumes,
extinction coefficients, and buffer density and viscosity were calculated with the SEDNTERP software program (http://
www.rasmb.bbri.org/). For data analysis, the SEDFIT program was
used to determine c(s) and c(M) distribution of sedimentation
coefficients and molecular weight, respectively (11, 12). Theoretical
hydrodynamic parameters were calculated with HYDROPRO (13)
from the Get3 crystal structure, and for the Get3/Ramp4 tetramer,
a head-to-head model was created composed of spherical beads 3.3
Å in size.

encoding amino acids 1–339 (Get3FL) and 14–339 (Get3) were
amplified from a cDNA bank provided by S.A. and E.H. Cloning
into pET24d by PCR using the PciI and BamHI restriction sites
resulted in a C-terminal hexa-histidine tag. Constructs of get3/
ramp4 (C. therm./C. therm.) and get3/ramp4op (C. therm./Mus
musculus) were cloned into the polycistronic vector pst39 (1) using
XbaI/BamHI for Get3 and EcoRI/HindIII for Ramp4 or Ramp4op
restriction sites, leading to an N-terminal hexa-histidine tag and a
C-terminal opsin tag in Ramp4op. All DNA constructs were
sequenced by AGOWA, Berlin.
Get3FL and Get3 were overexpressed in the E. coli BL21(DE3)
Rosetta strain (Novagen) at 30 °C in the presence of 1.5% (wt/vol)
D⫹-lactose. After overnight induction, cells were harvested and
stored at ⫺80 °C. Cell pellets were resuspended in buffer A [10 mM
Tris-Cl, 500 mM NaCl, 20 mM imidazol, 1 mM MgCl2, 5% (vol/vol)
glycerol, pH 8.0]. Cells were lysed using a Microfluidizer M1–10L
(Microfluidics), and the lysate was cleared by ultracentrifugation at
91,000 ⫻ g for 40 min at 4 °C. The supernatant was applied to a
1-mL His-Trap HP column (GE Healthcare). The column was
washed with 10 column volumes of buffer A and buffer A containing 50 mM imidazol. Bound Get3 was eluted with buffer A
supplemented with 300 mM imidazol. Get3 was further purified by
SEC (Superdex 200 26/60; GE Healthcare) in a buffer containing
10 mM Tris-Cl (pH 8.0), 150 mM NaCl, and 1 mM MgCl2. Basically,
a similar protocol was used for the Get3–Ramp4 and Get3–
Ramp4op complexes.
Crystallization and Data Collection. Crystals of C. therm. Get3 were

grown at 4 °C by the sitting drop vapor diffusion method. Sitting
drops were prepared by mixing 1 L of fresh Get3 protein (10
mg/mL) in the presence of 5 mM ADP or AMPPNP with 1 L of
reservoir solution containing 0.1 M Tris (pH 8.5), 50 mM MgCl2,
and 35% (vol/vol) ethanol. Crystals were flash-frozen directly or
after the addition of 20% (vol/vol) ethylene glycol in liquid nitrogen.
Data were collected at 100 K at beamlines ID23–1 and ID23–2 at
the European Synchrotron Radiation Facility. Data were processed
using IMOSFLM and SCALA (2) or XDS and XSCALE (3).
Structure Determination and Refinement. Both Get3 structures were
solved by molecular replacement using the CCP4-implemented
program PHASER (4). The AMPPNP-Mg2⫹-bound structure was
solved by using a single ATPase subdomain of ArsA (PDB ID code
1f48) as a search model. The ADP-Mg2⫹-bound structure was
solved with the AMPPNP-Mg2⫹-bound structure. For refinement,
we used the REFMAC5 program (5). Both structures were refined
by TLS and NCS refinement in REFMAC5 after iterative model
building in COOT (6). The model quality was analyzed with
PROCHECK (7) and WHATIF (8). The multiple sequence alignment was performed with the JalView program (9). Disordered
secondary structure elements in C. therm. Get3 were modeled
according to the PsiPred secondary structure prediction server (10).
Figures were generated by PyMOL (DeLano Scientific).
Atomic coordinates and structure factors for the AMPPNPMg2⫹-bound and ADP-Mg2⫹-bound crystal structures of C. therm.
Get3 have been deposited in the Protein Data Bank with the
accession codes 3IQW and 3IQX, respectively.
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Amide HX-MS Experiments. Amide HX-MS experiments were per-

formed similar to those described earlier (14, 15). Amide HX was
initiated by a 20-fold dilution of either 200 pmol Get3 (apo), Get3
with an excess of nucleotides, or Get3–Ramp4 complex into D2O
buffer containing 20 mM Tris-Cl (pH 8.0), 150 mM NaCl, 15 mM
MgCl2, and 1 mM DTT at 30 °C. After various time intervals (10
s to 1 h), the exchange reaction was quenched by decreasing the
temperature to 0 °C and the pH with ice-cold quench buffer (400
mM KH2PO4/H3PO4, pH 2.2). Quenched samples were then injected into an HPLC-MS setup as described. Only 2 M guanidium
hydrochloride was omitted from the quenching buffer for the
analysis of the peptide fragments. The deuteron content of the
peptic peptides covering the Get3FL and the Get3–Ramp4 complex
were determined from the centroid of the molecular ion isotope
envelope. The deuteron content was calculated after adjustment for
deuteron gain/loss during digestion and HPLC-MS setup. For this
adjustment, nondeuterated and fully deuterated Get3 were analyzed (16). Fully deuterated samples were prepared by 3 cycles of
drying and resolubilization in D2O containing 6M guanidium
hydrochloride. The 0% control was not treated with D2O.
Membrane Insertion Assay. RMs were prepared as described by

Walter and Blobel (17) and resuspended at an OD280 of 50 per
milliliter in RM buffer [50 mM Hepes-KOH (pH 7.6), 50 mM
KOAc, 2 mM Mg(OAc)2, 250 mM sucrose, 2 mM DTT]. Trypsintreated RMs (T-RMs) were obtained after incubation with 20
g/mL Trypsin-Type XI (Sigma-Aldrich) for 1 h at 4 °C. The
digestion was stopped by adding RM buffer complemented with 2
mM PMSF and 10 g/mL aprotinin. T-RMs were then pelleted and
resuspended in RM buffer. Purified C. therm. Get3-Ramp4op
complex was incubated in a 10-L reaction (200 nM final concentration) with 1 eq of RM, 1 mM ATP or other nucleotides, 1 mM
Mg(OAc)2, 40 mM Hepes (pH 7.6), and 80 mM KOAc. The
insertion was carried out for 30 min at 30 °C and stopped by adding
SDS/PAGE sample buffer. N-linked oligosaccharides were removed by EndoH treatment according to the manufacturer’s
instructions (New England Biolabs). Proteins were separated using
a 16.5% (vol/vol) Schägger gel. Western blot analyses were performed with ␣-opsin antibodies (18–20). The amount of glycosylated Ramp4op observed with different nucleotides was quantified
using ImageJ software (National Institutes of Health, http://
rsb.info.nih.gov/ij/). Values were normalized to the amount of
glycosylated Ramp4op detected in the presence of ATP.
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Fig. S1. Multiple sequence alignment of Get3 homologs. Sequences are from C. therm., S. cerevisiae, and H. sapiens. The secondary structure derived from the crystal
structure of C. therm. Get3 is shown above the sequences. Coloring of secondary structure elements is done in a ramp from blue (N-terminus) to red (C-terminus).
Disordered regions in the crystal structure are indicated by a dashed red line. Important motifs such as the P-loop, switch I (swI), switch II (swII), Zn-interacting cysteines
(CXXC), and A-loop are indicated with a black bar underneath the sequences.
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Fig. S2. Structural comparisons of C. therm. Get3. (A) Electron densities for C. therm. Get3 with bound AMPPNP-Mg2⫹ (Left) and ADP-Mg2⫹ (Right). The electron
densities are shown for a A-weighted 2mFo-DFc map contoured at 2. (B) Details of the Zn2⫹-binding site between 2 monomers of the AMPPNP-Mg2⫹-bound Get3.
The Zn2⫹ ion (green sphere) is coordinated by C281 and C284 from the conserved CXXC motif (Fig. 1 A). The identity of the Zn2⫹ ion was determined by several
independent methods. Induced coupled plasma MS indicated 1 Zn2⫹ ion per protein dimer (data not shown; M. Krachler, Heidelberg). An x-ray fluorescence spectrum
of single crystals clearly showed a peak at the zinc absorption edge. Final evidence was provided after the structure was solved by the electron density and the
tetrahedral geometry of the coordinating cysteine residues. The electron density is shown for a A-weighted 2mFo-DFc map contoured at 2. (C) Superposition of a
monomer from the C. therm. Get3 AMPPNP-Mg2⫹-bound structure (subdomains in green and blue) with the ATPase subdomain of ArsA (gray; PDB ID code 1f48). The
structure of the ATPase subdomain of ArsA was used for molecular replacement to determine the structure of Get3 bound to AMPPNP-Mg2⫹. The 2 domains
superimpose with an rmsd of 1.58 Å over 169 residues. (D) Superposition of a monomer from the C. therm. Get3 AMPPNP-Mg2⫹-bound structure (subdomains in green
and blue, same coloring as in Fig. 1C) with the ADP-Mg2⫹-bound structure (gray). The AMPPNP-Mg2⫹ structure was used as a search model to solve the structure of the
ADP-Mg2⫹-bound structure by molecular replacement (SI Materials and Methods). The 2 monomers superimpose with an rmsd of 0.5 Å over 259 residues.
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Fig. S3. HX-MS analysis of Get3 and the Get3–Ramp4 complex. Deuteron incorporation into Get3 in the absence of nucleotide and Ramp4 (Left) and into Get3 in
the presence of Ramp4 (Middle) after 10 s of incubation in D2O. (Right) Difference plot of deuteron incorporation in the Get3-Ramp4 complex minus Get3 alone. The
numbers corresponding to the protein segments are indicated on the left. In the difference plot, bars to the right indicate Ramp4-induced protection (less deuteron
incorporation) and bars to the left indicate a Ramp4-induced increase in solvent accessibility. (Right) Gray area gives the average SE.
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Fig. S4. Details of the HX-MS analysis of Get3 and the Get3–Ramp4 complex. (A) Effects of Ramp4 on deuteron incorporation into selected segments of Get3. Mass
spectra of selected peptic peptides of Get3 in the absence and presence of Ramp4 after pulse labeling for 10 s in D2O, as indicated on the left. The spectra of the peptic
peptides in the undeuterated (Bottom, 0%) and the fully deuterated (Top, 100%) states are shown for comparison. The numbers above the spectra refer to the
corresponding peptic peptides. The duration of labeling (10 s) was calculated to be sufficient to deuterate freely solvated amides selectively (1). (B) Exchange kinetics
of Get3 and the Get3–Ramp4 complex. Observed rate constants are derived from a nonlinear triple-exponential regression fit of the deuterons incorporated over time.
For this fit, the total amplitude was fixed to the Get3 total number of exchangeable amide hydrogens (329 for Get3 and 321 for Get3–Ramp4 complex). Global exchange
data were adjusted for deuteron loss during analysis (2). The global exchange data do not show large differences between Get3 and the Get3–Ramp4 complex. This
indicates either that Ramp4 binding does not induce large secondary structure changes or solvent exclusion. Alternatively, deprotected and protected regions could
balance each other. The latter explanation was ruled out by a peptide analysis, as shown in Fig. S4A.

1. Bai Y, Milne JS, Mayne L, Englander SW (1993) Primary structure effects on peptide group hydrogen exchange. Proteins 17:75– 86.
2. Zhang Z, Post CB, Smith DL (1996) Amide hydrogen exchange determined by mass spectrometry: Application to rabbit muscle aldolase. Biochemistry 35:779 –791.
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Fig. S5. Analysis of the oligomeric state of Get3 and the Get3–Ramp4 complex. (A) Oligomerization behavior of Get3 (blue) studied by AUC. For the
sedimentation velocity runs, the distributions of sedimentation coefficients are shown. The monomer (3.09S), dimer (4.45S), and tetramer (7.73S) correspond to
molecular masses of 37.5, 62.7, and 144.0 kDa, respectively. The s values were corrected for solvent density and viscosity of the buffer. (B) Oligomerization
behavior of Get3 in the absence (blue) and presence of nucleotides: ADP (gray) and AMPPNP (red). For the sedimentation velocity runs, the distributions of
sedimentation coefficients are shown. Nucleotide binding induces a slight shift to a lower sedimentation coefficient, indicating closure of the Get3 dimer. (C)
Oligomerization behavior of the Get3–Ramp4 complex (red). Distributions of sedimentation coefficients (Left) and c(M) distribution (Right) are shown. The
Get3–Ramp4 complex is mainly present as a higher oligomer with a sedimentation coefficient of 7.39S (corresponding to a molecular mass of 136 kDa), indicative
of a tetramer. (D) Analysis of Get3 and Get3–Ramp4 complex by SEC. Get3 alone (Left) or a Get3-Ramp4 complex (Right) was subjected to SEC using a Superdex
200 (10/300) column. Peak fractions were collected (indicated by a black bar) and analyzed by SDS/PAGE (Inset).
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Table S1. Data collection and refinement statistics
Get3 complex
Data collection
Wavelength, Å
Space group
Cell dimensions, Å
a, b, c
Resolution range, Å
Rsym, %
I/(I)
Completeness, %
Redundancy
Unique reflections
B-factor, Å2
Refinement
Resolution, Å
No. reflections
R/Rfree, %
No. atoms
Protein
Ligand/ions
Bond length, Å
Angle, °
Ramachandran plot
quality, %
Allowed
region
Additionally
allowed
Generously
allowed

AMMPNP-Mg2⫹

ADP-Mg2⫹

0.8726
P212121

0.8726
P212121

46.57, 105.73, 136.93
57.5–3.0 (3.16–3.0)
7.8 (24.3)
13.9 (5.6)
100 (100)
4.0 (4.1)
14,221
42

46.75, 105.59, 137.35
50–3.5 (3.7–3.5)
24.6 (67.1)
6.6 (3.1)
100 (100)
3.5 (3.4)
9,088
52

52.9–3.0
13,509
22.8/27.1
4,187
4,117
70
0.018
1.84

49.3–3.5
8,633
22.9/29.5
4,178
4,121
57
0.019
2.03

87.6

84.2

12.4

15.6

0

0.2

B-factor according to the Patterson function.
Values in parentheses are for the highest resolution shell.
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