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SUMMARY

Translocation into the endoplasmic reticulum (ER) is
the first step in the biogenesis of thousands of eu-
karyotic endomembrane proteins. Although func-
tional ER translocation has been avidly studied, little
is known about the quality control mechanisms that
resolve faulty translocational states. One such faulty
state is translocon clogging, in which the substrate
fails to properly translocate and obstructs the trans-
locon pore. To shed light on the machinery required
to resolve clogging, we carried out a systematic
screen in Saccharomyces cerevisiae that highlighted
a role for the ER metalloprotease Ste24. We could
demonstrate that Ste24 approaches the translocon
upon clogging, and it interacts with and generates
cleavage fragments of the clogged protein. Impor-
tantly, these functions are conserved in the human
homolog, ZMPSTE24, although disease-associated
mutant forms of ZMPSTE24 fail to clear the translo-
con. These results shed light on a new and critical
task of Ste24, which safeguards the essential pro-
cess of translocation.

INTRODUCTION

Up to 30% of proteins in any eukaryotic proteome reside within

the endomembrane system (Chen et al., 2005). The first step in

the biogenesis of these numerous proteins involves their translo-

cation, either partially or fully, into the endoplasmic reticulum

(ER) through the translocon channel (Park and Rapoport,

2012). Endomembrane proteins, which are translated on cyto-

solic ribosomes, can be targeted and inserted into the ER

through several pathways (Ast and Schuldiner, 2013; Aviram

and Schuldiner, 2014). Based on its biophysical attributes, an

endomembrane protein might translocate into the ER with the

help of the signal recognition particle (SRP) targeting pathway,

which tightly couples translation and translocation (Grudnik

et al., 2009). Other substrates target and translocate into the

ER through pathways that are not as tightly coupled to their

translation, using SRP independent mechanisms. These SRP-in-

dependent pathways use alternate means to thread their sub-

strates into the ER, such as the Sec62/Sec63 machinery, which

utilizes the luminal Hsp70 Kar2/BiP to ratchet proteins into the

ER lumen (Park and Rapoport, 2012).
Although the process of effective translocation has been

well outlined, less is known regarding the safeguards in place

to deal with faulty translocation in eukaryotes. Specifically,

SRP-independent translocation, which caters to a sizable

fraction of endomembrane proteins (Ast et al., 2013; Jan

et al., 2014), is more prone to difficulties than its SRP-depen-

dent counterpart. For example, these substrates can undergo

premature cytosolic folding, precluding them from being line-

arly threaded through the translocon pore (Ast et al., 2014;

Hamman et al., 1997; van den Berg et al., 2004). Although

SRP independent substrates are bound by cytosolic chaper-

ones prior to translocation (Ngosuwan et al., 2003), most

likely to minimize instances of cytosolic folding, these chap-

erones disengage from the substrate once translocation has

started (Plath and Rapoport, 2000). Thus, an error-prone win-

dow of time exists in which a translocating SRP independent

substrate, bound by Kar2/BiP in the ER lumen, may fold do-

mains that are still in the cytosol. This protein can neither

continue to translocate into the ER nor retrotranslocate into

the cytosol and will become ‘‘clogged’’ in the translocon.

Such a clogged protein would obstruct the translocon chan-

nel and preclude it from translocating other substrates,

requiring external quality control measures to identify and

resolve this debilitating stalemate. Such clogging events

have been shown to occur in bacteria and require the actions

of the protease FtsH to cleave the clogged translocon,

inducing its turnover (van Stelten et al., 2009). However, a ho-

mologous or analogous pathway has yet to be described in

eukaryotes.

To uncover potential quality control machineries that take

part in relieving clogging events, we created an inducible clog-

ging-prone construct (i.e., clogger). We crossed this construct

into the yeast deletion and hypomorphic allele collection,

querying the yeast genome for machineries that resolve the

burden of clogging. This screen indicated that the ER metallo-

protease Ste24 might have a role in this process. We could

show that the clogged form of the construct indeed accumu-

lated and translocation was slowed down in Dste24 cells

expressing the clogger or in clogging-enhancing genetic back-

grounds. Upon clogging, Ste24 approaches the SRP indepen-

dent translocon, engages the clogged form of the construct,

and mediates its degradation. Notably, we could show that

this declogging function of Ste24 is conserved for human

ZMPSTE24. Together, these findings reveal a novel quality

control mechanism overseeing translocation, at the heart of

which lies the crucial and conserved metalloprotease Ste24/

ZMPSTE24.
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Figure 1. A Folding-Prone SRP-Independent Protein Can Cause Translocon Clogging

(A) When translation and translocation are not tightly coupled, substrates can fold in the cytosol during translocation, stopping further insertion and clogging the

translocon.

(B) A folding prone clogger construct can both induce and quantitate clogging. Under regulation of the galactose inducible promoter, we fused the SRP inde-

pendent substrate Pdi1 that bears 5 glycosylation sites, to the stably folding dihydrofolate reductase (DHFR) enzyme followed by three glycosylation sites and a

hemagglutinin (HA) tag (left). When clogged, this fusion protein can be easily recognized on a western blot because it runs as an intermediate hemiglycosylated

form (right).

(C) In WT cells, most of the clogger is fully glycosylated, whereas in mutants of the SRP-independent translocon (sec62-DAmP, sec63-DAmP, Dsec66, Dsec72),

the cytosolic unglycosylated band is prevalent. Treatment ofWT cells with tunicamycin, blocking N-linked glycosylation, generates only the fastest migrating form

of the clogger. Split panes represent different lanes on one gel and are shown as such hereafter.

(D) The clogger construct was routed to the SRP-dependent pathway by appending the hydrophobic core of the DPAP B signal anchor. 26% the SRP inde-

pendent clogging construct becomes clogged, whereas only 5% of the SRP dependent counterpart does (n = 3, mean ± SEM, p value < 0.001).

See also Figure S1.
RESULTS

A Rapidly Folding SRP-Independent Protein Generates
Translocon Clogging
The protein-conducting channel of the endoplasmic reticulum

(ER), the translocon, creates a hydrophilic channel �15Å in

diameter (Hamman et al., 1997; van den Berg et al., 2004). We

hypothesized that this physical boundary might pose a problem

for translocating substrates with domains that have been af-

forded a chance to fold in the cytosol. Preinsertional cytosolic

folding of endomembrane proteins may become more abundant

when translation and translocation are not coupled, as in the

case of SRP-independent proteins (Ast et al., 2013; Jan et al.,

2014). Once an SRP-independent substrate is engaged by the

translocation machinery but cannot transverse the translocon

pore, translocon blocking (i.e., clogging) would occur. How the

cell solves this debilitating problem that would disrupt ER

homeostasis is unknown (Figure 1A).

We set out to study how eukaryotic cells manage translocon

clogging in the well-established endomembrane system of the

yeast Saccharomyces cerevisiae. We built an inducible clog-

ging-prone construct (Figure 1B, left), based on the SRP-inde-

pendent glycoprotein Pdi1 (Ng et al., 1996) under the control of

a galactose-induced promoter. To tip the scales in favor of this

construct folding at its C terminus (C0) and inducing clogging,
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we fused the yeast PDI1 to the Escherichia coli dehydrofolate

reductase (DHFR) enzyme, which generates a rapid and stable

fold (Lee et al., 2001). Importantly, E. coli DHFR folds stably

even in the absence of methotrexate, precluding the need to

add this toxic drug to induce clogging (Bhamidipati et al.,

2005). Finally, three N-linked glycosylation (3Gly) sites and a

hemagglutinin (HA) tag were placed at the C0 of the construct.

Because N-linked glycosylation takes place in the ER lumen

and it generates a size shift that can be assayed by western

blot, this ‘‘clogger’’ construct would serve not only to induce

translocon clogging, but also as a reporter for three transloca-

tional states by anti-HA western blot (Figure 1B, right): (1)

When fully inserted into the ER, all sites would be glycosylated

to generate a slowly migrating form. (2) When clogged (i.e.,

Pdi1 has translocated and undergone glycosylation but the rapid

folding of the DHFR in the cytosol prevented the rest of the pro-

tein from inserting), a hemiglycosylated form would be apparent.

This would result in an intermediate size band. (3) When unin-

serted, all of the construct would be unglycosylated, producing

a fast-migrating form.

To verify that the clogger accurately reports on its transloca-

tional status the construct was inserted into either wild type

(WT) or mutant cells depleted for the various subunits of the

SRP independent translocon (Figure 1C). Indeed, three migra-

tional forms were present in all strains, indicating that all three



states of insertion are detectable. As expected, the predominant

fraction in WT cells was the inserted form, whereas the unglyco-

sylated form was prevalent in cells with reduced translocation.

Moreover, when glycosylation was chemically attenuated with

the N-linked glycosylation inhibitor tunicamycin, only the fastest

migrating form of the clogger was present. To further verify that

the intermediate ‘‘clogged’’ fraction of the construct is engaging

the translocon, we performed a crosslinking experiment,

exposing cells expressing the clogger to dithiobis succinimidyl

propionate (DSP) and precipitating the Sec61 translocon (Fig-

ure S1A). Indeed, following crosslinking with DSP, the Sec61

precipitate is enriched for the clogged form of the construct.

Importantly, there is no enrichment for binding with the abundant

SRP-independent protein Gas1, excluding the possibility that all

proteins undergoing translocation are captured by this crosslink-

ing. This intermediate clogged band is not the result of retro-

translocation, because cells lacking the cytosolic peptide-N-

glycanase Png1 (Suzuki et al., 2000) also contain this form of

the clogger (Figure S1B). Finally, as predicted, the clogger dis-

rupts ER homeostasis (Figure S1C)—significant activation of

the unfolded protein response (UPR) was measured following

expression of the clogger (p value < 0.01).

To verify that the clogged form that we see is a result of cyto-

solic folding, we set out to create a clogger in which translation

was better coupled to translocation. To this end, we altered

the clogger’s signal sequence to that of the established SRP-

dependent substrate DPAP-B (Ng et al., 1996). The SRP-inde-

pendent or -dependent forms of the clogger were induced for

an extensive period to ensure that maximal clogging would

take place. An anti-HAwestern blot revealed that at steady state,

26% of the SRP independent construct was clogged, whereas

for only 5% of the SRP-dependent counterpart did clogging

occur (Figure 1D). Therefore, it appears that clogging reflects

the inherent complexity of targeting through the SRP indepen-

dent pathway, which is intrinsically more prone to substrate

folding in the cytosol.

A Systematic Genetic Screen Uncovers a Role for Ste24
in Translocon Unclogging
Because translocation is an essential process, we assumed that

the absence of quality control machinery involved in relieving

clogging (exacerbated by the expression of the clogger) would

generate a significant growth delay. To find such strains, we in-

serted the clogger construct into a systematic library of mutants

in all yeast genes (Breslow et al., 2008; Giaever et al., 2002) using

automated mating approaches (Cohen and Schuldiner, 2011).

As a control, we expressed a cytosolic mCherry in the same col-

lections. We then measured the growth rate (i.e., colony size) of

each of these �6,000 haploid strains that contained a single

genomic mutation as well as either the clogger or mCherry con-

structs (Figure 2A).

More than 100 strains displayed a significantly altered growth

pattern when expressing the clogger (FDR corrected p value <

0.05, Figure 2B; Table S1). One strain that grew better than ex-

pected upon clogger expression was deleted for the cochaper-

one for Kar2, Scj1 (Schlenstedt et al., 1995). This suggests that

when Kar2 is less active, potentially ratcheting SRP-independent

substrates into the ER at a slower rate, that less clogging is
occurring or that such cases can be more easily resolved. How-

ever, we focused on mutations that led to slower growth with the

clogger (Figure 2B). First, strains mutated in known SRP-inde-

pendent translocon subunits displayed attenuated growth,

serving as a validating internal control for the screen. Moreover,

this slow growth was not a result of the simple overexpression of

the SRP-independent substrate Pdi1 (Figure S2A). Second,

strains deleted for Ire1 and Hac1 (Walter and Ron, 2011), the

two main signaling components of the UPR, also grew poorly

upon clogger expression, in line with our observation that the

clogger induces ER stress (Figure S1C). An unexpected yet

intriguing observation was that cells lacking the ER localized

metalloprotease Ste24 displayed significantly smaller colony

size when expressing the clogger, but not when expressing

Pdi1 alone (Figure S2B).

Ste24 is a highly conserved zincmetalloprotease embedded in

the ER membrane whose active site is cytosolic (Fujimura-Ka-

mada et al., 1997; Schmidt et al., 1998). We hypothesized that

Ste24 could be an interesting candidate for the quality control

machinery that resolves translocon clogging. To date, Ste24

has been characterized to take part in the pathway that pro-

cesses proteins bearing a C0 CAAXmotif (C, cysteine; A, aliphatic

residue; X, any residue), such as the yeast mating pheromone,

a-factor, and mammalian Lamin A (Michaelis and Barrowman,

2012). However, hints at an additional role for Ste24 have accu-

mulated in the literature. For example, the deletion of Ste24, even

in cells that do not express a-factor, generates notable ER stress

(Jonikas et al., 2009), and it interferes with membrane protein to-

pology (Tipper andHarley, 2002), both phenotypes not shared by

other a-factor processing enzymes.

To ascertain that loss of Ste24 was indeed detrimental to cells

expressing the clogger, we first repeated the growth assaywith a

more precise liquid-growth measurement (Figure 2C). Indeed,

although the WT grew more slowly with the clogger than without

it, this growth delay was far more pronounced in a strain deleted

for Ste24. Next, we directly assayed clogging (Figure 2D).

Indeed, Dste24 cells contain highly elevated amounts of the

clogged fraction as well as a significant amount of the cytosolic

form of the clogger, further attesting to a blockage in transloca-

tion. Furthermore, inducing the clogger in the absence of Ste24

attenuated the ER entry of the endogenous SRP independent

substrates Gas1 and Pdi1, as well as Kar2, which can utilize

both SRP-dependent and -independent pathways for ER entry

(Figure 2E) (Ast et al., 2013; Ng et al., 1996). It should be noted

that these steady-state measures likely underrepresent the frac-

tion of proteins that have failed to translocate because untrans-

located proteins are rapidly cleared from the cytosol by prERAD

(Ast et al., 2014). On the other hand, SRP-dependent transloca-

tion was not affected by the absence of Ste24 (Figure S2C),

although expression of the clogger itself did attenuate the trans-

location of an SRP-dependent substrate, possibly due to the

activation of the UPR (Figure S1C).

To test that the role of Ste24 in clearing clogged translocons is

not specific to our clogger construct, we analyzed a different

clogging-prone SRP-independent substrate: Gas1 fused to the

stably folding red fluorescent protein (RFP-Gas1) (Figure S2D).

Although RFP-Gas1 is normally localized to the cell periphery,

in Dste24 cells, it was additionally found on the ER, indicating
Cell 164, 103–114, January 14, 2016 ª2016 Elsevier Inc. 105



Figure 2. A Systematic Screen Highlights a Role for Ste24 in Resolving Translocon Clogging

(A) The clogging construct was inserted into the yeast deletion and hypomorphic allele collections via SGA, and its effect on growth was measured relative to a

control protein (mCherry).

(B)�110mutants showed differential growth in the presence of the control protein or the clogger (FDR corrected p value < 0.05). Mutants attenuated for the SRP-

independent translocon, the unfolded protein response (UPR), and the ER protease Ste24 showed notably slower growth with the clogger (for a list of all strains,

see Table S1).

(C) Liquid growth was measured for WT and Dste24 cells either expressing the clogger or not (n = 42, mean ± SD).

(D) Clogging inWT orDste24 cells expressing the clogger was quantified bywestern blot, probing for the clogging construct with anti-HA. The clogged form of the

construct accumulates in Dste24 cells. As a control, WT cells expressing the clogger were treated with tunicamycin.

(legend continued on next page)
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clogging or attenuated ER entry. This effect was not seen for the

SRP-dependent substrate, Hxt2-GFP, in the absence of Ste24

(Figure S2E).

Next, we set out to test whether endogenous proteins could

clog the translocon. To this end, we mutated Sec66, which is

required for early engagement and funneling of SRP-indepen-

dent substrates into the translocon (Harada et al., 2011; Plath

et al., 1998). Indeed, in the double-mutant-lacking Sec66 and

Ste24, SRP-independent translocation is notably perturbed

(Figure 2F). In these cells, Gas1, Kar2, and Pdi1 accumulate in

the unglycosylated cytosolic forms, similar to what we had

observed for cells lacking Ste24 and expressing the clogger

(Figure 2E). This accumulation demonstrates that endogenous

SRP-independent proteins can undergo clogging under physio-

logical conditions, requiring the quality control actions of Ste24.

These findings would explain the strong negative genetic inter-

action previously described between Ste24 and Sec66 (Cos-

tanzo et al., 2010).

The Metalloprotease Activity of Ste24 Is Required for
the New Unclogging Function
We next wondered whether translocon clogging seen in the

absence of Ste24 is simply an indirect effect related to its previ-

ously described cellular roles, such as loss of CAAX processing,

inducing ER stress or altered membrane protein topology. We

first assessed clogging in the absence of other CAAX processing

factors by testing proteins both upstream and downstream to

Ste24 in the pathway, such as Ram1 or Axl1 (Figure 3A) (Michae-

lis and Barrowman, 2012). The absence of either of these pro-

teins did not affect clogging. Furthermore, the CAAX processing

mutants present in our initial screen (Drce1 and Daxl1) did not

exhibit any growth defects with the clogger, although they

were verified to be deleted (Figure S3A).

We then tested whether the ER stress known to occur in the

Dste24 strain was indirectly causing clogging. We generated

ER stress in WT cells expressing the clogger by exposing them

to the reducing agent DTT (Figure 3B). The induction of ER stress

reduced the amount of uninserted protein, but it did not alter the

fraction of clogged protein. Furthermore, a verified deletion of

Spf1, which induces more extensive ER stress than does

Dste24 (Jonikas et al., 2009), did not display a diminished colony

size with the clogger (Figure S3B).

Finally, Dste24 has been shown to affect transmembrane

protein topology.We therefore testedwhether the SRP-indepen-

dent translocon, which is itself made up of multiple transmem-

brane proteins, was still functional. To this end, we analyzed

SRP-independent translocation in Dste24 cells using an in vitro

insertion assay with the SRP-independent substrate ppaF. ER

membranes (microsomes) derived from eitherWT orDste24 cells

were able to translocate similar amounts of ppaF (Figure S3C).

These results suggest that the increased clogging is not an indi-
(E) The localization of the endogenous SRP-independent substrates Gas1, Kar2,

expressing the clogger in Dste24 cells.

(F)WT andmutant cells were analyzed bywestern blot for the localizations of Gas1

Gal promoter on glucose), deleted for the auxiliary translocon component Se

translocation becomes inefficient and the quality control actions of Ste24 are mi

See also Figure S2 and Tables S1, S2, S3, and S4.
rect effect of a reduction in translocon availability or fidelity, ER

stress, or CAAX processing and indicate a more direct role for

Ste24 in this process.

With this direct link inmind, we sought to test whether themet-

alloprotease activity of Ste24 is involved in clogging. Although

functional STE24 expressed from a plasmid rescued the growth

delay of Dste24 cells expressing the clogger(Figure 3C) as well

as the accumulation of clogged isoforms (Figure 3D), rescue

was ablated when the conserved HExxH protease motif was

mutated (STE24E296G) (Fujimura-Kamada et al., 1997). Together,

these results indicate that themetalloprotease activity of Ste24 is

essential for its role in resolving clogging in a direct fashion.

Ste24 Approaches, but Does Not Cleave, the Clogged
Translocon
If Ste24 clears clogged translocons by direct cleavage, either the

translocon itself (as in bacteria [van Stelten et al., 2009]) or the

clogger might be the processed substrate. In either case,

Ste24 would have to be in close proximity to the translocation

apparatus during clogging. To examine the proximity between

Ste24 and the clogged translocon, we utilized the split-Venus

approach (Sung and Huh, 2007). We genomically fused the VC

fragment to Ste24 while tagging the subunits of the SRP-inde-

pendent (Sec63, Sec66, and Sec72) or -dependent (Srp102)

translocon with the VN fragment (Figure 4A) so that all Venus

fragments would face the cytosol (Kim et al., 2006). Notably,

when the clogger protein was expressed in these cells, a dra-

matic increase in ER fluorescence could be seen for Ste24-VC

paired with the VN-tagged SRP-independent translocon sub-

units (Figure 4B). Such an increase was not seen with Srp102-

VN, the beta subunit of the SRP receptor, or with the negative

control (Erp2, an abundant ER protein not involved in transloca-

tion; Figure S4). To rule out that this increase in Venus signal was

an indirect readout of elevated protein levels due to UPR activa-

tion, we quantified this interaction in the absence of Hac1 (Walter

and Ron, 2011). Under these conditions, we observed a further

elevation in interaction, which might be the result of more exten-

sive clogging in Dhac1 cells as indicated by our initial screen

(Figure 2B). Thus, it seems that Ste24 approaches the SRP-inde-

pendent translocon upon clogging.

To test whether Ste24 was cleaving the translocon, we

first assayed the steady-state amounts of the nonessential sub-

units of the SRP-independent translocon, Sec66 and Sec72, in

the absence or presence of the clogger, as well as Dste24

cells expressing the clogger (Figure 4C). In all of these condi-

tions, the amounts of Sec66 and Sec72 remained the same.

We then tested whether either the steady-state or the half-life

of the essential SRP-independent translocon subunits, Sec61,

Sec62, and Sec63 (Belle et al., 2006), were altered upon expres-

sion of the clogger. (Belle et al., 2006). We found that the core

translocon subunits were degraded at comparable rates under
and Pdi1 were assayed by western blot. Less translocation takes place when

, Kar2, and Pdi1. Mutant cells were either depleted of Ste24 (using a repressible

c66, or both. SRP-independent substrates accumulate in the cytosol when

ssing.
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Figure 3. The Role of Ste24 in Relieving Clogging Is Not an Indirect

Effect of Its Previously Described Functions

(A) Western blotting with anti-HA to quantify clogging in CAAX processing

mutantsDste24,Dram1, orDaxl1 demonstrates that onlyDste24, but not other

CAAX mutants, generates clogging.

(B) WT cells expressing the clogger were treated with the ER stress-inducing

agent DTT, and subsequent clogging was assessed by anti-HA western blot

(n = 3, mean ± SEM), showing that clogging is not exacerbated by ER stress.

(C) A serial dilution growth assay was carried out for WT or Dste24 cells,

bearing either an empty plasmid, a plasmid encoding for functional STE24, or

for the proteolytically dead mutant STE24E296G. These strains were examined

for growth when the clogger is either repressed or expressed, showing that the

metalloprotease activity of Ste24 is required to restore growthwith the clogger.

(D) Clogging was assayed by western blot with anti-HA in Dste24 cells ex-

pressing the clogger and a plasmid encoding for either WT STE24 or

STE24E296G. Although Dste24 bearing the STE24 plasmid demonstrates

complete rescue of the phenotype, the STE24E296G plasmid fails to rectify

clogging and may even act as a dominant negative.

See also Figure S3.

Figure 4. Clogging Recruits Ste24 to the SRP-Independent

Translocon
(A) The proximity of Ste24 to translocon subunits was visualized with a split-

Venus assay—fusing the C terminus of the fluorophore Venus (VC) to Ste24

and the N terminus (VN) to the auxiliary translocon subunits Sec63, Sec66,

Sec72, or the SRP receptor subunit Srp102. Upon expression of the clogger, a

ring-like ER signal is seen with Ste24 and subunits of the SRP independent

translocon. Scale bar, 5 mm.

(B) Fluorescence levels were measured for all split-Venus pairs in the presence

or absence of the clogger by flow cytometry versus an untagged strain (n = 3,

mean ± SEM). Fluorescence in the presence of the clogger was increased

when UPR was compromised (Dhac1), indicating that this is not an indirect

increase due to this stress pathway.

(C) The amounts of the nonessential subunits of the translocon, Sec66-GFP,

and Sec72-GFP, were examined with anti-GFP western blot in the presence or

absence of the clogger in eitherWT orDste24 strains andwere unaltered. Pgk1

was used as a loading control.

(D) Translation was blocked by cycloheximide (CHX) in a WT strain lacking or

expressing the clogger, and samples were taken at the indicated time points.

The samples were probed by western blot for endogenous Sec61, Sec62, and

Sec63, showing that the half-life of these essential SRP independent trans-

locon subunits is not altered upon clogger expression.

See also Figure S4.
all conditions, suggesting that, unlike bacteria, they are not

cleaved during clogging in eukaryotes (Figure 4D). It should be

noted, however, that only a fraction of the translocon pool is

clogged, and the effects on the half-life of this pool might be

masked by the general translocon population.
108 Cell 164, 103–114, January 14, 2016 ª2016 Elsevier Inc.



Figure 5. Ste24 Directly Interacts with the Clogged Protein and

Cleaves It

(A) Cells expressing the clogger and an empty vector or a FLAG-tagged

version of the proteolytically dead STE24E296G were subjected to anti-FLAG

immunoprecipitation. A 1/200 fraction of the sample input and the precipitate

were subjected toWB, probing for both the clogger construct (anti-HA) as well

as STE24E296G (anti-FLAG). Ste24 binds to the clogged and unglycosylated

forms of the construct.

(B) Cycloheximide (CHX) treatment of WT or Dste24 cells expressing the

clogger was analyzed by anti-HA western blot (n = 3, mean ± SEM), showing

that only the clogged fraction is stabilized inDste24 cells (p value < 0.05). Pgk1

was used as a loading control.

(C) Anti-HA western blot was carried out to examine fragments generated from

the clogger in WT or Dste24 cells, without or with a genetic attenuation of the
Ste24 Cleaves the Clogged Protein
If Ste24 is not cleaving the translocon, then it may be directly

cleaving the clogged protein; in which case, it would have to

physically bind to it. To test for such an interaction, we generated

a FLAG-tagged form of the proteolytically dead STE24E296G
and carried out an immunoprecipitation experiment in the pres-

ence of the clogger (Figure 5A). We found that the clogged and

unglycosylated forms did indeed coprecipitate with FLAG-

STE24E296G. This unglycosylated fraction could represent a

cytosolic protein that has not yet started to translocate or else

a clogged form that has not undergone glycosylation. As a con-

trol, cells expressing the clogger but lacking FLAG-STE24E296G
did not precipitate any form of the clogger.

We next tested whether Ste24 affects the degradation of the

clogged protein (Figure 5B). In WT and Dste24 cells, the inserted

form of the clogger was stable following cycloheximide treat-

ment. In contrast, only 65% of the initial clogged fraction re-

mained after 15 min in WT cells, whereas this form was

completely stable in cells lacking Ste24 (p value < 0.05). This

degradation is specific because Ste24 did not affect the half-

life of the poorly folding membrane protein, CFTR (Figure S5A).

If Ste24, whose active site faces the cytosol, directly cleaves

the clogger, then presumably it would create cytosolic cleav-

age fragments that would then be cleared by the proteasome

(Figure 5C). To identify such fragments, we genetically attenu-

ated the proteasome with the hypomorphic allele scl1-DAmP,

mutated for the alpha1 subunit of the 20S proteasome core

(Lee et al., 1991). Deletion of Ste24 alone caused several

fast-migrating clogger fragments to accumulate, possibly indi-

cating the presence of another, Ste24-independent, degrada-

tion pathway. However, when the proteasome was attenuated,

several additional protein fragments could readily be seen.

Some of these bands disappear in the double-mutant scl1-

DAmP Dste24 (Figure 5C, marked by an arrowhead), although

similar levels of proteins were present in the two samples (Fig-

ure S5B) pointing to Ste24-dependent cleavage intermediates.

Notably, the sizes of these bands suggest that Ste24 is

cleaving within Pdi1, and not at the interface between Pdi1

and DHFR.

The fact that that Ste24 cleaves inside a domain that should

not be exposed to the cytosol during clogging indicates that

there might be some force pulling the clogged protein out of

the translocon as Ste24 scans for a cleavage site. Onewell-char-

acterized molecular machine that generates a pulling force and

extracts proteins from the ER membrane is the AAA ATPase

Cdc48 (Rabinovich et al., 2002). Indeed, our original screen

also revealed that cells deleted for Dfm1, a Cdc48 recruitment

factor (Sato and Hampton, 2006) grew slowly when expressing

the clogger (Figure S6A). Moreover, clogged proteins accumu-

lated in Ddfm1 cells (Figure S6B). Indeed, we could visualize

recruitment of Cdc48 to ERmembrane foci upon clogger expres-

sion (Figure S6C). Dfm1 has recently been characterized to

take part in the regulatory arm of ER associated degradation
proteasome (scl1-DAmP). Clogger fragments not present in the absence of

Ste24 are marked with an arrowhead.

See also Figures S5 and S6.
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Figure 6. The Unclogging Activity of Ste24

Is Conserved in the Human Homolog,

ZMPSTE24

(A) The fraction of the clogger found in each

translocational form was quantified in Dste24

cells bearing plasmids encoding for functional

ZMPSTE24 or disease-associated mutations (n =

3, mean ± SEM). Lack of Ste24 doubles clogging (p

value < 0.05). Mammalian ZMPSTE24, but not all

disease-associated mutants, can restore clogging

to WT levels.

(B) The fraction of clogged protein found in yeast

expressing the WT or mutant forms of ZMPSTE24

(A) was plotted against the known residual pro-

teolitic activity of each ZMPSTE24 protease

(Barrowman et al., 2012), showing a correlation

(R2 � 0.98). The outlier mutation L438F is the only

mutation located in the peptide-binding groove of

ZMPSTE24 (Quigley et al., 2013).

(C) A human folding prone construct, made up

of the luminal cochaperone ERdj3, C-terminally

fused to GFP and 3 glycosylation sites (3Gly), was

constructed.

(D) HEK293 cells were transfected with the human

clogging prone construct and treated with the

proteasome inhibitors MG132 or bortezomib to

stabilize cytosolic forms of the clogger. Addition-

ally, cells were exposed to lopinavir (LPV) or

tipranavir (TPV) to inhibit ZMPSTE24 function.

Protein samples were extracted and analyzed by

an anti-GFP western blot, showing an the accu-

mulation of the hemiglycosylated clogged protein

when ZMPSTE24 is inhibited. As a control, cells

were treated with tunicamycin.

See also Figure S7.
(ERAD-R) (Avci et al., 2014). However, the absence of another

ERAD-R subunit, the protease Ypf1, does not affect clogging

(Figure S6A and S6B), ruling out a general involvement of

this pathway in unclogging. Thus, Dfm1 may have an additional,

ERAD-R-independent role, in recruiting Cdc48 to ratchet

clogged proteins out of the translocon. This concerted action

could potentially allow Ste24 to find a cleavage site within the

broad spectrum of clogged proteins.

The Function of Ste24 in Unclogging Is Conserved to
Human ZMPSTE24
Ste24 is highly conserved from yeast to humans where the ho-

molog, ZMPSTE24, has been characterized mainly for its role

in CAAX processing of Lamin A (Fujimura-Kamada et al., 1997;

Michaelis and Hrycyna, 2013). We wished to examine whether

ZMPSTE24 can also function in translocon unclogging (Figures

6A and S7A). Indeed, whereas clogging doubles in the absence

of Ste24 (p value < 0.05), the expression of ZMPSTE24 in yeast

reduced clogging back to WT levels. We then tested whether

seven disease-associated forms of ZMPSTE24, which have

been previously analyzed in yeast (Barrowman et al., 2012),

could resolve clogging. Although some mutations, such as

L438F and W340R could reduce the amount of clogging, others,

such as H335A or W450X were just as compromised for clog-

ging, if not worse, as the deletion of Ste24. These defects are
110 Cell 164, 103–114, January 14, 2016 ª2016 Elsevier Inc.
also apparent when measuring growth in the presence of the

clogger (Figure S7B).

Each of the mutant forms of ZMPSTE24 has previously been

assayed in vitro for its processing activity on a CAAX motif (Bar-

rowman et al., 2012). When we plotted the fraction of clogged

protein present in each mutant relative to their residual process-

ing ability (Figure 6B), we observed a strong correlation (R2 =

0.98) supporting the requirement for the protease activity in

clearance of the clogged protein. One interesting exception to

this correlation was the L438F mutation. A recent structural

study has revealed that L438 is found adjacent the peptide bind-

ing site of ZMPSTE24 (Quigley et al., 2013), suggesting that

CAAX and clogged protein binding are not identical.

We then asked whether clogging could occur in human cells

and whether ZMPSTE24 would be required to resolve such

cases. To this end, we constructed a human clogger (Figure 6C),

based on the human ER Hsp40 ERdj3, which has been shown to

require human Sec62 and Sec63 for efficient translocation (Lang

et al., 2012). To the C0 of ERdj3, which contains one N-linked

glycosylation site, we fused a tightly folding GFP as well as three

additional sites for N-linked glycosylation. The human clogger

was transfected into HEK293 cells (Figure 6D), which were sub-

sequently treated with the HIV-protease inhibitors lopinavir (LPV)

or tipranavir (TPV), both of which inhibit ZMPSTE24 in vivo

(Coffinier et al., 2007). To stabilize cytosolic forms of the



Figure 7. Ste24 Approaches the Translocon and Cleaves Clogged

Substrates during Faulty Translocation
(A) The SRP-independent pathway is intrinsically more prone to translocon

clogging because translation and translocation are not tightly coupled. Thus,

partial folding of a cytosolic domain while the luminal domain has already

engaged chaperones can generate a scenario whereby the protein can neither

proceed to insert nor be retrotranslocated.

(B) To resolve this stalemate, Ste24 engages with the SRP-independent

translocon and cleaves the clogged substrate, whose fragments can then be

degraded by the proteasome. Thus, Ste24 function is essential for freeing

clogged translocons for further rounds of insertion.
mammalian clogger, we performed additional treatment with the

proteasome inhibitors MG132 or bortezomib. We hypothesized

that under these conditions, clogging would be more predomi-

nant because proteins are afforded a longer window of time in

which they can remain in the cytosol. Indeed, we observe that

the hemiglycosylated, clogged form appears when the cells

are treated with a proteasome and ZMPSTE24 inhibitor. Thus,

it seems that the function of Ste24 in clearing clogged proteins

from the ER is conserved from yeast to humans and becomes

important under conditions in which cytosolic quality control is

dysfunctional.

In summary, it appears that the very nature of SRP-indepen-

dent translocation makes it susceptible to unique challenges

such as clogging (Figure 7, left). Upon clogging, Ste24 is re-

cruited to the translocon, most likely with other factors involved

in quality control. There, Ste24 proceeds to cleave the clogged

protein, thereby resolving the stalemate scenario and salvaging

the translocon, which can resume its essential task.

DISCUSSION

The processes of ER targeting and translocation are vital to

create a robustly functioning secretory pathway in cells. In bac-

teria, clogged SecY translocons are digested by the metallopro-

tease FtsH (van Stelten et al., 2009). Recent work in mammals

has highlighted a role for the ribosomal quality control pathway

and proteasomal degradation in clearing stalled translocation in-

termediates for SRP-dependent proteins (von der Malsburg

et al., 2015). Similar studies in yeast analyzing SRP dependent

substrates that faultily engage the translocon have implicated

the ER-associated degradation machinery in clearing this stale-

mate (Rubenstein et al., 2012). Thus, although it is clear that in all
scenarios degradation is involved, each case seems to require

quality control machinery tailored to the specific malfunction.

We set out to identify and understand the factors that resolve

faulty SRP-independent translocation because this pathway

contains a time window in which translocating substrates may

fold in the cytosol. To this end, we generated a folding-prone

SRP-independent construct that could serve to both induce

translocon clogging and quantitate the amount of clogging tak-

ing place. In a genetic screen for reduced growth in the presence

of this clogger, we identified the ER-localized zinc metallopro-

tease Ste24 as essential for growth in the presence of increased

clogging.

A growing body of work has indicated that Ste24, originally

described for its function in CAAX processing, might have an

additional role in maintaining ER homeostasis, and more specif-

ically translocation. First, transcriptional analysis of the UPR

response uncovered Ste24 to be significantly upregulated during

ER stress (Travers et al., 2000). Inversely, the absence of Ste24

was shown to elicit marked ER stress (Jonikas et al., 2009). In

addition, a systematic genetic analysis of the Kar2R217A mutant,

in which the ER chaperone Kar2 exhibits a specific defect in

SRP-independent insertion, found a strong alleviating interaction

with the deletion of Ste24 (Vembar et al., 2010). Possibly, under

these conditions, the absence of Ste24 prevents SRP indepen-

dent substrates that are slowly being ratcheted into the ER lumen

by the Kar2R217A mutant from being prematurely degraded.

Furthermore, a lack of Ste24 was shown to affect the topology

of a model transmembrane protein in yeast (Tipper and Harley,

2002). Finally, the bacterial homolog of Ste24, HtpX, becomes

essential in the absence of the established declogging protease

FtsH, suggesting a conserved quality control link (Sakoh et al.,

2005).

Our studies show that in the absence of Ste24, clogged pro-

teins accumulate, impairing SRP independent translocation.

Ste24 moves toward the SRP independent translocon upon

clogging and, together with a pulling force (possibly exerted by

Dfm1-recruited Cdc48), cleaves the clogged protein within

Pdi1 itself. Interestingly, the analogous bacterial declogging sys-

tem, FtsH couples a AAA ATPase module with a membrane met-

alloprotease to resolve clogging. Thus, it is possible that the

function of FtsH was uncoupled in eukaryotes to consist of an

AAA ATPase module provided by Cdc48 and a metalloprotease

component provided by Ste24. In this manner, Ste24 can

perhaps scan its substrates for segments that it can accommo-

date within its catalytic site, thus allowing it to cleave various

clogged proteins. This mechanism of action would in fact be

most economical, as it would sacrifice only the clogged translo-

cating protein and rescue the large, multisubunit complex of the

Sec61 translocon.

Ste24/ZMPSTE24 appears to be a promiscuous protease, as

even in its established substrates, the mating pheromone a-fac-

tor and Lamin A, two processing steps occur, on two internal

sites that share little sequence similarity (Fujimura-Kamada

et al., 1997; Michaelis and Barrowman, 2012; Schmidt et al.,

1998). Indeed, all of the folding prone substrates that we tested:

Pdi1, Gas1, and Erdj3, were affected in the absence of Ste24,

although they contain no sequence or functional similarities. It

should be noted that in cells lacking Ste24, we could not identify
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hemiglycosylated clogging forms of endogenous proteins (Fig-

ure 2E and F). However, this is to be expected because clogging

most likely only takes place for a very small fraction of each

endogenous protein undergoing translocation at a given time,

making it difficult to identify a specific clogged form. So, how

prevalent is clogging? The sizable number of SRP-independent

substrates (Ast et al., 2013) and the massive ER stress and

UPR activation observed in the absence of Ste24 (Jonikas

et al., 2009) would argue that clogging is not a rare event.

The promiscuity of Ste24 raises questions as to how this

metalloprotease is regulated so it does not cleave every SRP-in-

dependent substrate undergoing translocation. One layer of

regulation appears to be the recruitment of Ste24 to the SRP-in-

dependent translocon because this proximity was notably

enhanced upon clogger induction. How this regulation takes

place remains to be seen. Interestingly, our initial clogging

screen uncovered several posttranslational modifiers required

to maintain growth in the presence of the clogger. It would be

interesting to investigate whether any of these additional factors

serve to regulate Ste24.

In light of its key cellular roles, it is not surprising that Ste24 is a

highly conserved protein, whose human homolog, ZMPSTE24,

has been shown to perform all functions tested to date (Barrow-

man et al., 2012; Fujimura-Kamada et al., 1997; Young et al.,

2005). We could show that ZMPSTE24 can completely compen-

sate for the loss of yeast Ste24 and alleviate clogging, indicating

that this cellular role has also been conserved. Indeed, recent

works have highlighted that SRP-independent translocation

might be more prevalent in higher eukaryotes than was previ-

ously appreciated (Jan et al., 2014; Johnson et al., 2012; Shao

and Hegde, 2011). These findings indicate that translocon un-

clogging would be as important in higher eukaryotes as it is

in yeast, maintaining the need for dedicated quality control

machinery. Indeed, treatment with LPV, one ZMPSTE24 inhibitor

that generated clogging, has been previously shown to induce

ER stress in multiple cell types. However, the cause of this

stress has not been uncovered (Taura et al., 2013). Our results

here suggest this may be due, at least in part, to translocon

clogging.

Humans mutations in ZMPSTE24 have been linked to a wide

range of diseases, spanning from metabolic disorders to proge-

roid diseases of differential severity (Barrowman et al., 2012;

Michaelis and Barrowman, 2012). When studying these dis-

ease-associated mutations, we could demonstrate that mutants

in the metalloprotease domain accumulated clogged proteins in

direct relation to their residual cleavage activity. This raises the

possibility that one aspect of the disease mechanism, in addition

to loss of Lamin A function, is a progressive slowdown of the

secretion apparatus due to unresolved clogging and prolonged

ER stress. One notable exception was the L438F mutation,

which is found adjacent to the peptide binding site (Pryor et al.,

2013; Quigley et al., 2013), suggesting that the substrate binding

sitemight bemore flexible for clogged proteins or even found in a

different position. These findings highlight that we can differen-

tiate between two actions of ZMPSTE24: binding to the sub-

strate, which is different for CAAX motifs and clogged proteins,

versus cleavage, which appears to be similar for these two sub-

strate groups.
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In summary, our results shed light on a novel function of Ste24,

a central and conservedmetalloprotease long suspected to have

a pivotal task in maintaining ER homeostasis. This ubiquitous

protease orchestrates the process of translocon unclogging,

thus ensuring that the essential flux of proteins entering the ER

is maintained. More generally, translocation that is uncoupled

from translation is not unique to the ER, and it is found in other

essential organelles such as mitochondria, chloroplasts, and

peroxisomes. The approaches set forth in this work can be

utilized to study how translocon clogging is resolved in these or-

ganelles, shedding further light on the quality control machin-

eries and mechanisms utilized to resolve this basic cellular

obstacle.

EXPERIMENTAL PROCEDURES

Plasmid Construction

A complete list of plasmids and primers used in this study can be found in

Tables S3 and S4. All cloning procedures were carried out with the restric-

tion-free method (van den Ent and Löwe, 2006). In order to generate the

clogger construct, three N-linked glycosylation sites (3Gly) (AVAVNNTSAVA

VAVNNTSAVAVAVNNTS) were cloned directly upstream to the HA tag in

pYM-N24 GAL1p-3HA::NatR plasmid using primers 3Gly-pYM24clone-F

and 3Gly-pYM24clone-R (primers were designed using Primers-4-Yeast

(Yofe and Schuldiner, 2014)). Following this step, PDI1 was PCR amplified

from the yeast genome, with the primers PDI-pYM24clone-F and PDI-pYM24-

clone-R and inserted upstream to the 3Gly-HA sequence. Finally, the E. coli

DHFR gene was PCR-amplified from the CPY*-DHFR-HA plasmid (Bhamidi-

pati et al., 2005) and inserted between PDI1 and the 3Gly elements. Following

its verification by sequencing, the clogger construct was inserted into the HO

locus of all strains of interest. Further information is available in the Supple-

mental Experimental Procedures.

Library Creation and Analysis

Introduction of the clogger or mCherry constructs into the yeast libraries was

performed using synthetic genetic array (SGA) techniques (Cohen and

Schuldiner, 2011). Further information is available in the Supplemental Exper-

imental Procedures.

To analyze the growth of each deletion strain with the clogger or mCherry

constructs, all custom libraries were replicated to rich media containing 2%

galactose and grown for three days at 30�C. Colony size was quantified for

each strain using software Balony (Young and Loewen, 2013) and normalized

relative to other strains in the same row and column. Outliers from the linear

regression pattern, i.e., strains bearing significantly different growth upon

clogger induction with a p value < 0.05, were identified, correcting for the false

discovery rate (Benjamini and Hochberg, 1995). The colony size of all strains

with the two constructs can be found in Table S1.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

seven figures, and four tables and can be found with this article online at

http://dx.doi.org/10.1016/j.cell.2015.11.053.
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