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Efficient delivery of membrane proteins is a critical cellu-

lar process. The recently elucidated GET (Guided Entry

of TA proteins) pathway is responsible for the targeted

delivery of tail-anchored (TA) membrane proteins to the

endoplasmic reticulum. The central player is the ATPase

Get3, which in its free form exists as a dimer. Biochemical

evidence suggests a role for a tetramer of Get3. Here, we

present the first crystal structure of an archaeal Get3

homologue that exists as a tetramer and is capable of TA

protein binding. The tetramer generates a hydrophobic

chamber that we propose binds the TA protein. We use

small-angle X-ray scattering to provide the first structural

information of a fungal Get3/TA protein complex showing

that the overall molecular envelope is consistent with

the archaeal tetramer structure. Moreover, we show that

this fungal tetramer complex is capable of TA insertion.

This allows us to suggest a model where a tetramer of Get3

sequesters a TA protein during targeting to the membrane.
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Introduction

Targeted delivery of membrane proteins is a highly regulated

process. The ubiquitous co-translational signal recognition

particle (SRP) pathway is responsible for the delivery of the

majority of membrane proteins (Shan and Walter, 2005). Tail-

anchored (TA) membrane proteins are exceptions. They are

defined topologically as having a single transmembrane

domain (TM) near their C-terminus (Borgese et al, 2003).

Found in cytoplasmically associated membranes of all orga-

nisms, they account for 2–3% of open reading frames in

humans and nearly 1% in yeast and prokaryotes (Beilharz

et al, 2003; Kalbfleisch et al, 2007; Kriechbaumer et al, 2009;

Pedrazzini, 2009; Borgese and Righi, 2010). The signal for

TA protein membrane delivery, the C-terminal TM, is not

accessible for targeting by the SRP pathway (Kutay et al,

1993); therefore, they must be delivered via a different route.

In eukaryotes, pathways for TA protein delivery to the ER

have recently been elucidated (reviewed in Rabu et al, 2009

and Simpson et al, 2010). The majority of TA proteins are

targeted via the GET (Guided Entry of TA proteins) pathway.

This pathway, here described for yeast, progresses from a

Sgt2/Get4/Get5 sorting complex (Bag6 complex in mammals;

Mariappan et al, 2010) that delivers an appropriate TA protein

to the ATPase Get3 (TRC40 in mammals) (Battle et al, 2010;

Chartron et al, 2010; Wang et al, 2010), which then targets

the protein to the ER membrane via Get1/Get2 (Schuldiner

et al, 2008). The central protein Get3 was the first compo-

nent discovered that directly participates in TA targeting

(Stefanovic and Hegde, 2007). Get3 binds specifically to the

TM of a TA substrate and is essential for efficient delivery to

the ER (Stefanovic and Hegde, 2007; Favaloro et al, 2008;

Schuldiner et al, 2008).

Based on the structural studies, a functional model for

Get3 has been proposed where nucleotide state modulates an

‘open’ versus ‘closed’ homo-dimer (Bozkurt et al, 2009; Hu

et al, 2009; Mateja et al, 2009; Suloway et al, 2009; Yamagata

et al, 2010). As proposed, the ‘closed’ dimer uses a helical

subdomain (HSD) to form a hydrophobic groove for binding

the TM of the TA protein. However, biochemical studies

in mammalian extracts showed that TA proteins form

complexes with Get3 compatible with a higher order

complex (Stefanovic and Hegde, 2007; Favaloro et al, 2008).

Furthermore, recombinant expression of Get3 with a TA

substrate yields a complex capable of TA membrane insertion

in vitro. In this case, the complex contains a Get3 tetramer

suggesting this is the oligomeric state of the targeting com-

plex (Bozkurt et al, 2009; Favaloro et al, 2010). The difference

between the dimer and tetramer models suggested by either

structure or biochemistry remains to be reconciled.

A homologue of Get3 was recently identified in archaea

that had previously been annotated as an ArsA, a structurally

related bacterial ATPase involved in arsenate export (Borgese

and Righi, 2010). Based on homology alone, distinguishing an

ArsA from a Get3 is difficult; however, several key differences

have been identified. The simplest is that Get3 is a homo-

dimer while the ArsA monomer contains a tandem repeat,

forming a pseudo-dimer. Get3 lacks the identified metal

coordinating residues of ArsA (Boskovic et al, 1996;

Stefanovic and Hegde, 2007) but contains a unique ‘Get3

motif’ that is required for TA binding (Mateja et al, 2009;

Supplementary Figure S1). Additionally, Get3 homologues

typically contain a pair of cysteines at their dimer interface

that coordinate zinc and are essential for function (CxxC

motif) (Metz et al, 2006; Stefanovic and Hegde, 2007).

The need for a specific TA targeting protein, such as Get3,

was thought to be unique to eukaryotes that contain mem-

brane bound organelles and, thereby, multiple membranes

for insertion. The presumption has been that in prokaryotes

there is no specialized machinery for delivery of TA proteins,
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as they would not require targeting to a specific membrane,

indeed none have been found in eubacteria. The identifica-

tion of a Get3 homologue in archaea brings this idea into

question. Of the currently sequenced archaeal genomes

roughly 50% contain a putative Get3. These can be classified

into two groups based on the presence of the CxxC motif.

They are found in methanogens, halophiles and thermophiles

implying that organisms in these extreme environments have

an additional level of complexity in membrane insertion.

Here, we present the first structure of an archaeal Get3

from Methanocaldococcus jannaschii (MjGet3). The structure

is of a symmetrical homo-tetramer and features a hydro-

phobic chamber that we postulate sequesters the hydro-

phobic TA. We demonstrate that the archaeal Get3 is capable

of TA binding, that the solution state of a fungal Get3/TA

complex is similar to the tetrameric MjGet3 and this fungal

tetramer complex is capable of membrane insertion. This

allows us to postulate a new model for TA targeting by Get3.

Results

Structure of MjGet3

MjGet3 was purified and crystallized after recombinant

expression in E. coli. We noted that the protein appeared to

be a tetramer by size exclusion chromatography (SEC),

further discussed below. The best crystals grew in the

presence of ADP or the nucleotide analogue ADP �AlFx in

two space groups. The two crystal forms were P2 diffracting

to 3.2 Å and P21 diffracting to 3.3 Å grown in ADP and

ADP �AlFx, respectively. Both structures were solved by

molecular replacement (MR), the P21 structure using a

nucleotide-hydrolase domain (NHD) from AfGet3 (3IBG) as

the search model and the P2 structure using an NHD from the

P21 structure. The remainders of both structures were built

independently. The final refined structures had free R-factors

of 29.6% for the P2 and 28.6% for the P21 forms. Data

collection statistics are presented in Supplementary Table

S1. The two structures are very similar with an RMSD of

0.8 Å over all Ca. There are four copies of MjGet3 in the

asymmetric units forming a homo-tetramer (Figure 1A and B;

Supplementary Figure S2). The overall structure results in a

dumbbell-shaped particle B150 Å long. Unless noted, all

figures will use the structure from the P21 crystal form.

Individual subunits of MjGet3 are very similar to those

from fungal Get3 structures (Figure 1C; Supplementary

Figure S3). They closely align in the NHD with an RMSD

of 0.8 Å for residues 24–96, 149–171 and 234–333 of MjGet3

to the transition state ‘closed’ ScGet3 (2WOJ). There is clear

density for ADP and a magnesium ion; however, at this

resolution we could not clearly resolve the presence of an

AlFx in the P21 form (Figure 1D). There are a number of

features of the NHD including switch I and II loops, which are

responsible for transmitting changes in the nucleotide state to

conformational changes related to function (Sprang, 1997;

Leipe et al, 2002). For Get3, it has been suggested that they

play a role in modulating between the open and closed state

of Get3 as a dimer (Bozkurt et al, 2009; Mateja et al, 2009;

Suloway et al, 2009). Here, the switch I region is similar in
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Figure 1 The structure of MjGet3. (A) The overall structure of MjGet3 in cartoon representation with each subunit coloured differently and one
subunit colour ramped blue to red from N- to C-terminus with approximate measurements on the side. Nucleotides are represented as sticks
and ions as spheres. (B) 901 rotation relative to (A). (C) A monomer of MjGet3 colour ramped as in (A) overlaid with ScGet3 (2WOJ-A) shown
in grey. Helix 1 is not resolved in MjGet3 and helix 13 is not obviously present. Dashed line connects helix 8 to helix 9. (D) A view of the
nucleotide binding pocket highlighting hydrolase features: P-loop (cyan), switch I (purple), switch II (blue) and A-loop (orange). The opposing
subunit in tan. ADP is in sticks coloured by atoms. Mg2þ as green sphere. 2F0�FC density for the nucleotide is shown as a blue mesh contoured
at 2.5s. (E) A split-view comparison of the dimers of MjGet3 (lavender) and ScGet3 (2WOJ—green). The dimers each have two-fold symmetry
in the views shown. For clarity, only half of each structure from the overlay is shown to give a direct comparison. MjGet3 on the left and ScGet3
on the right. Coloured helices are 4/5 (teal), 6 (purple) and 7/8/9 (light orange). (F) A 901 rotation relative to (E).
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conformation to structures of ‘closed’ fungal Get3 (Figure 1C;

Supplementary Figure S3). Switch II is connected to helix 7.

This helix has moved away from the NHD to form the

tetramer cage pulling the switch II loop into a conformation

not compatible with hydrolysis (Figure 1D; Supplementary

Figure S4A and B). The organization of this region is closer to

the conformation of the structure of the ‘closed’ fungal Get3

bound to ADP (3IQX) (Supplementary Figure S3).

As seen before, two of the monomers come together

to form a dimer stabilized by a cysteine-coordinated zinc

(Figure 1A and B). There are two of these dimers in each

tetramer. The structures are very similar and were partially

constrained by non-crystallographic symmetry (NCS) during

refinement. The orientations of the monomers in the dimer

are most consistent with the transition state ‘closed’ form of

ScGet3 (Figure 1E and F; Supplementary Figure S3).

The most dramatic difference between tetrameric MjGet3

and the dimeric ‘closed’ ScGet3 is the helices that surround

the putative TA binding groove (Figure 1E and F). Helix 6,

which lies at the base of the groove, matches the conforma-

tion of the transition state ‘closed’ ScGet3 (2WOJ), tilted

relative to other fungal structures. Helix 6 is shorter in the

MjGet3 tetramer than in the ScGet3 dimer and has moved in

the direction of the dimer interface. This shortens the pro-

posed hydrophobic binding groove by B10 Å (Supplementary

Figure S3; Mateja et al, 2009). The end of helix 6 becomes

more exposed relative to the ‘open’ form (2WOO) (Supple-

mentary Figure S3) consistent with hydrogen/deuterium

exchange experiments that show this helix exchanges

hydrogen more rapidly after TA binding (Bozkurt et al,

2009). The five helices flanking the groove (helices 4, 5, 7,

8 and 9) are in a similar orientation to that seen in the ‘closed’

fungal structures (Figure 1E and F). They are extended and

more ordered, with only eight residues connecting helix 8 to

helix 9 missing backbone density.

Instead of a hydrophobic binding groove, the MjGet3

tetramer uses the flanking helices to form the walls of a

cage generating a hydrophobic central chamber (Figure 1A

and B). Here, and in closed fungal Get3 structures, the loop

formed by helices 4 and 5 (4/5 loop) is on the opposite side of

helix 6 from the loop formed by helices 7 through 9 (7/8/9

loop) (Figure 1C). In MjGet3, the 4/5 loop tilts away from the

binding groove. In doing so it forms a three-helix bundle to

helix 8 extended from a subunit across the tetramer stabilized

by hydrophobic interactions (Figure 1A and B). Calculated by

PISA (Krissinel and Henrick, 2007), the tetramer buries an

additional B6000 Å2 relative to the dimers (B11000 Å2) with

the three-helix bundle providing most of the contacts.

The chamber formed by the tetramer is predominantly

hydrophobic (Figure 2A). The size of the internal cavity

is B30 Å across the middle to B40 Å down the long axis

(Supplementary Figure S5). This is compatible with the

dimensions of a single TM with volume remaining for addi-

tional helices. The chamber is lined by helices 5, 7, 8 and 9.

Unlike in the dimer model, helix 4 is on the periphery as part

of the three-helix bundle (Figure 2B). The two helix 8s from

the dimer extends into the groove of the opposing dimer

(Figure 2B). The result is that they cover the floor and block

the ends of the groove. This configuration prevents direct

contact from helix 6 to the chamber. The cage has openings at

the site where the disordered loop between helix 8 and 9 is

missing (Figure 2C), which could provide an access point

between the internal chamber and the cytoplasm. This open-

ing, when viewed based on electrostatic potential, has an

overall positive charge. The general charge is conserved in

eukaryotes and is consistent with a discrimination point

preventing binding of mitochondrial TA proteins (Mateja

et al, 2009).

Extensive mutagenesis has been performed on ScGet3

by our laboratory and others (Figure 2D; Supplementary

Figure S6; Mateja et al, 2009; Suloway et al, 2009). Mateja
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Figure 2 Central cavity. (A) Surface representation of MjGet3 cut
through the middle. Residues coloured based on type: positive
charge (blue), negative charge (red) and hydrophobic (green).
(B) Similarly to Figure 1A rotated 901 forward showing the cage
walls with the foreground removed. (C) External view of the cavity
in surface representation coloured based on electrostatic potential
(negative—red to positive—blue). Holes indicated by arrow.
(D) External view of the central cavity highlighting mutants from
previous studies, inset shows zoom in region coloured similarly to
Figure 1E. Mutants resulting in a negative growth phenotype by
Suloway et al (2009) are shown in green. Mutants from Mateja et al
(2009) are coloured according to loss of nucleotide hydrolysis (red),
TA binding (blue) or both (purple).
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et al (2009) focused on the putative TA binding groove and

identified three classes of mutations: those that affect TA

binding (blue), nucleotide hydrolysis (red) or both (purple).

The location of residues that affect nucleotide hydrolysis

predominantly cluster to the base of the groove on helix 6;

however, in the dimer model these residues did not affect TA

binding despite being components of the putative groove. In

the tetramer structure, the reason for this becomes clear as

these residues do not directly contact the hydrophobic cham-

ber and, therefore, would not be predicted to affect binding

(Supplementary Figure S6B and C). They do lie directly below

the chamber and would be expected to communicate the state

of the chamber to the NHD. The mutants that affect TA

binding all coat the interior of the hydrophobic chamber

(Figure 2D; Supplementary Figure S6C).

Archaeal Get3 binds TA proteins

The high sequence and structural homology between fungal

and archaeal Get3 suggest that the archaeal protein is capable

of binding TA proteins. We established a method for purifying

a Get3/TA protein complex heterologously in E. coli using a

two-step purification procedure where both Get3 and the TA

protein contain affinity tags (Figure 3A; similarly to Bozkurt

et al, 2009; Favaloro et al, 2010 and Yamagata et al, 2010).

Using this method, we could reliably purify ScGet3 bound to a

variety of TA substrates. We analysed the complex using

inductively coupled plasma mass spectrometry (ICP-MS) to

identify bound ions (Yamagata et al, 2010). We found an

approximate 2:1 ratio of Get3 to zinc but only trace amounts

of magnesium suggesting that there are no appreciable

amounts of bound nucleotide, consistent with what has

been reported before. An example of this complex is the

purification of ScGet3 bound to Sbh1, the yeast homologue

of mammalian Sec61b and a demonstrated GET pathway

substrate (Figure 3B, lane 1; Schuldiner et al, 2008).

Interestingly, when we co-expressed MjGet3 with Sbh1 we

were able to purify a stable chimeric complex confirming that

the archaeal homologue is capable of binding a TA protein

(Figure 3B, lane 2). As a control, co-expression of MjGet3

with a TM deletion of Sbh1 was unable to form a complex by

this method, demonstrating that MjGet3 specifically bound

the TA (Supplementary Figure S7A and B).

Next, we tested to see if the archaeal Get3 was capable of

binding a native substrate. We first co-expressed MjGet3 with

MjSecb, the archaeal homologue of Sec61b whose structure

has been solved and is predicted to be a TA protein (van den

Berg et al, 2004; Borgese and Righi, 2010). Using our two-step

purification, we were able to obtain a stable complex of the

two proteins (Figure 3B, lane 3). Neither component was

recovered when expressed alone and purified by the same

two-step procedure.

A number of additional TA proteins have been identified

bioinformatically from Methanococcus maripaludis, a related

species to M. jannaschii (Borgese and Righi, 2010). Some of

these have homologues in M. jannaschii including SecE,

another Sec channel component and MtrA and MtrB, TA

subunits of tetrahydromethanopterin S-methyltransferase.

All three proteins could be purified as a complex bound

to MjGet3 (Figure 3B, lanes 4–6). We wanted to test another

archaeal homologue and chose to work with the Get3 from

Thermococcus kodakaraensis (TkGet3). This Get3 falls into

the class of archaeal homologues missing the pair of zinc-

coordinating cysteines. Using the two-step method, TkGet3

is capable of forming stable complexes with the same set of

TA proteins tested for MjGet3 (Figure 3B, lanes 7–11).

The binding chamber only sequesters the TM

Get3 specifically recognizes and binds the hydrophobic TA

(Stefanovic and Hegde, 2007). The nature of the tetramer’s

hydrophobic chamber suggests it is capable of sequestering

a TA; however, it would be unable to fit a typical soluble

domain. We would postulate that while the TA is in the

chamber the soluble domain extends out through the gap in

the cage. The consequence would be that Get3 would only

protect a minimal amount of the TA protein from solvent. Our

double affinity tagged system provides a means to test this.

Here, we took the N-terminal fusion of MBP to Sbh1 and

introduced a thrombin protease site between the two pro-

teins, which we then co-expressed with ScGet3 and purified
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Figure 3 TA protein binding by Get3. (A) Diagram of recombi-
nantly expressed complex showing the two affinity tags used for
purification (MBP, maltose binding protein). Position of thrombin
cleavage site indicated. (B) Coomassie-stained SDS–PAGE of Get3/
TA protein complexes from various species purified by recombinant
co-expression. (C) Sequence of Sbh1 fusion to MBP with residues
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western blot of the ScGet3/Sbh1 truncation complexes pre- and
post-thrombin cleavage with aMBP antibody against the MBP–Sbh1
fusion. Accessibility of protease site results in a shift of the MBP–
Sbh1 fusion to a lower MBP band. Residues numbers of Sbh1 are
indicated. Figure source data can be found in Supplementary data.
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(Figure 3A and C). For the full-length MBP-Sbh1 fusion, the

addition of thrombin resulted in a gel shift of MBP from

running as a fusion to MBP alone (Figure 3D, lane 1 versus

lane 2). TM topology predicting software, TMHMM 2.0

(Krogh et al, 2001), predicts the TM to extend from residue

55 to 74 (Figure 3C). We generated constructs with progres-

sively shorter N-terminal soluble domains of Sbh1 and tested

them in the assay. A complex of ScGet3 with an MBP fusion of

Sbh1 truncated to eight amino acids N-terminal of the TM

could be cleaved (Figure 3D, lane 5 versus 6); however, Sbh1

truncated to three amino acids N-terminal to the TM could

not (Figure 3D, lane 7 versus 8). Therefore, Get3 sequesters

only a few amino acids in addition to the hydrophobic TM.

This result could also be consistent with the dimer model

where the groove covers only the TA.

Get3 can form a tetramer in solution

The current model for the function of fungal Get3 is based

on Get3 always maintaining a dimeric state. ScGet3 purified

after expression in E. coli is predominantly a dimer by SEC;

however, a small pool always purified as a tetramer (Figure

4A and B, solid blue trace). This tetramer pool was stable

enough to be rerun over the column (Figure 4B, dashed line).

We noted that the tetramer fraction would degrade over time

to dimer, while we would never see conversion of the dimer

to tetramer. We suspected, as noted below, that the tetramer

fraction is stabilized by interactions with hydrophobic

peptides. In this case, tetrameric ScGet3 might be bound

to hydrophobic E. coli peptides. We searched for evidence

of these by mass spectrometry but were unable to find any

E. coli peptides. This may not be surprising, as the expected

hydrophobic peptides are typically hard to identify by liquid

chromatography tandem mass spectrometry (Wu and Yates,

2003) and may be in low abundance.

In contrast to ScGet3, the solution state of MjGet3 is

primarily a tetramer by SEC (Figure 4A, green trace), which

is consistent with the crystal structure. We were interested to

see if this was a general feature of archaeal Get3 homologues.

Get3 from the mesophile M. maripaludis (MmGet3) was

predominantly tetrameric in solution (Figure 4A, red trace).

TkGet3, which lacks the coordinating cysteines, is similar to

ScGet3 in that the protein elutes as both a tetramer and a

dimer (Figure 4A, cyan trace).

The interactions forming the tetramer in the MjGet3 crystal

structure are primarily hydrophobic packing between helix 8

on one subunit and helices 4 and 5 from the opposing subunit

(Figure 4C). This suggests that the tetramer should be sensi-

tive to detergent. To test this, we dialysed the protein against

a 1% (w/v) solution of the small micelle detergent N-octyl-b-

D-glucopyranoside (b-OG) just above the critical micelle

concentration. After overnight dialysis, the majority of the

MjGet3 shifted to a peak consistent with a dimer (Figure 4D,

compare green trace with black trace). When we then

dialysed out the detergent, the protein returned to the tetra-

mer (Figure 4D, black dashed trace) confirming that in these

conditions this was the stable state. When we diluted out the

detergent in the presence of ATP we saw no effect on the

oligomeric state, although we did note an increase in absorp-

tion consistent with nucleotide binding (260/280 ratio went

from 0.81 without nucleotide to 1.02 in the presence of ATP).

This was intriguing as adding ATP to purified tetrameric

MjGet3 would cause the protein to precipitate. For further

confirmation of the stability and hydrophobic nature of the

interaction, we performed SEC of MjGet3 in the presence of

high salt (1 M NaCl) or denaturant (1 M urea). Neither

affected the oligomeric state (Supplementary Figure S8).

Helix 8 had been suggested to play an important role in

TA binding, possibly as a cover to the groove proposed in the

dimer model (Mateja et al, 2009). Deletion of this helix

resulted in a loss of TA binding (Yamagata et al, 2010). In

the tetramer model, this helix stabilizes the interface; there-

fore, it is critical to formation of the TA binding hydrophobic

chamber. To test this directly, we introduced mutations in

helix 8 of MjGet3 near the interface of the three-helix bundle

(Figure 4C). Two of these, F192D and M196D, directly disrupt

the hydrophobic interface and both of them shift predomi-

nantly to a dimer peak by SEC (Figure 4E, red and purple

trace). A third mutation, M193D, was not at the interface

(Figure 4C) and this mutant strongly favoured the tetramer

(Figure 4E, orange trace). Partial deletion of helix 8 resulted

in a loss of the tetramer peak as well (Figure 4E, yellow

trace).

Fungal Get3 tetramer is capable of TA membrane

insertion in vitro

A biological role for the tetramer complex is difficult to prove

directly. We decided to address this by demonstrating that our

purified Get3/TA tetramer complex was capable of insertion

into purified yeast microsomes. It had previously been shown

that both a fungal Get3/TA tetramer complex (Bozkurt et al,

2009) and a mammalian Get3/TA tetramer complex (Favaloro

et al, 2010) are capable of insertion into mammalian micro-

somes. In both cases, membrane integration was verified by

glycosylation of the C-terminus of the TA protein, which can

only happen if the C-terminus has entered into the lumen of

the microsomes. We chose to perform a similar assay using

all fungal components.

We generated an MBP-tagged Sbh1 with a glycosylation

site from opsin at its C-terminus (MBP–Sbh1-op). This pur-

ified as a stable tetrameric complex with ScGet3. Using this

complex, we observed successful insertion of MBP–Sbh1-op

into S. cerevisiae Dget3 microsomes by glycosylation of the

C-terminal opsin tag, confirmed by subsequent deglyco-

sylation with the endoglycosidase EndoH after disruption of

the microsomes (Figure 5A, lanes 3 and 4). As previously

seen (Favaloro et al, 2010), no insertion was observed when

microsomes were pre-treated with trypsin (Figure 5A, lane 1).

Furthermore, insertion is sensitive to the binding of nucleo-

tide, here disrupted by the addition of EDTA to the reaction

(Figure 5A, lane 2). MBP–Sbh1-op could be purified without

Get3 and alone failed to insert (Figure 5A, lane 5). This shows

that the ScGet3/TA tetramer complex is on a functional

insertion pathway. We were interested to see if we could

get transfer from an archaeal complex into our yeast micro-

somes. We purified a stable MjGet3/MBP–Sbh1-op tetramer

complex. This complex was unable to insert the yeast sub-

strate into S. cerevisiae Dget3 microsomes (Supplementary

Figure S9A).

The inability of the archaeal MjGet3/yeast TA tetramer

complex to insert into yeast microsomes implies that there

are significant differences in the putative archaeal pathway at

the membrane. Indeed, there are no obvious homologues

of either Get1 or Get2 in any archaea. To further explore the

species dependence of our insertion results, we decided
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to use a reconstituted in-vitro translation system that has

previously been used to demonstrate insertion by eukar-

yotic Get3 variants (Stefanovic and Hegde, 2007). Using

lysates from the S. cerevisiae Dget3 strain, we were able

to reconstitute insertion into purified microsomes using a

model substrate (N-terminal truncation of MBP–Sbh1-op)

dependent on the presence of ScGet3 (Supplementary

Figure S9B). Based on this, we decided to see if any of the

archaeal Get3 homologues could facilitate insertion. Similarly

to the purified complex assay, MjGet3 was unable to facili-

tate insertion, as was MmGet3 or TkGet3 (Supplementary

Figure S9B and C). This suggests that, under these conditions,

archaeal Get3 homologues are unable to support insertion

into fungal microsomes.

Solution characterization of Get3 and Get3–TA protein

complexes

Complexes between fungal or mammalian Get3 bound to TA

substrates are consistent with a tetramer of Get3 (Bozkurt

et al, 2009; Favaloro et al, 2010). We decided to assay the

oligomeric state of various complexes using multi-angle laser

light scattering (MALLS), which provides a relative molecular

weight of the particle. Using this method, both the purified

ScGet3 dimer and the tetrameric MjGet3 were consistent with

calculated molecular weights, 80.8 and 153 kDa, respectively

(Figure 5B; Table I). Using purified ScGet3/TA complexes,

the experimental molecular weights were consistent with a

tetramer of ScGet3; however, the stoichiometry of the TA

proteins was inconclusive (Figure 5B; Table I). This suggests

that more than one TA protein is bound per Get3 tetramer

possibly because the complex is formed in the absence

of other GET partners. The size of the chamber should be

able to accommodate multiple TA proteins (Supplementary

Figure S5).

The data are consistent with the MjGet3 tetramer having a

similar conformation to the Get3/TA complex. We expected

that the elongated dumbbell structure and the stability of the

purified complexes could be exploited in an analysis using

biological small-angle X-ray scattering (bioSAXS). The benefit

of this technique is that it can provide measures of dimen-

sions in solution along with allowing for the calculation of

low-resolution molecular envelopes (Putnam et al, 2007).

bioSAXS curves of MjGet3 and ScGet3/TA complexes show

similar dimensions such as the radii of gyration (Rg) and

maximum dimension (Dmax) (Table I). The unbiased overall

shapes of the pair-distribution functions, P(r), are also similar

with a primary peak followed by a shoulder peak (Figure 6A),

strongly suggesting a multi-domain protein consistent

with the crystal structure of MjGet3. This further indicates

that the fungal and archaeal tetramers have similar overall

architectures.

In addition to overall dimensions, bioSAXS can use the

experimentally measured distance distributions (Figure 6A)

in a variety of refinement procedures to obtain ab initio mole-

cular envelopes (Putnam et al, 2007). We used DAMMIN

(Svergun, 1999) to calculate molecular envelopes of each of

our complexes. Knowing that the Get3 tetramer has internal

symmetry, we imposed P22 symmetry on our model. This did

not affect the overall dimensions of any of the complexes;

however, it was necessary to establish a consistent envelope.

We calculated a molecular envelope for MjGet3 (Figure 6B;

Supplementary Figure S10). The ab initio fit to the data

returned a dumbbell-shaped envelope consistent with the

crystal structure. Viewed down the two-fold along the long

axis of the tetramer, we measured a crossing angle of the

widest point in each of the dimers. In the crystal structure,

this crossing angle is B301. Performing a similar measure for

the molecular envelope results in a crossing angle of B401.

This suggests that the crystal structure stabilizes a slightly

twisted form of the MjGet3 compared with the solution state.

We generated a molecular envelope for both the ScGet3/Ysy6

complex and a truncated ScGet3/Sbh147–82 complex (Figure

6C and D; Supplementary Figure S10). These resulted in very

similar dumbbell-shaped structures confirming that the

MjGet3 tetramer is a good model for the fungal Get3/TA

tetramer complex.
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Figure 5 Functional studies of Get3/TA protein tetramer complex
and SEC-MALLS. (A) In-vitro membrane integration of an MBP
fusion to Sbh1 with a C-terminal opsin tag into microsomes purified
from S. cerevisiae Dget3 by a purified ScGet3/MBP–Sbh1-op com-
plex. A western blot against MBP of in-vitro translocation assays
into trypsinized yeast microsomes (T-YM—lane 1), in the presence
of EDTA (lane 2), standard in-vitro translocation conditions before
(lane 3) and after EndoH treatment (lane 4) and MBP–Sbh1 purified
without Get3 (lane 5). Star indicates MBP–Sbh1-op and the arrow
points to band shifted by glycosylation of MBP–Sbh1-op after
membrane integration. (B) Molecular weights of Get3 and Get3/
TA protein complexes measured by SEC coupled to MALLS. Traces
of differential index of refraction (dn/dc) and calculated molecular
weights are shown. Figure source data can be found in Supplemen-
tary data.

Table I MALLS and SAXS statistics

MALLS ScGet3 MjGet3 ScGet3/
Ysy6

ScGet3/
Sbh1

Get3 monomer (kDa) 41.3 38.8 40.2 39.4
Get3 oligomer (kDa) 82.5 155 161 157
Mw measured (kDa) 80.8 153 198 238
Difference (kDa) �2.5 �2.0 +37.1 +80.6
TA Mw (kDa) — — 8.8 9.3
Difference/TA Mw — — 4.2 8.6

SAXS MjGet3
(ADP �AlFx)

ScGet3/
Ysy6

ScGet3/Sbh1
47–82

Rg theoretical (Å) 44.2 — —
Rg Guinier (Å) 47.0 49.8 52.1
Rg GNOM (Å) 47.5 49.6 51.0
Dmax 165 173 163
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Discussion

The details of the GET pathway are rapidly being discovered.

So far, Get3 is the best characterized of the components, yet

there are still a number of important questions that remain to

be answered. Here, we solve the structure of an archaeal

Get3. The structure is a tetramer with a hydrophobic chamber

that we postulate sequesters TA. We demonstrate that archae-

al homologues are capable of TA protein binding. Moreover,

we show the first structural information of fungal Get3/TA

protein complexes, which is consistent with the biochemical

data supporting a tetramer model for TA binding.

The presence of a Get3 homologue in archaea is exciting

and suggests a novel membrane protein-targeting pathway in

this domain of life. The lack of homologues of other GET

components implies that the pathway, if it exists, will be

significantly different. Based on the structural homology, the

fact that archaeal Get3s can bind TA proteins is not surpris-

ing; however, it supports the possibility of an archaeal TA

targeting pathway. It is also interesting that an archaeal

homologue that does not contain the CXXC motif, TkGet3,

is capable of both oligomerization and TA binding. This motif

is essential in fungal Get3 homologues and may suggest an

evolutionary path for these proteins. Unlike certain TA pro-

teins (e.g., Secb and SecE), Get3 homologues are not found

universally in archaea. This hints that the presumed pathway

may not be essential or may be required for specific sub-

strates. The fact that very closely related archaea differ

in having a Get3 homologue is a question for further study

(e.g., Pyrococcus abysii versus Pyrococcus furiosus and

Pyrococcus horikoshii).

Tetramers of Get3 have been seen in a variety of contexts

suggesting that this state plays a functional role in the GET

pathway. In the initial functional identification of TRC40 (the

mammalian homologue of Get3), the protein isolated from

in-vitro translation in a reticulocyte lysate was seen in a large

complex ranging in size compatible with the tetramer

(Stefanovic and Hegde, 2007). Similarly, the crosslinking of

a mammalian Get3/TA complex was consistent with tetra-

mers by SDS–PAGE (Favaloro et al, 2008). Bozkurt et al

(2009) purified a fungal Get3/TA protein complex that they

determined was a Get3 tetramer by analytical ultra-centrifu-

gation and SEC. This complex, in an in-vitro insertion assay

using mammalian ER microsomes, is competent for mem-

brane insertion. Favaloro et al (2010) completed a similar

study using a mammalian Get3/TA complex. In this case, the

size of the complex was compatible with a tetramer by SEC

and was also competent for membrane insertion. We have

now replicated these results in a purified fungal system.

Thus, in the cases where functional insertion was demon-

strated, the oligomeric state of Get3 is a tetramer.

It is clear that eukaryotic Get3 can exist as a stable dimer

and it is likely this state plays a functional role. We, and

others, have demonstrated that Get3 is a tetramer when

bound to a TA substrate and this complex is capable of TA

insertion. This conflicts with the dimer model suggested

based on earlier structures. As we now present a contrasting

model, it is useful to posit the differences in the two models.

The dimer model of Get3 TA binding suggests that the HSD

captures the length of a TM along a hydrophobic groove with

a floor provided by helix 6 and helices 4, 5, 7 and 9 providing

the walls. In the unbound transition state structure, the

dimensions of the groove seem compatible with a hydropho-

bic TM helix; however, while covering three sides of the

protein the groove leaves one face of the protein exposed to

solvent. It has been suggested that helix 8 solves this by

becoming ordered upon TA binding to cover the exposed face.
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Figure 6 Size and shape of Get3/TA protein complexes. (A) Pair-
distribution functions from bioSAXS of MjGet3 (blue), ScGet3/Ysy6
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Consistent with this, mutations in the walls of the groove and

deletion of helix 8 prevent TA binding (Mateja et al, 2009;

Yamagata et al, 2010). Similar mutations at the bottom of the

groove do not significantly affect TA binding; however, they

clearly play a role in the targeting process (Mateja et al, 2009;

Suloway et al, 2009). The dimer model requires that a

structured groove accommodate a wide variety of TA sub-

strates along with necessitating the binding of an a-helix. This

is different from the model for SRP binding of a hydrophobic

signal sequence, which uses a flexible loop to form its helical

binding pocket (Bernstein et al, 1989; Keenan et al, 1998).

The tetramer model resolves a number of the issues that

arise in the dimer model. Here, the residues in helix 6 that

affect nucleotide hydrolysis do not contact the hydrophobic

cage directly and would not be expected to directly affect TA

binding. Instead, they would relay the binding of substrate

and oligomerization state to the NHD. Moreover, in a deuter-

ium exchange assay the binding of TA leads to exposure of

the C-terminus of helix 6, as seen in the tetramer; whereas, in

the dimer model this should be occluded by TA (Bozkurt

et al, 2009). The binding of a hydrophobic TA stabilizes the

tetrameric state of fungal Get3. This suggests that energy

must be input to destabilize the complex. It also suggests why

a Get3 complex with cytochrome b5, a more hydrophilic TA,

does not require energy for insertion as it is likely less stable

(Stefanovic and Hegde, 2007; Favaloro et al, 2010). It is

interesting to note that in the conditions tested here the

archaeal tetramer is significantly more stable than eukaryotic

homologues independent of bound TA.

Both Get3 and ArsA are members of the ‘deviant Walker A

motif’ family of ATPases (Koonin, 1993). ArsA is structurally

very similar to Get3 (Suloway et al, 2009) and uses ATP

hydrolysis to facilitate arsenite export (Walmsley et al, 1999).

Binding of arsenite stimulates the monomer (effectively a

pseudo-dimer) to dimerize (analogous to a Get3 tetramer)

(Ching et al, 1991). Structures of ArsA exist only as mono-

mers, so there appears to be an analogous oligomerization in

this related system. It would be interesting to see if the

solution structure of ArsA bound to arsenite is compatible

with the tetramer described here. Other members of this

ATPase family that have been characterized are soluble

dimers that also form higher order functional complexes

either as homo-oligomers (e.g., Soj; Leonard et al, 2005

and MinD; Hayashi et al, 2001) or as hetero-oligomers

(e.g., NifH; Schindelin et al, 1997); therefore, a role of

higher order oligomerization may be a general feature of

this family.

A remaining complication in this study is the stoichiometry

of the tetramer/TA complex. The current idea is that a single

TA protein binds to the Get3 complex. While this is attractive,

there is no biochemical data that supports this; indeed, it is

difficult to prove. It is clear that our tetramer complex

contains minimally a single TA protein; however, the biophy-

sical data suggest that there are more copies bound. The size

of the chamber easily accommodates a single TM with ample

space for additional TMs. Moreover, the hydrophobic nature

of tetramer formation presumably allows for flexibility of the

chamber that may expand to bind more substrates. A recent

study by Leznicki et al (2011) used chemical modification to

the TM of the TA to explore the flexibility of the TA bind-

ing pocket. Addition of a single large polyethylene glycol

(PEG) adduct to the TM did not inhibit binding or insertion;

however, modification at two sites prevented binding inde-

pendent of whether the attachments were on the same or

opposite sides of a presumed helix. The single site addition is

clearly compatible with a dimer model; however, it is incon-

sistent with a second binding site on the same side not

binding. The tetramer model is also consistent with a single

site modification as the two proposed chamber access points

could accommodate both protein and extended PEG. A

second site would have a harder time being accommodated

and would presumably reduce the affinity. Overall, these

results point to surprising flexibility in binding to Get3.

The role of nucleotide in TA targeting remains to be

determined. All of the current evidence demonstrates that

nucleotide hydrolysis is required at the membrane but not for

TA binding (Stefanovic and Hegde, 2007; Favaloro et al, 2008,

2010). Mutants deficient in nucleotide binding efficiently bind

to TA substrate in both in vitro (Stefanovic and Hegde, 2007)

and heterologous expression assays (Yamagata et al, 2010).

Structural studies suggest that Get3 undergoes distinct con-

formational changes from an ‘open’ to ‘closed’ form that is

stimulated by the nucleotide state. The closed form of Get3

has only been seen in the presence of nucleotide, indepen-

dent of the g-phosphate (Bozkurt et al, 2009; Mateja et al,

2009). The open form has been seen in both the apo and ADP

complex (Mateja et al, 2009; Suloway et al, 2009; Yamagata

et al, 2010). This suggests that there is conformational flex-

ibility with bound nucleotide favoring the ‘closed’ state

(Chartron et al, 2010). Neither our purified MjGet3 nor our

ScGet3/TA complex contain bound nucleotide consistent with

what has been seen before (Bozkurt et al, 2009; Favaloro

et al, 2010). Purified Get3/TA complexes require nucleotide to

stimulate insertion implying that the nucleotide-binding

pocket (NBP) is solvent accessible (Bozkurt et al, 2009;

Favaloro et al, 2010). With a bound transition state analogue,

the NBP is closed to solvent (Mateja et al, 2009); however, in

the closed form bound to ADP the switch II loop has moved,

exposing the NBP (Bozkurt et al, 2009). This conformation

cannot hydrolyse ATP and is similar to the position of switch

II in our MjGet3 tetramer. Therefore, in the Get3 tetramer the

NBP is more accessible allowing diffusion in or out of

nucleotide. The high cellular concentration of ATP makes it

likely that this is the bound form. Disruption of the tetramer

would be required for switch II to occupy a hydrolysis

competent conformation. This disruption would result in

substrate release and may be facilitated by factors at the

membrane.

In the fungal GET pathway, each of the soluble proteins

exists minimally as dimers. Sgt2, the first protein in the

pathway to specifically bind the TA (Tobaben et al, 2003;

Liou et al, 2007; Wang et al, 2010), is a homodimer with an N-

terminal dimerization domain (Liou and Wang, 2005). Get4

and Get5, which link Sgt2 to Get3, are hetero-tetramers with a

C-terminal dimerization domain in Get5 (Chartron et al,

2010). This all suggests a larger functional complex in TA

protein recognition and delivery (Chartron et al, 2011). The

ability of Get4, minimally present in two copies, to bind

directly to a dimer of Get3 is consistent with the possible

specific recognition of a tetramer or two dimers.

All of this allows us to suggest a modified model for Get3

mediated targeting of a TA protein (Figure 7). (1) Get3 in its

apo form is a stable and soluble dimer in equilibrium bet-

ween an ‘open’ and ‘closed’ form. (2) Binding of nucleotide
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shifts the equilibrium towards the ‘closed’ form that is

compatible with binding Get4. This is now competent for

TA binding. (3) Binding of the TA results in tetramer forma-

tion. Conformational changes to form the tetramer cause

release from Get4 and diffusion of the Get3/TA complex to

the membrane. (4) Here, the receptor complex stimulates

release of TA and insertion into the membrane. Get3 now

returns to the dimer state to bind new TA substrates.

A related structural study on archaeal Get3 was published

while this manuscript was in review. Their crystal structure

of Get3 from the archaea Methanothermobacter thermauto-

trophicus (MtGet3) is consistent with the results presented

here in that the archaeal homologue is structurally similar to

fungal counterparts (Sherrill et al, 2011). In this case, a dimer

was specifically purified and crystallized; therefore, they do

not investigate the tetramer that we report. Interestingly, the

loops that extend to form our tetramer are also extended in

the dimer of MtGet3 perhaps explaining why the archaeal

tetramer is more stable. Excitingly, they were able to demon-

strate that MtGet3 can facilitate TA insertion using a protease

protection assay. This difference from our result might be

assay specific or could be related to the species of Get3 and

TA protein tested.

Also while this manuscript was in review, two reports on

the interaction of Get3 with the membrane proteins Get1 and

Get2 were published (Mariappan et al, 2011; Stefer et al,

2011). In both studies, structures of Get3 dimers are bound to

the soluble domains of either Get1 or Get2. The structures

suggest how Get1 and Get2 can recognize Get3 and facilitate

release of a TA protein. These structures do not contain TA

proteins. We believe the evidence is compatible with a model

in which a tetrameric Get3/TA protein complex is captured

by Get2 then disrupted by Get1 to release the TA protein for

insertion.

Get3 is a dynamic protein that undergoes a complex series

of conformational changes in delivery of a TA protein to

the ER. Here, we present the first structural information of

Get3/TA complex from a heterologously expressed system

demonstrating that Get3 in this state is a tetramer. The

tetramer model suggests a TA is sequestered within a hydro-

phobic chamber. Further studies are required to establish

the role of the tetramer in vivo. An unresolved point is the

stoichiometry of the TA proteins to Get3, which probably

requires other GET components to determine. Finally, the

functional role of the Get3 archaeal homologue is a tantali-

zing question, particularly with the broader context of the

detailed molecular mechanism of TA protein targeting by

the GET pathway.

Materials and methods

Cloning, expression and purification
All Get3 homologues were amplified from genomic DNA and cloned
into a pET33b vector (Novagen) modified to contain only an
N-terminal 6�His tag. Genomic DNA for MjGet3 (MJ_1142) from
M. jannaschii DSM 2661 (ATCC), TkGet3 (TK_0994) from
T. kodakaraensis KW128 (Santangelo et al, 2007), MmGet3
(MmarC7_1163) from M. maripaludis C7 (ATCC), and ScGet3 from
a previous study (Suloway et al, 2009). For MjGet3, site-directed
mutagenesis was used to generate a truncation encoding amino
acids 12–349 of MjGet3 (MjGet312–349) and 12–333 of MjGet3
(MjGet312–333). For co-expression, MjGet312–349, TkGet3 and ScGet3
were cloned into the first multiple-cloning site (MCS) of pACYCDuet
(Novagen). TA proteins (Ysy6 YBR162W-A, Sbh1 YER087C-B, Secb
(Kinch et al, 2002; van den Berg et al, 2004), SecE MJ_0371, MtrA
MJ_0851, MtrB MJ_0850) were amplified from genomic DNA and
cloned into pMAL-C2 (NEB) modified to contain a thrombin site
between MBP and the MCS. Truncations of Sbh1 were generated
by site-directed mutagenesis. Gene annotations are from KEGG
(http://www.genome.jp/kegg/).

Get3 homologues were expressed in BL21-Gold(DE3) (Strata-
gene) in 2�YT at 371C for 3 h (induced at A600¼ 0.6 with 0.3 mM
isopropyl-b-D-thiogalactoside). Cells were pelleted, resuspended in
Buffer A (50 mM Tris pH 7.5, 300 mM NaCl, 10 mM b-mercapto-
ethanol (b-ME)) with protease inhibitors, and lysed through an
ML-110 microfluidizer (Microfluidics). Lysate was centrifuged and
supernatant was passed over Ni-NTA resin (Qiagen), washed with
Buffer A with 10 mM imidazole and eluted in Buffer A with 200 mM
imidazole. The eluate was incubated with 2U thrombin per ml
(Sigma) at room temperature (RT) while dialysing against Buffer A
for 16 h. The reaction was stopped with 1 mM PMSF and passed
over Ni-NTA resin to remove uncleaved product and contaminants.
Flow through was purified on a Superdex 200 column (GE
Healthcare) (10 mM Tris pH 7.5, 100 mM NaCl, 10 mM b-ME).
Selenomethione derivatives were expressed by auto-induction
media and purified by the same method as native (Studier, 2005).
ScGet3 tetramers were analysed for extraneous peptides by tryptic
digest followed by LC/MS at the Caltech Protein/Peptide Micro-
Analytical Laboratory.

Crystallization
MjGet312–349 crystallized in the P21 form in 2 days at RT by sitting-
drop vapour diffusion by mixing 1 ml of 10 mg/ml MjGet3 (10 mM
Tris pH 7.5, 100 mM NaCl, 10 mM b-ME, 2 mM MgCl2, 2 mM ADP,
0.5 mM AlCl3, 8 mM NaF) with 1ml of reservoir solution (0.1 M
Na2SO4 and 9% (w/v) PEG 3350). Crystals were cryoprotected with
artificial mother liquor containing 20% glycerol or 17.5% sucrose
and 17.5% xylitol before flash freezing in liquid N2. Seleno-
methione crystals were obtained in the same way. MjGet312–333

crystallized in the P2 form after 1 day in drops of 1 ml of 10 mg/ml
MjGet3 (10 mM Tris pH 7.5, 100 mM NaCl, 10 mM b-ME, 2 mM
MgCl2, 2 mM ADP) and 1 ml 0.2 M Na2SO4 and 10% (w/v) PEG 3350
and cryoprotected with 20% ethylene glycol.

Data collection, structure solution and refinement
All native data collection was done at SSRL BL12-2 at a wavelength
of 1.000 Å at 100 K. Selenomethionine derivative data were collected
at the APS GM/CA-CAT BL23ID-D at a wavelength of 0.9795 Å at
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100 K. Diffraction data were integrated with iMosflm (Leslie, 1992)
and scaled with CCP4/Scala for P21 data (CCP4, 1994) and XDS for
P2 data (Kabsch, 2010). MR with native P21 data was performed with
CCP4/Phaser (McCoy, 2007) with an NHD from 3IBG. MR for native
P2 data was by phenix.automr used a starting model of an NHD
monomer from MjGet3 P21. The P21 form consisted of a single
MjGet3 tetramer in the asymmetric unit. The P2 form contained four
monomers assembled in two crystallographic tetramers aligned along
the long axis of symmetry (Supplementary Figure S2). Rounds of
model building and refinement were done with Coot (Emsley and
Cowtan, 2004) and phenix.refine (Adams et al, 2002). Global NCS
was used in the P21 refinement with weights calculated in
phenix.refine. Residues that we were not able to resolve in both
crystal forms varied between subunits but included the N-terminus
(2–23/25), the loop between helices 8 and 9 (202–209) and the C-
terminus (333/334–349). In P2, we could see density in chain A that
is consistent with helix 1 of chain A in P21 but were unable to build
into it with confidence. Additionally, we were unable to convincingly
model density in the NBP near the magnesium and aluminium
fluoride-binding site. As we see it in both forms it could be a sulphate
ion; however, we do not have direct evidence for this. TLS
(translation/libration/screw) vibrational motions were calculated
using the TLSMD server (Painter and Merritt, 2006a, b) and used in
the refinement. After initial modelling and refinement the P2 model
then refined against data corrected by the Diffraction Anisotropy
Server (Strong et al, 2006) limiting the resolution in directions a* to
3.3 Å, b* to 2.9 Å and c* to 3.4 Å. The final P21 model had an Rwork of
25.1% and an Rfree of 28.6% with residues in the Ramachandran plot
in 97.5% preferred, 2.5% allowed and 0.0% in the disallowed and
restricted regions. The final P2 model had an Rwork of 27.0% and an
Rfree of 29.6% with residues in the Ramachandran plot in 96.2%
preferred, 3.8% allowed and 0.0% in the disallowed and restricted
regions. Ramachandran statistics are taken from PHENIX. All
structure figures were made using Pymol (Delano, 1998) except for
Figures 2A and 5 and Supplementary Figure S5, which were made
using UCSF Chimera (Pettersen et al, 2004).

Pull downs
ScGet3, MjGet3 or TkGet3 and TA proteins were co-expressed
in BL21-Gold(DE3) E. coli. Soluble complexes were purified in
two steps using amylose resin (NEB) and Ni-NTA resin. ScGet3
complexes with Sbh1 truncations were purified by the same method
followed by incubation with 2 U of thrombin per ml at RTovernight.

Microsome insertion assay
The ScGet3 complex with MBP–Sbh1-op was co-expressed and
purified as for the pull downs followed by SEC on a Superdex
200 10/300. MBP–Sbh1-op was purified using amylose resin.
Microsomes from WT and Dget3 strains were prepared as in
Schuldiner et al (2008). Purified complex or MBP–Sbh1-op and
Dget3 microsomes were used for the insertion assay using the
conditions reported in Bozkurt et al (2009).

S. cerevisiae translation extracts were prepared essentially as in
Wu et al (2007), and included an additional centrifugation step at
49 000 r.p.m. in an Sw55Ti for 30 min after the low speed
centrifugation step (following cell lysis). In-vitro translations were
carried out as in Wu et al (2007). Translation reactions were
performed with Dget3 extracts in a 10-ml scale with 10mCi [35S]
methionine in the presence of recombinant Get3 (concentrations
indicated on gel). To assay post-translational TA protein insertion,
the following was added after 30 min: 1 mM cycloheximide, 1 ml
energy mix (8.3 mM ATP, 1.7 mM GTP, 200 mM creatine phosphate,
600 mM KOAc, 10 mM MgOAC), and 0.006 U/ml YRMs (WT or
Dget3).

SEC-MALLS
Purified proteins were run on a Shodex KW-804 column (10 mM Tris
pH 7.5, 100 mM NaCl, 10 mM b-ME) with MALLS data collected on a

DAWN HELEOS and Optilab rEX detector (Wyatt). Data were
processed using ASTRA (Wyatt) software.

SAXS
Purified MjGet312–349 and ScGet3 complexes with TA substrates
were dialysed against 20 mM Tris pH 7.5, 250 mM NaCl and 10 mM
b-ME. MjGet312–349 samples were also prepared by dialysis against
the same buffer containing 2 mM MgCl2, 2 mM ADP, 8 mM NaF,
0.5 mM AlCl3 and 1 mM ZnSO4. Solution SAXS experiments were
done at SSRL BL4-2 at RT. SAXS diffraction images were processed
using SASTool and PRIMUS (Konarev et al, 2003), data were
analysed with PRIMUS/autorg/autoporod, particle distance func-
tions were generated with GNOM/autognom (Svergun, 1992) and
ab initio shape determination was done with DAMMIN (Svergun,
1999).

ICP-MS measurement
The zinc and magnesium occupancy was quantified by ICP-MS
similarly to Yamagata et al (2010). Samples were measured using
an HP-4500 ICP-MS (Agilent Technologies). The concentration of
the Get3/TA complex was measured at between 3.24 and 3.48mM
assuming a Get3 tetramer bound to either one or four substrates.
The zinc concentration was measured at 5.66mM consistent with
two ions per tetramer. The magnesium concentration was measured
at 1.9 mM indicating less than one ion per tetramer, consistent with
no detectable amount of magnesium binding, which is required for
nucleotide binding.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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