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Substrate relay in an Hsp70-cochaperone
cascade safeguards tail-anchored membrane
protein targeting
Hyunju Cho & Shu-ou Shan*

Abstract

Membrane proteins are aggregation-prone in aqueous environ-
ments, and their biogenesis poses acute challenges to cellular
protein homeostasis. How the chaperone network effectively
protects integral membrane proteins during their post-transla-
tional targeting is not well understood. Here, biochemical reconsti-
tutions showed that the yeast cytosolic Hsp70 is responsible for
capturing newly synthesized tail-anchored membrane proteins
(TAs) in the soluble form. Moreover, direct interaction of Hsp70
with the cochaperone Sgt2 initiates a sequential series of TA relays
to the dedicated TA targeting factor Get3. In contrast to direct
loading of TAs to downstream chaperones, stepwise substrate
loading via Hsp70 maintains the solubility and targeting compe-
tence of TAs, ensuring their efficient delivery to the endoplasmic
reticulum (ER). Inactivation of cytosolic Hsp70 severely impairs TA
translocation in vivo. Our results demonstrate a new role of
cytosolic Hsp70 in directly assisting the targeting of an essential
class of integral membrane proteins and provide a paradigm for
how “substrate funneling” through a chaperone cascade preserves
the conformational quality of nascent membrane proteins during
their biogenesis.
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Introduction

Proper protein homeostasis is essential to all cells and requires the

correct folding, localization, and quality control of all cellular

proteins. Among molecular chaperones, the ubiquitous and highly

conserved Hsp70s play a dominant role in regulating the proteome.

Cytosolic Hsp70s are abundant and associate with over 20% of the

proteome (Thulasiraman et al, 1999). They interact with client

proteins at multiple stages of their life cycles, from the unfolded

state, to partially folded intermediates and aggregated proteins

(Clerico et al, 2015). As such, Hsp70s impact diverse aspects of

protein homeostasis, from de novo folding, to trafficking and degra-

dation (Mayer & Bukau, 2005; Clerico et al, 2015). Impaired activity

of cytosolic Hsp70s is associated with a wide range of diseases,

including neurodegeneration, type II diabetes, and cancer (Brehme

et al, 2014; Knowles et al, 2014).

Previous works have focused on the ability of Hsp70 to chaper-

one non-membrane proteins; whether cytosolic Hsp70s also protect

integral membrane proteins and how its chaperone activity is linked

to membrane protein biogenesis remain unclear. This is important,

as the post-translational targeting of membrane proteins poses one

of the most acute challenges to the proteostasis network. Before

arrival at the target membrane, improper exposure of hydrophobic

transmembrane domains (TMDs) in the cytosol could lead to rapid

and irreversible aggregation of membrane proteins. This disrupts

the targeting process and causes mislocalization of the membrane

protein that could lead to extensive proteostatic stress (Hartl et al,

2011; Shao & Hegde, 2011). Cellular machineries that mediate post-

translational membrane protein targeting must effectively compete

with these off-pathway processes and maintain newly synthesized

membrane proteins in a soluble, translocation-competent conforma-

tion; how this is accomplished is not well understood for most

protein targeting pathways.

Here, we address this question for tail-anchored proteins (TAs),

an essential class of membrane proteins defined by a single TMD at

the C-terminus. TAs comprise 3–5% of the eukaryotic membrane

proteome and play essential roles in numerous processes, including

membrane fission/fusion, vesicular trafficking, protein transloca-

tion, quality control, and apoptosis (Kalbfleisch et al, 2007; Hegde &

Keenan, 2011). In yeast and mammalian cells, TAs harboring highly

hydrophobic TMDs are targeted to the ER by a conserved guided

entry of tail-anchored protein (GET) pathway (Schuldiner et al,

2008; Jonikas et al, 2009; Wang et al, 2010), in which the ATPase

Get3 (or mammalian TRC40) receives TAs from the cochaperone

Sgt2 (or mammalian SGTA) with help of the scaffolding Get4/5 (or

mammalian BAG6) complex (Fig 1; Hegde & Keenan, 2011). Get3

subsequently delivers TAs to the Get1/2 (or mammalian WRB/

CAML) receptors at the ER membrane, via which the TA is released
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from Get3 and inserted into the membrane (Fig 1; Hegde & Keenan,

2011; Wang et al, 2014; Colombo et al, 2016).

Due to their topology, the TMDs of TAs cannot be recognized by

biogenesis factors until they are released from the ribosome,

demanding an obligatorily post-translational mechanism for their

capture and delivery. Sgt2 is the most upstream factor identified

thus far in the GET pathway that can post-translationally bind TAs

(Wang et al, 2010). Nevertheless, how TAs are loaded onto Sgt2 as

a soluble and functional complex remains unclear (Mateja et al,

2015; Shao et al, 2017). Generation of a functional Sgt2�TA complex

has mostly relied on in vitro translation (IVT) in cell lysates that

contain endogenous chaperones (Wang et al, 2010; Rao et al, 2016)

or the use of super-physiological concentrations of Sgt2 (Mateja

et al, 2015), raising questions as to whether the currently known

factors in the GET pathway are sufficient for efficient TA capture

and delivery. Intriguingly, Sgt2 contains a conserved tetratricopep-

tide repeat (TPR) domain that associates with multiple heat-shock

proteins including Hsp70, Hsp90, and Hsp104 (Wang et al, 2010;

Chartron et al, 2011; Krysztofinska et al, 2017). Heat-shock cognate

protein 70 (Hsc70) has been found to associate with TAs translated

in mammalian lysate (Abell et al, 2007), and supplementing Hsc70

enhanced TA insertion into the ER in semi-permeabilized cells

(Rabu et al, 2008). However, the involvement of Hsp70 in TA

biogenesis and its relationship to the GET pathway have remained

elusive.

In this work, we address these questions using a combination of

biochemical reconstitution and in vivo targeting assays. Our results

show that the currently known cytosolic factors in the GET pathway

are insufficient to effectively chaperone newly synthesized TAs.

Instead, the yeast cytosolic Hsp70, Ssa1, acts upstream of Sgt2 to

capture newly synthesized TAs in a soluble form and to transfer

TAs to Sgt2 via an interaction between Ssa1 and the Sgt2-TPR

domain. Compared to direct TA loading onto Sgt2, this stepwise TA

loading mechanism maintains the solubility and functional compe-

tence of nascent TAs during their targeting to the ER. These results

demonstrate how substrate funneling through a chaperone cascade

ensures the conformational quality of membrane proteins during

their post-translational targeting, and reveal a new role of cytosolic

Hsp70 in directly assisting the targeting of an essential class of

membrane proteins.

Results

Cytosolic Hsp70 is required to capture TAs in a soluble form

We first asked whether Sgt2 efficiently chaperones TAs. As model

TA substrates, we used a non-cleavable SUMO domain fused to the

C-terminal targeting sequences encompassing the TMDs of Sbh1p or

Bos1p (here referred to as Sbh1 and Bos1, respectively; Fig EV1A;

Wang et al, 2010; Rao et al, 2016). An N-terminal Strep-tag enabled

the purification of the model substrates, and a C-terminal opsin tag

enabled measurements of their insertion into the ER. We recombi-

nantly purified Sbh1 and Bos1 solubilized in 0.05% LDAO (N,N-

dimethyldodecylamine N-oxide). Dilution of either substrate into

aqueous buffer, which removes detergent micelles, led to their rapid

aggregation as monitored by turbidity assays (Fig 2A and B, black

lines). The presence of Sgt2 did not suppress the aggregation of

Sbh1 (Fig 2A) and only reduced Bos1 aggregation 20–40% (Fig 2B)

even at micromolar concentrations. The Sgt2-dependent increases in

the turbidity signal of Sbh1 (Fig 2A) were likely due to association

of Sgt2 with aggregated TAs (see Fig 2C). These results suggest that

Sgt2 is insufficient to prevent the rapid aggregation of TAs in aque-

ous solution.

Two independent experiments corroborated that Sgt2 does not

efficiently chaperone TAs. First, we used sedimentation assays to

test the solubility of purified TAs in aqueous buffer and found that

TAs were predominantly in the pellet fraction irrespective of Sgt2

addition (Fig 2C and D). Second, we assessed the solubility of newly

synthesized TAs by performing IVT using the PURE system, which

Figure 1. Working model of the GET pathway in yeast.

Newly synthesized TAs are captured by Sgt2 via an unknown mechanism (“?”mark) after their release from the ribosome. TAs are transferred from Sgt2 to the ATPase Get3
with the help of the scaffolding Get4/5 complex. Get3 delivers TAs to the ER membrane by interacting with the Get1/2 receptor complex. Sgt2 contains three functional
domains: the N-terminal domain (NTD) that mediates its homodimerization, the tetratricopeptide repeat (TPR) domain that interacts with heat-shock proteins, and the
C-terminal domain (CTD) that contains the TA-binding site.
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contains no endogenous chaperones (Shimizu et al, 2001) and thus

allowed us to characterize the contribution of individual cytosolic

factors to the solubility of newly synthesized substrate proteins.

Sedimentation after IVT showed that 35S-labeled Bos1 remained in

the insoluble fraction when translated in the presence of physiologi-

cal concentrations of Sgt2 (~0.5 lM; Ghaemmaghami et al, 2003;

Fig 2E). The concentration of Bos1 synthesized in the PURE-IVT

system was estimated to be 71 nM (Fig EV1B and C); therefore, this

A

D

G H I

E F

B C

Figure 2. Ssa1 efficiently prevents TA aggregation, whereas the currently known GET components do not.

A, B Time courses of Sbh1 (A) and Bos1 (B) aggregation measured by the turbidity assay.
C, D Sedimentation analysis of recombinant Sbh1 (C) and Bos1 (D). 1.5 lM Sbh1 or Bos1 was incubated in assay buffer with or without the indicated factors and

ultracentrifuged at 390,880 g for 30 min. Total input (T), soluble (S), and pellet (P) fractions were resolved by SDS–PAGE and visualized by silver stain. 1.5 lM Sgt2
was used in (C), and 3 lM Ssa1 and/or Sgt2 was used in (D) where indicated. The lower panel in (D) shows quantification of soluble Bos1.

E, F Sedimentation analysis of 35S-labeled Bos1 synthesized by PURE-IVT. Where indicated, translations reactions were supplemented with 0.5 lM Sgt2, 0.25 lM Get4/5,
0.75 lM Get3, and/or 3 lM Ssa1. The lower panels show quantification of soluble Bos1 under the indicated reaction conditions.

G Get4/5 exacerbates Bos1 aggregation in the turbidity assay. Reactions used 1.5 lM recombinant Bos1, 1.5 lM Sgt2 without (blue) and with (green) 1.5 lM Get4/5
present.

H Time courses of Bos1 aggregation in the presence of Ssa1.
I Ssa1 solubilizes Bos1 in a dose-dependent manner. The line was a fit of the data to equation (1).

Data information: All values are reported as mean � SD, with n = 3–4.
Source data are available online for this figure.
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deficiency was not due to super-stoichiometric amounts of Bos1

relative to Sgt2. As observed previously (Mateja et al, 2015), Sgt2

solubilized up to 54% Bos1 only at a super-physiological concentra-

tion (25 lM) (Fig EV1D and E). Finally, inclusion of the other

known cytosolic factors in the GET pathway, Get4/5 and Get3

(Ghaemmaghami et al, 2003), improved the solubility of Bos1 less

than twofold in the sedimentation assay (Fig 2F, lanes 1–3). The

presence of Get4/5 together with Sgt2 exacerbated TA aggregation

in the turbidity assay (Fig 2G), excluding the possibility that interac-

tion with Get4/5 improves the chaperone activity of Sgt2. Coupled

with the low cellular abundance of Sgt2 (Ghaemmaghami et al,

2003), these results strongly suggest that Sgt2 and the other known

cytosolic factors of the GET pathway are not sufficient to maintain

the solubility of newly synthesized TAs.

We hypothesized that another chaperone upstream of Sgt2 is

required to fulfill this role. Sgt2 contains a conserved TPR domain

that binds multiple heat-shock proteins (Wang et al, 2010; Chartron

et al, 2011; Krysztofinska et al, 2017). Among them, Hsp70 has

been proposed to deliver TAs to Sgt2 (Chartron et al, 2011). Hsp70

is highly abundant in the cytosol and binds short stretches of

hydrophobic amino acids on client proteins with rapid association

and dissociation kinetics (Clerico et al, 2015). Ssa1, an abundant

(~12 lM; Ghaemmaghami et al, 2003) and constitutively expressed

cytosolic Hsp70 in yeast, associates with numerous newly synthe-

sized proteins (Albanese et al, 2006). The other Sgt2-associated

chaperones, Hsp104 and Hsp90, act downstream of Hsp70 and other

chaperones and are not known to be the first factors that capture

newly synthesized proteins (Albanese et al, 2006; Abell et al, 2007).

Thus, Ssa1 could be a potential candidate to rapidly capture TAs

and prevent their aggregation.

To test this hypothesis, we assessed the ability of purified Ssa1 to

prevent TA aggregation. In sedimentation assays, the presence of

Ssa1 shifted > 55% of both recombinant and in vitro-translated

Bos1 to the soluble fraction (Fig 2D and E). When Ssa1 was supple-

mented in the PURE-IVT reaction together with Sgt2, Get4/5, and

Get3, > 70% of Bos1 was recovered in the soluble fraction (Fig 2F,

lane 4). Finally, Ssa1 prevented both Bos1 and Sbh1 from aggrega-

tion in a dose-dependent manner in turbidity assays (Figs 2H and

EV1F). The Ssa1 concentration required for half-maximal solubiliza-

tion of Bos1 and Sbh1 (Ksoluble) was 0.37 � 0.07 lM and

4.8 � 0.9 lM, respectively (Figs 2I and EV1G), comparable to the

reported dissociation constants of Hsp70s for short hydrophobic

peptides (0.26–6.5 lM; Xu et al, 2012). Thus, Ssa1 is more effective

in chaperoning nascent TAs than the known cytosolic factors in the

GET pathway.

Sequential substrate relays in an Hsp70-Sgt2-Get3 cascade

We next asked whether TAs can be transferred from Ssa1 to Sgt2.

To this end, we developed an assay based on Förster resonance

energy transfer (FRET). As the donor dye, we labeled an engineered

single cysteine near the TA-TMD with N-(7-Dimethylamino-4-

Methylcoumarin-3-yl) Maleimide (CM; Fig 3A and Appendix Fig

S1A). As the acceptor dye, we labeled BODIPY-FL (BFL) at the Sgt2

C-terminus near its substrate-binding domain via sortase-mediated

ligation (Fig 3A and Appendix Fig S1B and C). When a preformed

Bos1CM�Ssa1 complex was challenged with Sgt2BFL (Fig 3B), we

observed a 30% reduction in CM fluorescence when the transfer

reaction was carried out with Sgt2BFL but not with unlabeled Sgt2

(Fig 3C, red versus cyan), indicating that the fluorescence change

arises from FRET rather than environmental sensitivity of CM. As

expected from competition between Sgt2BFL and unlabeled Sgt2,

inclusion of a 10-fold excess of unlabeled Sgt2 abolished the fluores-

cence change (Fig 3C, purple). To further exclude the possibility

that the observed FRET in Fig 3C arises from proximity of the dye

pair in a Bos1CM�Ssa1�Sgt2BFL complex while Bos1CM was bound to

Ssa1, we labeled CM at an engineered single cysteine, D430C, in the

substrate-binding domain (SBD) of Ssa1 (Fig 3D and E). Ssa1-

D430C protected Bos1 from aggregation (Ksoluble = 0.41 � 0.05 lM)

as effectively as wild-type Ssa1 (Ksoluble = 0.37 � 0.07 lM; Fig 3F

versus Fig 2I), as reported by Banerjee et al (2016). No FRET was

observed when TA transfer was carried out with Ssa1-SBDCM and

Sgt2BFL (Fig 3G). Finally, we stringently purified the Sgt2BFL�Bos1CM
complex after the transfer reaction and quantified the FRET effi-

ciency between the dye pair in this complex to be 30% (Fig 3H),

identical to the FRET efficiency observed at the end of the transfer

reaction (Fig 3C). Together, these results show that the observed

FRET in the TA transfer assay reports on successful loading of Bos1

onto Sgt2.

Equilibrium titrations using this assay showed that the Sgt2

concentrations required for 50% transfer (Ktransfer) of Bos1 and

Sbh1 in the presence of 2–5 lM Ssa1 were 30.1 � 4.4 nM and

40.2 � 3.4 nM, respectively (Fig 4A, black and green), suggesting

that the equilibrium of the transfer reaction is ~102-fold in favor

of Sgt2. Further, the transfer of both TA substrates was complete

within ~100 s (Fig 4B). Importantly, the R171A, R175A mutations

in the Sgt2 TPR domain, which disrupt the Sgt2–Ssa1 interaction

(Wang et al, 2010; Chartron et al, 2011), substantially reduced

the efficiency of TA loading on Sgt2 (Fig 4A, purple and blue;

Sgt2-TPRmt), indicating that efficient TA transfer requires the

direct interaction between Ssa1 and Sgt2. Thus, TAs bound to

Ssa1 are efficiently transferred onto Sgt2 in an Ssa1�TA�Sgt2
complex.

To independently test this model, we carried out the transfer

reaction as outlined in Fig 3B but analyzed the reaction by stringent

affinity capture of His6-Sgt2 (Fig EV2A) and immunoblotting for

TAs associated with it. Robust transfer of Bos1 onto Sgt2 was

observed using this transfer assay (~70% of input Bos1; Fig 4C and

D). Quantitative Western blot analysis of the affinity-captured

samples showed that 180 nM Bos1 co-purified with Sgt2, whereas

the residual Ssa1 that co-purified with Sgt2 were 8.1 and 31 nM

without and with TA present, respectively (Fig EV2A–C). Thus, over

83% of the Bos1 detected in this transfer assay was directly bound

to Sgt2.

Consistent with the observations in the FRET-based transfer

assay, the point mutations in the TPR domain of Sgt2 reduced the

amount of Sgt2-associated Bos1 to ~20% (Fig 4C and D). As an

additional negative control, deletion of the C-terminal substrate-

binding domain of Sgt2 (Sgt2ΔCTD) also substantially reduced Bos1

association with Sgt2 (Fig 4C and D). As described in the previous

paragraph, the small amounts of Bos1 that co-eluted with mutants

Sgt2-TPRmt and Sgt2ΔCTD may be attributed to residual Ssa1 that

remained during the purification (Fig EV2D). The defect of Sgt2-

TPRmt in TA capture was not detected previously (Wang et al,

2010), likely due to the different substrate proteins tested in this and

the previous work (Bos1 and Sbh1 here versus Sec22 in Wang et al
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(2010)). Finally, inclusion of Sgt2-depleted Δget3 yeast lysate did

not affect the efficiency of this transfer (Fig 4C and D), suggesting

that other TPR domain-containing proteins in the cytosol do not

interfere with TA transfer from Ssa1 to Sgt2.

To exclude the possibility that Sgt2-TPRmt is impaired in interac-

tion with TA, we measured the kinetic stability of Sgt2-WT�Bos1
and Sgt2-TPRmt�Bos1 complexes. Preformed, purified His6-

Sgt2BFL�Bos1CM complexes were chased with an external membrane

protein chaperone, chloroplast SRP43 (cpSRP43; Liang et al, 2016),

and the kinetics of Bos1 dissociation from Sgt2 was monitored by

the loss of FRET (Fig 4E). We confirmed that a superactive variant

of cpSRP43 (Liang et al, 2016) effectively suppressed TA aggrega-

tion in aqueous solution (Fig EV3A), indicating that it can bind and

trap TA substrates. The dissociation rate constants of Bos1 from

Sgt2-WT and Sgt2-TPRmt were similar and > 20-fold slower than

the rate of the Ssa1-to-Sgt2 TA transfer, for both Sgt2�Bos1
complexes reconstituted via transfer from Ssa1 (Fig 4F) and

complexes prepared from IVT in E. coli extract (Rao et al, 2016;

Fig EV3B). Therefore, the reduced TA capture by Sgt2-TPRmt in

Figs 3 and 4 can be attributed to less efficient TA loading from Ssa1

onto Sgt2. Together, the results of the FRET and pull-down assays

show that TA substrates captured by Ssa1 can be efficiently and

directly transferred to Sgt2 and that the transfer is most efficient in

an Ssa1�TA�Sgt2 complex.

To test the directional flow of TA once it is bound to Sgt2, we

prepared His6-Sgt2�Bos1 complexes via transfer from Ssa1 and

immobilized His6-Sgt2 on a metal affinity resin (Appendix Fig S2).

The immobilized Sgt2�Bos1 complex was challenged with either

Ssa1 or Get3, the targeting factor downstream of Sgt2 in the GET

pathway (Fig 5A, Elution I). If Bos1 was transferred from Sgt2 to

these factors, Bos1 should be detected in this elution. Over 99% of

Bos1 remained bound to Sgt2 on the resin after incubation with

Ssa1 (Fig 5B, lane 1). In contrast, over 80% of Bos1 was eluted by

Get3 in the presence of Get4/5 (Fig 5B, lanes 2–3), consistent with

Get4/5-dependent TA transfer from Sgt2 to Get3 established

previously (Wang et al, 2010; Mateja et al, 2015; Shao et al, 2017).

Thus, transfer of TA in the reverse direction, from Sgt2 to Ssa1, is

unfavorable.

To independently support these findings, we used an established

assay in which TA loading onto Get3 was monitored by FRET

A

D F G H

E

B C

Figure 3. A FRET assay to measure TA transfer from Ssa1 to Sgt2.

A Scheme of the FRET assay to monitor TA loading onto Sgt2. Green and red asterisks denote donor and acceptor dyes, respectively.
B Reaction setup for transfer of TA from Ssa1 to Sgt2.
C Fluorescence emission spectra of Bos1CM (donor), Sgt2BFL (acceptor), or both, in combination with the indicated factors. Reconstitutions used 50 nM Bos1CM, 5 lM

Ssa1, 2 mM ATP, and 500 nM Sgt2 or Sgt2BFL where indicated.
D Scheme of the FRET assay to assess proximity between the Ssa1-SBD and the Sgt2 C-terminus. CM (donor) was labeled at an engineered single cysteine, C430, in the

SBD of Ssa1 (denoted as Ssa1CM). Sgt2BFL was the same as that used in panel (A).
E Location of C430 in Ssa1-SBD for fluorescence labeling. The SBD of E. coli Hsp70 homologue, DnaK, is in gray (PDB 4EZO). The residue corresponding to D430 in Ssa1

is in green, and the bound peptide (RPPYLPRP) is in wheat.
F Ssa1(D430C) prevents Bos1 aggregation as effectively as wild-type Ssa1 in the turbidity assay. Values were reported as mean � SD, with n = 2.
G No FRET was observed between Ssa1CM and Sgt2BFL. Fluorescence emission spectra were collected at the end of the TA transfer reaction as in (C), except that Ssa1

instead of Bos1 was CM-labeled. The black line shows the spectrum of a sample without Sgt2 added (donor only), and the orange line shows the spectrum of a
sample containing unlabeled Ssa1 and 500 nM Sgt2BFL (acceptor only).

H Donor fluorescence emission spectra for the purified Sgt2BFL�Bos1CM complex before (black) and after (red) chasing with a 7.5-fold molar excess of unlabeled Sgt2. The
Sgt2BFL�Bos1CM complex was generated as in (B) and stringently purified via the affinity tag on Sgt2. Further increasing the concentration of unlabeled Sgt2 did not
lead to additional increases in donor fluorescence, indicating that the competition is largely complete.
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between Bos1CM and BODIPY- or ATTO488-labeled Get3 (Get3BFL or

Get3ATTO; Fig 5C; Rao et al, 2016). Consistent with the result in

Fig 5B, both Bos1 and Sbh1 were rapidly transferred from Sgt2 to

Get3 in a Get4/5-dependent manner (Fig 5D). If back transfer of TA

to Ssa1 were significant, Ssa1 would reduce the transfer of TA from

Sgt2 to Get3 (Fig 5C). However, a sixfold molar excess of Ssa1 over

Get3 did not interfere with this transfer (Fig 5E), indicating that

Ssa1 cannot efficiently compete with Get3 for TA binding once TA

A

C

E F

D

B

Figure 4. Ssa1 efficiently transfers TAs to Sgt2 in an Ssal�TA�Sgt2 complex.

A Equilibrium titrations of TA transfer from Ssa1 to Sgt2-WTBFL or Sgt2-TPRmtBFL, carried out as outlined in Fig 3B at indicated Sgt2 concentrations. The reactions with
Bos1CM used 5 lM Ssa1 and 2 mM ATP, and the reactions with Sbh1CM used 2 lM Ssa1 and 2 mM ATP during the pre-incubation. The lines are fits of the data with
Sgt2-WTBFL to equation (3). Values are mean � SD, with n = 3 (Bos1) and n = 2 (Sbh1).

B Time courses of TA transfer from Ssa1 to Sgt2. After 1 min of pre-incubation of 50 nM Bos1CM or Sbh1CM with 5 lM Ssa1, 500 nM (red) or 100 nM Sgt2BFL (orange)
was added, respectively. The data at early times (27~39 s) were missing due to manual mixing time. Gray lines are fits of the data to equation (4). The black and
green traces were from control samples that did not receive Sgt2BFL and controlled for photobleaching of the donor dye over time.

C Representative Western blot analyses of the TA transfer reaction monitored using His6-Sgt2 pull-downs. After pre-incubation of 300 nM Strep-Bos1 with 5 lM Ssa1,
500 nM wild-type or mutant Sgt2-WT was added. In the “+ extract” reaction, Sgt2-depleted Δget3 extract was supplemented during addition of Sgt2-WT. I, FT, and E
denote total input, flowthrough, and elution, respectively.

D Quantification of Bos1 that eluted with wild-type or mutant Sgt2 from the data in (C) and replicates. Values are reported as mean � SD, with n ≥ 3 except for the
extract sample (n = 2).

E Scheme of pulse-chase experiments to measure the kinetic stability of the Sgt2�Bos1 complex. Wild-type and mutant His6-Sgt2
BFL�Bos1CM complexes were

reconstituted as outlined in Fig 3B and purified using metal affinity resin. A higher concentration of Sgt2BFL-TPRmt than wild-type Sgt2BFL was used during
reconstitution to generate sufficient amounts of mutant Sgt2�TA complexes for analysis.

F Dissociation rate constants of Sgt2-WT�Bos1 and Sgt2-TPRmt�Bos1 complexes reconstituted via transfer from Ssa1. Values are mean � SD, with n = 4.

6 of 17 The EMBO Journal 37: e99264 | 2018 ª 2018 The Authors

The EMBO Journal Client relay in an Hsp70-cochaperone cascade Hyunju Cho & Shu-ou Shan



A B G

C

E F I

D H

Figure 5. Ssa1 enables efficient and unidirectional TA transfer to Sgt2 and then to Get3, and this stepwise transfer ensures the solubility and targeting
competence of TAs.

A Schematic of on-bead TA transfer from Sgt2 to Ssa1 or Get3. Reconstituted Sgt2�Bos1 complex was immobilized on metal affinity resin as shown in Appendix Fig S2.
After incubation with 3 lM Ssa1 (reaction 1), 2 lM Get3 (reaction 2), or 2 lM Get3 and 1 lM Get4/5 (reaction 3) for 20 min, Elution I was collected. After extensive
washes with high salt (500 mM NaCl)-containing assay buffer, the proteins that remain bound to the resin were eluted with imidazole (Elution II). For the
experiment in (G), aggregated proteins irreversibly bound to the resin were further released with SDS (resin). All reactions contained 2 mM ATP.

B Elution fractions from the reactions in (A) were resolved by SDS–PAGE and visualized by Western blot (against strep-Bos1) and silver stain (for Sgt2). The numbers
denote %Bos1 in each fraction. To estimate the total amount of soluble Sgt2�Bos1 complex (first column), the resin was directly eluted with imidazole-containing
buffer without Elution I.

C Scheme of the FRET-based transfer assay to monitor TA transfer from Sgt2 to Get3. Green and red asterisks denote donor and acceptor dyes, respectively.
D Time courses of TA transfer from Sgt2 to Get3 in the presence and absence of Get4/5. The transfer reactions were initiated by addition of 200 nM Get3ATTO, 2 mM ATP

in the absence and presence of 200 nM Get4/5. Grey lines are fits of the data to equation (4). The fluorescence in the absence of transfer (100%) was determined
prior to addition of Get3 and Get4/5.

E Time courses of TA transfer from Sgt2 to Get3, measured using the FRET assay in (C), in the presence and absence of 3 lM Ssa1. The transfer reaction was initiated by
addition of a mixture of 500 nM Get3BFL, 500 nM Get4/5, and 2 mM ATP to 200 nM preformed Sgt2�Bos1CM, and donor fluorescence was monitored over time. The
grey lines are fits of the data to equation (4).

F Solubility of Bos1 mixed with Ssa1 (3 lM) before (black) and after (red) addition of 1.5 lM Sgt2. The dotted and dashed lines are Bos1 alone and Bos1 directly mixed
with Sgt2, respectively.

G Sgt2�Bos1 complexes reconstituted in the absence and presence of Ssa1 were analyzed for the efficiency of TA transfer to Get3 as outlined in (A). In Elution I,
Sgt2�Bos1 immobilized on metal affinity resin was eluted with 2 lM Get3 and 1 lM Get4/5 in the presence of 2 mM ATP. Elution I, Elution II, and Resin fractions
were resolved by SDS–PAGE and visualized by Western blot against Strep-Bos1 and His6-Sgt2. To estimate the total amount of immobilized Sgt2�Bos1 (first column),
the resin was directly eluted with SDS.

H Quantification of the data in (G) and replicates. %Bos1 in both Elution I and Resin fractions was quantified, and values are reported as mean � SD, with n = 3.
I Representative autoradiograph of TA insertion reactions with Get3�Bos1 generated and purified from chaperone-supplemented PURE-IVT. 35S-labeled Bos1 was

synthesized by PURE-IVT in the presence of 6 lM Ssa1, 0.5 lM Sgt2, 0.5 lM Get4/5, and 0.75 lM Get3-FLAG. The Get3�Bos1 complex was purified using anti-FLAG
magnetic beads and presented to 3 ll yeast rough microsomes (yRM) in a total reaction volume of 15 ll. Translocation efficiency was reported below the image
(mean � SD, n = 3).
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was loaded onto Sgt2. This observation, together with the favorable

equilibrium of TA transfer from Ssa1 to Sgt2 (Fig 4A) and the lack

of back transfer to Ssa1 (Fig 5), establishes that TA transfer from

Ssa1 to Sgt2 is energetically downhill and thus places Ssa1 upstream

of Sgt2.

Stepwise substrate loading via Hsp70 ensures the solubility and
targeting competence of TAs

The results above, together with previous work (Rao et al, 2016),

establish at least two sequential TA transfers in the GET pathway,

from Ssa1 to Sgt2, and then to Get3. Moreover, both TA transfers

are energetically downhill (this work and Rao et al (2016)), indicat-

ing that Sgt2 and Get3 form more stable complexes with the TA than

their upstream chaperones. This raises an intriguing question: What

is the advantage of using this complex mechanism of substrate load-

ing? An attractive hypothesis is that stepwise substrate loading via

Hsp70 ensures the solubility and targeting competence of nascent

TAs. In support of this model, turbidity assays showed that, if Bos1

was first mixed with Ssa1 followed by transfer onto Sgt2, the TA

substrate no longer forms large aggregates, in contrast to the exten-

sive aggregation observed when Bos1 was directly mixed with Sgt2

(Fig 5F).

To test whether TA loading via Ssa1 improves the targeting

competence of TAs, we generated His6-Sgt2�Bos1 complexes by

direct loading of Bos1 onto Sgt2 or via transfer from Ssa1. We tested

the efficiency of these complexes in undergoing the subsequent step

in the pathway, Get4/5-dependent TA transfer from Sgt2 to Get3,

using the on-bead transfer assay (Fig. 5A). In addition to the elution

fractions, which represent soluble Sgt2�TA complexes, we also

measured the amount of Bos1 irreversibly bound to the resin,

presumably due to aggregation (Fig 5A, Resin). The Sgt2�Bos1
complex prepared via transfer from Ssa1 transferred > 47% of Bos1

to Get3 (Fig 5G and H). In contrast, the Sgt2�Bos1 complex gener-

ated by direct loading displayed substantially reduced TA transfer to

Get3 (9.3% � 1.8), whereas over 80% of Bos1 formed irreversible

aggregates on the resin (Fig 5G and H). Together with the turbidity

data (Fig 5F), these results suggest that TA loading via Hsp70 is

important for generating a soluble and functionally competent

Sgt2�TA complex.

In addition, the FRET-based assay to monitor the transfer of

TACM from Sgt2 to Get3ATTO (Fig 5C; Rao et al (2016)) showed

that TA was rapidly transferred from Sgt2�TACM, reconstituted

via transfer from Ssa1, to Get3ATTO in the presence of Get4/5,

with half-times (t1/2) of 24.8 and 24.1 s for Bos1 and Sbh1,

respectively (Fig 5D). These transfer kinetics are comparable to

that observed with the Sgt2�Bos1 complex prepared from IVT in

cell lysate (t1/2 = 17.7 s; Rao et al (2016)) and demonstrate the

kinetic competence of the Sgt2�TA complexes. The ability of

Get4/5 to accelerate this transfer event was also observed with

the reconstituted Sgt2�TACM (Fig 5D). Finally, the Get3�Bos1
complex generated from PURE-IVT in the presence of near

physiological concentrations of the required cytosolic factors

(Ssa1, Sgt2, Get4/5, and Get3) was highly competent for inser-

tion into yeast rough microsomes (yRM; 53.2 � 1.4%; Fig 5I).

Thus, Ssa1 provides a minimal chaperone necessary and suffi-

cient for maintaining TAs in a transfer and translocation-

competent conformation.

Cytosolic Hsp70 is important for the biogenesis of GET
substrates in vivo

We next tested whether Ssa1 is important for the targeting and

insertion of TAs into the ER membrane in vivo. To this end, we used

an established temperature-sensitive strain, ssa1ts (ssa1tsssa2D
ssa3Dssa4D), in which Ssa1 inactivation could be observed as early

as 2 min and was complete within 10 min after shift of ssa1ts to

nonpermissive temperature (37°C; Becker et al, 1996). In contrast,

significant changes in the activity and degradation of Hsp70 client

proteins at steady state were observed in this strain after 60 min of

temperature shift (Kim et al, 1998; McClellan et al, 2005; Roy et al,

2015). Thus, ssa1ts allows direct effects of Hsp70–client interactions

to be examined with minimal loss of existing protein targeting and

translocation machineries, activation of stress pathways, or other

perturbations on the global proteome status in the cell.

As model TA substrates for in vivo measurements, we used BirA

fused to the C-terminal targeting sequence of Bos1 (Fig 6A, BirA-

Bos1) or other tested substrates. Substrate proteins were expressed

from a low copy plasmid in yeast cells to minimize overload on the

targeting pathway. An engineered opsin tag at the C-terminus of the

model substrates allows their efficient glycosylation upon insertion

into the ER lumen (Yabal et al, 2003; Wang et al, 2010; Rao et al,

2016), providing a quantitative readout for the targeting and inser-

tion of substrate proteins. The insertion kinetics of newly synthe-

sized TAs in cells was monitored using a pulse-chase assay coupled

to immunoprecipitation of HA-tagged substrate proteins. We first

showed that a major translocation defect was observed with BirA-

Bos1 in Δget3 cells in both steady-state and pulse-chase analyses

(Figs 6B and EV4A and B), confirming BirA-Bos1 as a GET-

dependent substrate. Δsgt2 cells exhibited a more modest defect in

mediating rapid Bos1 targeting and insertion into the ER (Fig EV4C

and D), consistent with previous observations (Kohl et al, 2011;

Kiktev et al, 2012; Yeh et al, 2014). As reported, alternative path-

ways could enable the targeting of TAs when Sgt2 or Get3 was

deleted (Aviram et al, 2016; Haßdenteufel et al, 2017), which may

account for the observed TA targeting at steady state.

Using the pulse-chase assay, we tested the effect of cytosolic

Hsp70 inactivation on the insertion kinetics of newly synthesized

BirA-Bos1. At permissive temperature (25°C), BirA-Bos1 was effi-

ciently inserted into the ER in both ssa1ts cells and the correspond-

ing wild-type strain, SSA1 (SSA1ssa2Dssa3Dssa4D; Becker et al,

1996), with the insertion reactions complete within 1 min of chase

(Fig 6C and D). In contrast, after shifting to the nonpermissive

temperature for 5 min, insertion of BirA-Bos1 was substantially

delayed in ssa1ts cells compared to SSA1 cells (Fig 6C and D). At

steady state, the defect of Bos1 insertion in ssa1ts cells was compara-

ble to that observed in Dget3 cells. When BirA was fused to the

TMDs of other GET-dependent TAs, such as Sed5 and Pep12

(Schuldiner et al, 2008; Mateja et al, 2015), significant defects in

translocation kinetics were also observed in ssa1ts cells at nonper-

missive temperature (Fig EV5). These results strongly suggest that

cytosolic Hsp70 is important for the in vivo targeting of a variety of

TAs harboring hydrophobic TMDs. We also note that the short time-

scale of the pulse-chase assay (5–7 min) coupled with the rapid

inactivation of Ssa1 in the ssa1ts strain ensures that specific target-

ing defects of TAs were observed prior to disruptions of the cellular

proteome, which were detected an hour after the temperature shift
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Figure 6. Ssa1 facilitates the post-translational targeting of TAs to the ER.

A Schematic representation of model substrates for the in vivo targeting assay (see details in Materials and Methods). The C-terminal opsin tag or the native
glycosylation sites in ppaF (Ng et al, 1996) and SytII (N32; Kida et al, 2000) allow substrate insertion into the ER in the correct topology to be detected by
glycosylation. The glycosylation sites on the model substrates are depicted as “Y”. N- or C-terminal 3xHA tags allow immunoprecipitation or Western blot detection
of the substrates. The residues of Bos1 used in the substrates are shown in the diagram. To enforce type I topology of the Bos1-BirA substrate, additional sequences
were introduced at the N-terminus (mouse synaptotagmin II (SytII) residues 1–18, 20–45, 61–65) and C-terminus (insertion of six lysines) of the Bos1-TMD.

B Steady-state translocation levels of BirA-Bos1, DHC-aF, and Bos1-BirA in WT and Δget3 cells. Glycosylated (g) and non-glycosylated proteins were resolved by SDS–
PAGE, detected by anti-HA antibody, and corroborated by endoglycosidase H (endoH) treatment. Quantifications of glycosylation efficiency are shown below the
blot images. * denotes a non-specific band detected by anti-HA antibody.

C Pulse-chase analysis of the translocation of metabolically labeled BirA-Bos1 in SSA1 (blue) and ssa1ts (red) cells at 25°C (dashed lines and open circles) and 37°C
(solid lines and closed circles).

D Quantification of the data in (C) and replicates.
E–H Pulse-chase analysis of the translocation of metabolically labeled DHC-aF (E) and Bos1-BirA (G) in SSA1 (purple) and ssa1ts (orange) cells at 37°C. Panels (F) and (H)

show the quantification of the data in (E) and (G), respectively, and their replicates.

Data information: All values are mean � SD, with n = 3 in (B), (D) and (F), and n = 2 in (H) (biological replicates). Error bars are shown but may not be visible in some cases.
Source data are available online for this figure.
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(Kim et al, 1998; McClellan et al, 2005; Roy et al, 2015). Therefore,

cytosolic Hsp70 plays an important role in the ER-targeting of TAs

in vivo.

To exclude the possibility that the observed TA insertion defects

arise from a general folding deficiency in ssa1ts cells, we tested a

control substrate in which the Bos1-TMD is placed at the N-

terminus of BirA (Bos1-BirA; Fig 6A) to convert it into a GET-inde-

pendent substrate (Fig 6B). In addition, we tested an engineered

substrate, DHCaF (Fig 6A), in which the signal sequence of prepro-

a-factor is replaced by the hydrophobic core of the dipeptidyl

aminopeptidase B (DAP2) signal sequence to convert it into a signal

recognition particle (SRP)-dependent (Ng et al, 1996), Get3-inde-

pendent substrate (Fig 6B). No significant differences between SSA1

and ssa1ts cells were detected in the ER-targeting and translocation

of either substrate at nonpermissive temperature (Fig 6E–H). In

addition, a previous study examined the import of six precursor

proteins to the ER and three to mitochondria under similar experi-

mental conditions, and found that ssa1ts only affected the import of

two ER-destined and one mitochondria-destined substrates at

nonpermissive temperature (Becker et al, 1996). These substrate

specificities are unlikely to arise from pleiotropic effects of Ssa1

inactivation. Finally, the total amount of protein substrates

remained largely the same throughout the chase (Fig 6), consistent

with the lack of stress-activated degradation under our experimental

conditions. Together, these observations strongly suggest that the

ER-insertion defects of TA substrates in ssa1ts cells result directly

from disruption of Ssa1 participation in the targeting of newly

synthesized TAs.

We further asked whether Ssa1 is important for loading newly

synthesized TAs onto Sgt2 in vivo. To this end, we tested

whether disrupting the Hsp70–Sgt2 interaction in Sgt2-TPRmt

impacts TA capture by Sgt2. As TAs are rapidly transferred to

Get3 and inserted into the ER once they are loaded onto Sgt2

(Figs 5 and 6; Rao et al, 2016), we used Δget3 strains harboring

wild-type Sgt2 and mutant Sgt2-TPRmt to facilitate detection of

TA accumulation on Sgt2. Bos1 was transiently expressed in

SGT2FLAGΔget3 (Wang et al, 2010) and sgt2TPRmtFLAGΔget3

strains, and the amount of Bos1 associated with Sgt2 was quanti-

fied and compared after immunoprecipitation of C-terminally

3xFLAG-tagged Sgt2 (Fig 7A). TA association with wild-type Sgt2,

albeit transient due to re-routing of substrates to alternative path-

ways, can be robustly detected in the lysate of SGT2FLAGΔget3

cells (Fig 7B). In contrast, this association was undetectable in

sgt2TPRmtFLAGΔget3 cells (Fig 7B and C). In agreement with

these in vivo results, when Bos1 translated in Ssa1-supplemented

PURE-IVT was incubated with yeast lysate from sgt2TPRmt

FLAG Δget3 cells, the amount of TAs bound to Sgt2 was substan-

tially reduced compared to the results obtained with the

SGT2FLAGΔget3 lysate (Fig 7D–F). As described earlier, the

reduced TA association with Sgt2-TPRmt is not due to a weaker

interaction with TA (Fig 4F). These results suggest that the inter-

action of the Sgt2 TPR domain with heat-shock proteins plays an

A B C

D E F

Figure 7. Sgt2-TPR is important for TA loading onto Sgt2 in vivo.

A Scheme of the FLAG-IP assays to measure the efficiency of TA capture by Sgt2-WT or Sgt2-TRPmt in vivo. TAs bound to Sgt2 were isolated by FLAG-IP as described in
Materials and Methods.

B Representative images of the Sgt2-FLAG-IP analysis of Sgt2-bound TAs in vivo. 3xHA-Bos1 and Sgt2-3xFLAG were detected by Western blot analysis.
C Quantification of the relative amount of Sgt2-bound Bos1 from the data in (B) and replicates. Values are reported as mean � SD, with n = 3–4.
D Scheme of the FLAG-IP assays to measure the efficiency of TA capture by Sgt2-WT or Sgt2-TRPmt in yeast extract. TAs bound to Sgt2 were isolated by FLAG-IP as

described in Materials and Methods.
E Representative images of the Sgt2-FLAG-IP analysis of Sgt2-bound TAs in yeast extract. 35S-Bos1 was detected by autoradiography. Sgt2-3xFLAG was detected by

Western blot analysis.
F Quantification of the relative amount of Sgt2-bound Bos1 from the data in (E) and replicates. Values are reported as mean � SD, with n = 3–4.

Source data are available online for this figure.
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important role in inducing the influx of TA substrates into the

GET pathway in the cellular environment.

Discussion

In this work, biochemical reconstitutions demonstrated a stepwise

substrate relay mechanism for newly synthesized TAs in an Hsp70-

Sgt2-Get3 cascade during their post-translational targeting to the ER

membrane. Although both Sgt2 and Get3 can form stable complexes

with TAs (Mateja et al, 2015; Rao et al, 2016; Shao et al, 2017;

Wang et al, 2010; and this work), their substrate-binding kinetics at

physiological concentrations appear to be insufficient to compete

with the rapid and irreversible aggregation of TAs in aqueous envi-

ronments (this work and Mariappan et al (2010)). Hsp70, by virtue

of its abundance and rapid client association kinetics, effectively

competes with off-pathway processes and is essential for capturing

nascent TAs in a soluble and translocation-competent conformation

(Fig 8, step 1). Via its interaction with the Sgt2 TPR domain, Hsp70

relays the TA substrates to Sgt2 (this work) and then to the Get3

ATPase (Wang et al, 2010) for delivery to the ER (Fig 8, steps 2–6).

The TA transfer measurements from this and an earlier work (Rao

et al, 2016) further showed that both the Ssa1-to-Sgt2 and Sgt2-to-

Get3 TA relays are energetically downhill, with the transfer equilib-

rium ~30–100 fold in favor of the next TA-binding chaperone. Thus,

substrate capture and loading in the GET pathway are governed by

a combination of kinetic constraints and thermodynamic driving

forces.

Intriguingly, stepwise substrate loading via Hsp70 appears to

confer a “memory” on the conformational quality of TA substrates.

In contrast to direct loading of TA substrates onto Sgt2, which tends

to result in aggregated and inactive complexes, loading of substrates

via Hsp70 generated soluble and functionally competent Sgt2�TA
and Get3�TA complexes. In the simplest model, Ssa1 could generate

this memory by lowering the concentration of free TAs in solution,

thus preventing the aggregation of TAs prior to their capture by

Sgt2. However, the results of this and previous works suggest a

more active mechanism, as both of the substrate relay events in the

GET pathway are facilitated by concerted mechanisms in which the

upstream and downstream TA-binding factors are tethered in a

complex (Fig 8, transfer complexes in brackets; this work and Rao

et al, 2016). We propose that these concerted transfer mechanisms

could minimize the cytosolic re-exposure of TAs and thus preserve

their solubility and functional competence during the relays, while

also providing a kinetically more favorable route for substrate load-

ing onto the targeting factor. Analogous “substrate funneling”

through chaperone cascades may provide an effective strategy for

the post-translational targeting of membrane proteins in general

(Shao et al, 2017).

The roles of yeast Hsp70 in TA biogenesis described here may be

conserved in mammalian cells. Although SGTA is the most

upstream factor identified thus far in the mammalian GET pathway

(Shao et al, 2017), the 30-fold higher abundance of Hsc70 in human

cells compared to SGTA (Kulak et al, 2014) and its rapid substrate-

binding kinetics render it likely that nascent TAs engage Hsc70 prior

to SGTA. Newly synthesized TAs have been observed to associate

with Hsc70 in rabbit reticulocyte lysates (Abell et al, 2007; Colombo

et al, 2009). Further, the physical association between Hsp70 and

the TPR domain of Sgt2 was also conserved in their mammalian

homologues (Angeletti et al, 2002). Nevertheless, the precise roles

and mechanisms of action of Hsc70 in TA targeting remain to be

determined.

Although previous work has implicated cytosolic Hsp70 in

preprotein translocation to the ER and mitochondria (Deshaies

Figure 8. Revised model of TA targeting in yeast.

Ssa1 captures TAs upon their release from the ribosome (step 1) and effectively competes with aggregation and potential quality control pathways (dashed arrows). Soluble
TAs are transferred to Sgt2 (steps 2–3) and then to Get3 (steps 4–5), which delivers TAs to the Get1/2 receptors for insertion into the ER membrane (step 6). Both TA transfer
events in the GET pathway are facilitated by interacting motifs or proteins that bridge the upstream and downstream chaperones (transfer complexes in brackets). TAs
bound to Ssa1 might also enter alternative targeting pathways (step 7, dashed arrows) that deliver the substrates to the ER or to other organelles (Aviram et al, 2016; Guna
et al, 2018).
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et al, 1988), it was unclear whether this represents a general

function of Hsp70. Among the nine preprotein substrates exam-

ined, the import of only two ER-destined and one mitochondria-

destined substrates were affected upon Ssa1 inactivation (Becker

et al, 1996). This work provides evidence for a general role of

Hsp70 in directing the localization of an essential class of inte-

gral membrane proteins. Notably, TPR-containing cochaperones

have been identified on multiple organelles, including Pex5 (per-

oxisomal biogenesis factor 5) involved in the biogenesis of

peroxisomal matrix proteins (Harano et al, 2001; Harper et al,

2003), Tom70 that mediates the import of mitochondria inner

membrane proteins (Young et al, 2003b), and Sec71/72 that

form a tetrameric complex with Sec62/Sec63 and mediate post-

translational translocation at the ER membrane (Tripathi et al,

2017). The interaction of Hsp70 with the TPR domain of Tom70

has been shown to mediate the mitochondrial import of the

peptide transporter Mdl1 and ADP/ATP carrier proteins (Young

et al, 2003b). These observations raise the possibility of analo-

gous substrate relay mechanisms that could assist in the localiza-

tion of nascent membrane proteins to diverse cellular organelles.

Our data showed that mutations in the Sgt2 TPR domain impair

TA loading onto this cochaperone in vitro and in vivo (Figs 3, 4

and 7), suggesting that the physical interaction of Sg2 with Hsp70

modulates substrate influx into the GET pathway. Compared to

deletion of other GET pathway genes, however, Dsgt2 yeast cells

exhibit a weak genetic link to Get3, weak defects in cell growth

and in TA insertion in vivo (Kohl et al, 2011; Yeh et al, 2014 and

Fig EV4). Accumulating data indicate the presence of multiple

redundant pathways for TA targeting to the ER in yeast (Kiktev

et al, 2012; Aviram et al, 2016; Casson et al, 2017; Guna et al,

2018), which may contribute to the weak phenotype of Dsgt2 cells

as TAs can be re-routed to alternative targeting pathways (Fig 8,

step 7). Re-routing of TA substrates upon deletion of Sgt2 is

supported by the observation that the model TA, Sbh1p, forms

cytosolic aggregates with Get3 and Get4/5 in Δget2 cells, whereas

Δsgt2Δget2 cells restored the insertion of Sbh1p (Kiktev et al,

2012). An analogous phenomenon has been observed in the

Hsp70-dependent targeting of mitochondria membrane proteins,

during which mutation in the Tom70 TPR domain (R171A) only

exhibited a strong growth phenotype in ΔTom70ΔTom20 cells but

not in ΔTom70 cells (Young et al, 2003b). In contrast to Dsgt2,
inactivation of Ssa1 caused a much stronger defect in TA insertion,

suggesting that the role of Hsp70 in preserving the conformational

quality of TAs is not restricted to the GET pathway in vivo and

may extend to alternative TA targeting pathways (Fig 8, step 7).

This hypothesis, as well as the precise role of Sgt2 in vivo, remains

to be tested.

While cytosolic Hsp70s are known to interact with diverse

client proteins, the functional diversity of Hsp70s can be further

expanded by its interaction with downstream cochaperones

(Young et al, 2003a; Kampinga & Craig, 2010). For example, the

TPR-containing cochaperone, Sti1/Hop, mediates the relay of

kinase substrates from Hsp70 to Hsp90, enabling the latter to

complete the folding of numerous kinases in the cell (Wegele

et al, 2006; Alvira et al, 2014). When associated with aggregated

client proteins, Hsp70 could further recruit and collaborate with

the Hsp100 family of chaperones to remodel protein aggregates

(Winkler et al, 2012; Lee et al, 2013; Rosenzweig et al, 2013).

This work adds an important new branch—the localization of an

essential class of integral membrane proteins—to the protein

biogenesis pathways that initiate from Hsp70. The interactions of

Hsp70 with diverse downstream chaperones or cochaperones

likely provide a versatile triaging mechanism via which distinct

classes of client proteins can be directed to specific biogenesis

pathways within the cell. This hypothesis and its mechanistic

details await to be tested.

Materials and Methods

Strains and plasmids

BY4741 (WT) and Δget3 (BY4741 YDL100C::KanMX) strains were

purchased from American Type Culture Collection (ATCC). SSA1

(MATa leu2-3,112 his3-11 ura3-52 trp1Δ1 lys2 ssa2::LEU2 ssa3::

TRP1 ssa4::LYS2) and ssa1ts (MATa leu2-3,112 his3-11 ura3-52

trp1Δ1 lys2 ssa1-45:URA3 ssa2::LEU2 ssa3::TRP1 ssa4::LYS2) strains

were kindly provided by Dr. Elizabeth A. Craig (Becker et al,

1996). SGT2FLAGΔget3 (BY4741 Dget3::ura Sgt2FLAG::kan) and

sgt2TPRmtFLAG (BY4741 sgt2R171A, R175AFLAG::kan) strains were

kindly provided by Dr. Vladimir Denic (Wang et al, 2010). Using

homologous recombination, we deleted the Get3 gene from

sgt2TPRmtFLAG yeast to generate the strain sgt2TPRmtFLAGΔget3

(BY4741 Dget3::his sgt2R171A, R175AFLAG::kan).
Vector pRS316/GPD-PGK (a gift from Dr. Raymond Deshaies)

was used for expression of model substrates in yeast for pulse-

chase measurements. To generate the plasmid pRS316-3xHA-

BirA-Bos1TMD-opsin (for expression of BirA-Bos1), a DNA

fragment encoding the following sequences, from the N- to the

C-terminus, were cloned between the GPD promoter and PGK

terminator of pRS316: an N-terminal 3xHA-BirA, residues 203-

244 of Bos1 encompassing its targeting sequence (TMD, 20

amino acids N-terminal to the TMD and KWLR C-terminal to the

TMD), a GS linker (GSGGSGS), and an opsin tag at the extreme

C-terminus (MNGTEGPNFYVPFSNKTVD). The DNA fragments

encoding BirA and Bos1TMD were swapped to generate pRS316-

Bos1TMD-BirA-3xHA (for expression of Bos1-BirA). In addition,

to enforce type I topology in the model substrate Bos1-BirA

(Kida et al, 2000), DNA sequences encoding mouse synaptotag-

min II (SytII) residues 1–18, 20–45, and 61–65 were inserted at

the N-terminus of Bos1-TMD (residues 223–240 of Bos 1), and

five additional lysines (underlined) were inserted into the

sequences C-terminal to the Bos1-TMD (KKWLRKKKK). The

3xHA tag was moved to the C-terminus of Bos1-BirA. To gener-

ate pRS316-DHC-aF-3xHA, DNA encoding DHC-aF [a gift from

Dr. Maya Schuldiner (Aviram et al, 2016)] was inserted into the

same site in pRS316, and a 3xHA tag was fused to the C-

terminus. For induction using galactose, DNA encoding BirA-

Bos1 was inserted into either the pESC-ura or pESC-his vector

under control of the GAL10 promoter.

Plasmids for recombinant protein expression and purification

were constructed as follows. For expression of Bos1 and Sbh1, a

DNA fragment encoding a Strep-tag (WSHPQFEK), SUMO with a

mutated UplA cleavage site, Bos1 residues 203–244 or Sbh1 resi-

dues 25–82, and an opsin tag was cloned into pET28b to gener-

ate pStrep-SUMO-Bos1 (or Sbh1)-opsin. pHis6-SUMO-Ssa1 for
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expression of Ssa1 was a gift from Dr. Elke Deuerling. For

expression of tagless Sortase, a PreScission recognition sequence

(LEVLFQG) was inserted into pQE30-His6-Sortase (a gift from Dr.

Raymond Deshaies) to generate pHis6-PreScission-Sortase A. All

mutant plasmids used in this study were generated using Quik-

Change mutagenesis (Agilent Technologies).

Protein expression and purification

The expression and purification of recombinant His6-Sgt2, His6-

Get4/5, and Get3 were performed as described in Rao et al (2016)

and Rome et al (2013).

Strep-tagged Bos1 and Sbh1 were expressed in E. coli BL21 Star

(DE3) (Thermo Fisher Scientific Inc.). Protein expression was

induced at OD600 of 0.6 with 0.1 mM isopropyl b-D-1-thiogalacto-
pyranoside (IPTG) at 18°C overnight. Cells were resuspended in

buffer A [50 mM Tris (pH 8.0), 300 mM NaCl, 10% glycerol, and

2 mM b-mercaptoethanol (b-ME)] supplemented with protease inhi-

bitor cocktail (Roche). After sonication, the suspension was supple-

mented with 0.5% LDAO (N,N-dimethyldodecylamine N-oxide;

Avanti Polar Lipids, Inc.), incubated at room temperature for

30 min, followed by incubation at 4°C for 30 min. Clarified lysate

was loaded onto Strep-tactin resin (IBA Lifesciences). The resin was

washed with buffer A supplemented with 0.05% LDAO, eluted with

the same buffer supplemented with 15 mM d-Desthiobiotin (Sigma-

Aldrich), and dialyzed in buffer B (50 mM HEPES (pH 7.5), 150 mM

NaCl, 10% glycerol, 0.05% LDAO).

His6-SUMO-Ssa1 or His6-SUMO-Ssa1-D430C were expressed in

BL21-CodonPlus (DE3)-RIL (Agilent Technologies) at 18°C overnight

after induction with 0.5 mM IPTG. Cells were resuspended in buffer

C (20 mM Tris (pH 8.0), 500 mM NaCl, 10% glycerol, 2 mM b-ME,

20 mM imidazole) supplemented with 2 mM ATP, 5 mM MgCl2,

and protease inhibitor cocktail. Clarified lysate was loaded onto Ni

Sepharose resin (GE Healthcare). The column was washed with

buffer C and eluted with buffer C containing 300 mM imidazole.

The fusion protein was digested with His6-SUMO protease during

dialysis (20 mM HEPES (pH 7.5), 50 mM NaCl, 5% glycerol). His6-

SUMO and His6-SUMO protease were removed by Ni Sepharose

resin. Hisless Ssa1 was further purified using MonoQ 10/100 GL

(GE Healthcare).

His6-PreScission-Sortase A was expressed in E. coli BL21 Star

(DE3; Thermo Fisher Scientific Inc.) with 0.5 mM IPTG at 18°C

overnight and purified as with His6-SUMO-Ssa1 with following

modifications: Cells were lysed in buffer D (20 mM Tris (pH 8.0),

300 mM NaCl, 10% glycerol, 25 mM imidazole) supplemented

with protease inhibitor cocktail. After affinity purification with Ni-

NTA (Qiagen), dialysis and digestion with His6-PreScission

protease (a gift from Dr. André Hoelz) were performed in storage

buffer (50 mM Tris (pH 7.5), 150 mM NaCl, 20% glycerol) at 4°C

overnight. Flowthrough fractions containing Hisless Sortase A

were collected after passing the digestion mixture over Ni-NTA

resin.

Fluorescence labeling

Bos1 (Strep-SUMO-Bos1-opsin) and Sbh1 (Strep-SUMO-Sbh1-

opsin) do not contain any cysteines. An engineered cysteine was

introduced seven residues downstream of the TMD in these

proteins. Single cysteine mutants of TAs were expressed and

purified as described above. Before elution, TA-bound Strep-

tactin was incubated with 2 mM DTT in buffer B at 4°C for

20 min and then washed with buffer B containing 0.2 mM TCEP.

The resin was incubated with buffer B containing 2 mM TCEP

and a 10-fold molar excess of CM (N-(7-Dimethylamino-4-Methyl-

coumarin-3-yl))Maleimide; Thermo Fisher Scientific Inc.) on a

rotator at 4°C overnight. Unconjugated dye was removed by

washing the resin with buffer B. Labeled TAs were eluted with

buffer B containing 15 mM d-Desthiobiotin and dialyzed in

buffer B.

Sgt2 was C-terminally labeled using Sortase-mediated liga-

tion (Guimaraes et al, 2013). The GGGC peptide was synthe-

sized from GenScript. The peptide and BODIPY-FL maleimide

(Thermo Fisher Scientific Inc.) were incubated in PBS buffer at

a 3:1 molar ratio with rotation at 25°C overnight. GGGC-

BODIPY-FL was purified by reversed-phase HPLC. The lyophi-

lized BODIPY-FL-conjugated GGGC peptide was dissolved in

DMSO and stored at �80°C. The sortase recognition sequence

LPATGG was fused to the C-terminus of His6-Sgt2, and His6-

Sgt2-LPATGG was purified as described (Rao et al, 2016).

Sortase-mediated ligation was performed as described in

Guimaraes et al (2013). Briefly, 40 lM His6-Sgt2-LPATGG,

500 lM GGGC-BODIPY-FL, and 50 lM Sortase A were incubated

in Labeling buffer (50 mM Tris (pH 7.5), 150 mM NaCl, 10 mM

CaCl2) at 25°C for 3 h. Labeled His6-Sgt2-BODIPY-FL (Sgt2BFL)

was purified using Talon resin (Clontech). ATTO488-labeled

Get3 (Get3ATTO) was prepared as described in Rao et al (2016),

except that ATTO488 maleimide (ATTO-TEC) was used instead

of BODIPY-FL maleimide.

Ssa1 was labeled at an engineered single cysteine via maleimide

chemistry. Wild-type Ssa1 has three native cysteines (C15, C264,

and C303), among which only C15 is conserved. Based on sequence

alignment, we mutated C264 and C303 in Ssa1 to the residues at

corresponding positions in DnaK (Ala and Val, respectively). In

addition, Ssa1-C15 was mutated to Ala to generate a cysless Ssa1, in

which a single cysteine was engineered at residue 430. Purified

Ssa1-D430C were incubated with a 10-fold molar excess of CM

in the presence of 4 mM TCEP for 7 h at 4°C. Free dyes were

removed from labeled protein by chromatography on Sephadex

G-25 (Sigma-Aldrich).

Turbidity assay

TAs solubilized in 0.05% LDAO were rapidly (within 15 s)

diluted into assay buffer (20 mM K-HEPES (pH 7.5), 150 mM

KOAc, 5 mM Mg(OAc)2) to a final concentration of 1.5 lM and a

final LDAO concentration of < 0.001% in the absence and pres-

ence of indicated concentrations of cytosolic factors. The optical

density at 360 nm was recorded using a spectrophotometer (Beck-

man Coulter). Observed % soluble TA (Sobsd) was calculated from

the difference in optimal readings at 5 min between reactions

with and without Ssa1 normalized to that of Bos1 alone. The data

were plotted as a function of Ssa1 concentration and fit to equa-

tion (1)

Sobsd ¼ SMax � ½Ssa1�
Ksoluable þ ½Ssa1� (1)
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in which SMax is the % soluble TA at saturating Ssa1 concentra-

tions, and Ksoluble is the concentration of Ssa1 required to reach

half of SMax.

In vitro translation in the PURE system

In vitro translation was performed following manufacturer’s instruc-

tions (New England Biolabs). 6.5 ll PURE-IVT reactions were incu-

bated in the absence or presence of specified cytosolic factors for

90 min at 30°C. The reaction was diluted with assay buffer (50 ll)
and ultracentrifuged for 1 h at 390,880 g, 4°C. The supernatant and

pellet fractions were resolved on SDS–PAGE and analyzed by

autoradiography.

Equilibrium measurements of TA transfer from Ssa1 to Sgt2

50 nM Bos1CM was mixed with 5 lM Ssa1 in GET buffer (50 mM

K-HEPES (pH 7.5), 150 mM KOAc, 5 mM Mg(OAc)2, 10% glycerol,

1 mM DTT) supplemented with 2 mM ATP. After 1-min incubation

at room temperature, wild-type or mutant Sgt2BFL was added at indi-

cated concentrations, and the reaction mixture was incubated for an

additional 5 min. Fluorescence measurements were performed on a

Fluorolog-3-22 spectrofluorometer (HORIBA Scientific) using an exci-

tation wavelength of 360 nm and emission wavelength of 460 nm.

FRET efficiency (E) was calculated according to equation (2),

E ¼ 1� FDA
FD

� �
� 100 (2)

where FD and FDA are the donor fluorescence in the absence and

presence of the acceptor dye, respectively. Observed FRET effi-

ciency (Eobsd) was measured as a function of Sgt2 concentration,

and the data were fit to equation (3),

Eobsd ¼ EMax�
½TA�þ½Sgt2�þKTransfer�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð½TA�þ½Sgt2�þKTransferÞ2�4½TA�½Sgt2�

q
2½TA�

8<
:

9=
;
(3)

in which EMax is the FRET efficient at saturating Sgt2 concentra-

tions, and KTransfer is the concentration of Sgt2 required to reach

half of EMax at the Ssa1 concentration used (5 lM).

Reconstitution of Sgt2�TACM and Sgt2BFL�TACM via transfer
from Ssa1

0.3 lM recombinant TACM was mixed with 5 lM Ssa1 in assay

buffer containing 2 mM ATP and 2 mM b-ME and incubated for

1 min at room temperature. 0.5 lM His6-Sgt2 was added in the reac-

tion and incubated for 10 min. To form the Sgt2-TPRmtBFL�Bos1CM
complex, 1 lM His6-Sgt2-TPRmtBFL and 0.5 lM Bos1CM were used.

The reaction was incubated with Talon resin at 4°C for 15 min.

After washing the column with the assay buffer containing 500 mM

NaCl, Sgt2�TACM complexes were eluted with 300 mM imidazole,

dissolved in the assay buffer and then concentrated using 10K kDa

Amicon� Ultra-4 Centrifugal Filter (EMD Millipore). The complexes

were flash-frozen in liquid nitrogen and stored at �80°C.

Fluorescence assay for TA transfer from Sgt2 to Get3

Sgt2�TACM, Get4/5, and Get3BFL or Get3ATTO were ultracentrifuged

at 390,880 g for 30 min at 4°C prior to all measurements. Time

courses of TA transfer from Sgt2 to Get3 were measured using a

Fluorolog-3-22 spectrofluorometer as described (Rao et al, 2016).

Briefly, 50 nM Sgt2�TACM was supplemented with 150 nM unla-

beled Sgt2, and transfer reactions were initiated by addition of

200 nM Get3ATTO, 200 nM Get4/5 where applicable, and 2 mM

ATP. Observed fluorescence time traces (Fobsd) were normalized to

that at t = 0 and fit to equation (4),

Fobsd ¼ Fe þ DFfaste
�kfastt þ DFslowe

�kslowt (4)

in which Fe is the normalized donor fluorescence when the reac-

tion reaches equilibrium, kfast and kslow are the rate constants of

the fast and slow phases in the transfer reaction, respectively, and

ΔFfast and ΔFslow are the amplitudes of the fast and slow phases,

respectively. The overall rate constant of the TA transfer reaction,

kobsd (= ln2/t1/2), was calculated from equation (5),

kobsd ¼ kfast
DFfast

DFfast þ DFslow

� �
þ kslow

DFslow
DFfast þ DFslow

� �
(5)

Kinetic stability of the Sgt2�Bos1 complex

Dissociation rate constants of Sgt2�Bos1 complexes were measured by

chasing ~200 nM preformed Sgt2BFL�Bos1CM or Sgt2TPRmtBFL�Bos1CM
complexes with 5–21 lM cpSRP43. The time courses of donor fluo-

rescence change were monitored. Observed fluorescence time traces

(Fobsd) were normalized to that at t = 0 and fit to equation (6),

Fobsd ¼ Fe þ DFfast 1� e�kfastt
� �þ DFslow 1� e�kslowt

� �
(6)

in which Fe, ΔFfast, ΔFslow, kfast, and kslow are the same as defined in

equation (4). Observed dissociation rate constant (kdis,obsd) was

determined using equation (5). With Sgt2�TA complexes reconsti-

tuted via transfer from Ssa1, kdis,obsd values were independent of

chase concentration and reports on the intrinsic TA dissociation rate

constant. With Sgt2�TA complexes generated by IVT in E. coli

extract, kdis,obsd values rose linearly with chase concentration and

were extrapolated to zero chase concentration to obtain the intrinsic

TA dissociation rate constants.

Pulse-chase experiments

Yeast cells were grown in selective media (SD-Ura) to mid-log phase,

washed with SD-Ura-Met-Cys media, and resuspended in SD-Ura-Met-

Cys media at 6 OD600 units per ml. Cells were incubated at 25°C for

20 min and then incubated at either 25 or 37°C for an additional 5 min.

Cells were pulse-labeled with 100 lCi/ml EasyTagTM EXPRESS35S

Protein Labeling Mix (Perkin Elmer) for 2 min and chased with 8 mM

cold methionine and 1 mM cysteine. Aliquots of cells were flash-frozen

in liquid nitrogen at indicated times during chase.

Cells were washed with water and treated with 0.3 M NaOH for

3 min, and twice with 20 mM Tris (pH 8.0) and 150 mM NaCl. Cell

pellets were resuspended in lysis buffer (20 mM Tris (pH 8.0),
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150 mM NaCl, 2% SDS) supplemented with protease inhibitor cock-

tail at 65°C for 15 min. After centrifugation at 15,000 g for 10 min,

the clarified lysate was diluted over 20-fold with HA IP buffer

(20 mM Tris (pH 8.0), 150 mM NaCl, 1% Triton X-100) and incu-

bated with anti-HA magnetic beads (Thermo Fisher Scientific Inc.) at

25°C for 10 min. The beads were sequentially washed with: W1

buffer (20 mM Tris (pH 8.0), 150 mM NaCl, 1% Triton X-100, 2M

urea), W2 buffer (20 mM Tris (pH 8.0), 500 mM NaCl, 1% Triton X-

100), W3 buffer (20 mM Tris (pH 8.0), 150 mM NaCl, 0.1% SDS) and

W4 buffer (20 mM Tris (pH 8.0), 150 mMNaCl). Immunoprecipitated

proteins were eluted with 1 × SDS-sample buffer, resolved by SDS–

PAGE and quantified by autoradiography. Translocation efficiency

was calculated as [Iglycosylated/(Inon-glycosylated+Iglycosylated)]*100, where

I denotes the intensity of the band of interest.

Native FLAG immunoprecipitation (IP)

For in vivo IP, BirA-Bos1 was transiently expressed in

SGT2FLAGΔget3 or sgt2TPRmtFLAGΔget3 cells under the GAL10

promoter for 0.5–1.5 h. Cells were lysed by glass beads in the

FLAG-IP buffer (20 mM K-HEPES (pH 7.5), 100 mM KOAc, 2 mM

Mg(OAc), 14% glycerol) containing protease inhibitor cocktail and

1 mM DTT. Lysate was clarified by centrifugation at 9,000 g, 4°C

for 10 min and incubated with anti-FLAG magnetic beads (Sigma-

Aldrich) at 4°C for 1.5 h. Beads were washed three times with 10

column volumes of the FLAG-IP buffer, and bound proteins were

eluted with 1 mg/ml 3xFLAG peptide (Sigma-Aldrich). For FLAG-IP

in yeast extracts, clarified yeast lysate was further centrifuged at

104,300 g, 4°C for 30 min, and the supernatant was separated using

G25 size-exclusion chromatography as described in Schuldiner et al

(2008). 35S-Bos1 generated by PURE-IVT supplemented with 6 lM
Ssa1 was incubated with the extract at 25°C for 10 min before

immunoprecipitation.

Western blot analysis

Protein samples from in vitro and in vivo assays were separated on

10 or 12.5% Tris-glycine gels and then transferred to nitrocellulose

membrane (Bio-Rad). Primary antibodies used were anti-His tag

(1:5,000, cat# A00186, GenScript), anti-Strep II tag (1:3,000, Cat#

ab76949, Abcam), and anti-HA tag (1:3,000, cat#A01244,

GenScript). Ssa1 antibody was kindly provided by Dr. Elizabeth A.

Craig (1:3,000). For secondary antibodies, IRDye� 800CW Goat anti-

Mouse IgG (1:10,000, cat# P/N 925-32211, LI-COR Inc.) and RDye�

800CW Goat anti-Mouse IgG (1:10,000, cat# P/N 925-32210, LI-COR

Inc.) were used. The membranes were scanned by Odyssey Imager

(LI-COR Inc.)

Expanded View for this article is available online.
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