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Targeting of transmembrane proteins to the endoplasmic reticulum (ER) proceeds via either the signal recognition particle
(SRP) or the guided entry of tail-anchored proteins (GET) pathway, consisting of Get1 to -5 and Sgt2. While SRP cotranslation-
ally targets membrane proteins containing one or multiple transmembrane domains, the GET pathway posttranslationally tar-
gets proteins containing a single C-terminal transmembrane domain termed the tail anchor. Here, we dissect the roles of the SRP
and GET pathways in the sorting of homologous, two-membrane-spanning K� channel proteins termed Kcv, Kesv, and Kesv-
VV. We show that Kcv is targeted to the ER cotranslationally via its N-terminal transmembrane domain, while Kesv-VV is tar-
geted posttranslationally via its C-terminal transmembrane domain, which recruits Get4-5/Sgt2 and Get3. Unexpectedly, nas-
cent Kcv recruited not only SRP but also the Get4-5 module of the GET pathway to ribosomes. Ribosome binding of Get4-5 was
independent of Sgt2 and was strongly outcompeted by SRP. The combined data indicate a previously unrecognized cotransla-
tional interplay between the SRP and GET pathways.

Protein targeting to the endoplasmic reticulum (ER) can pro-
ceed either co- or posttranslationally (1–3). The cotransla-

tional route depends on the signal recognition particle (SRP),
which recognizes signal sequences or signal-anchor (SA) se-
quences within nascent chains and then targets ribosome-bound
nascent chain complexes (RNCs) to the ER membrane (1–4). Sub-
strates of SRP include luminal ER proteins, secreted proteins, and
membrane proteins, among which the last most significantly ben-
efit from cotranslational targeting, which efficiently circumvents
aggregation of transmembrane (TM) domains in the cytosol (1–
5). Tail-anchored (TA) proteins possess a single TM domain close
to their C termini, which also provides the information for target-
ing to the appropriate cellular membrane (6). Those TA proteins
destined for the ER do not enter the cotranslational pathway, be-
cause the TA is not accessible during translation. Instead, ER-
targeted TA proteins posttranslationally enter the guided entry of
tail-anchored proteins (GET) pathway, which comprises Get1 to
-5 and Sgt2 (1–3, 7, 8). The central cytosolic component of the
GET pathway is the ATPase Get3, which utilizes nucleotide-linked
conformational changes to bind and target TA proteins to the
Get1/Get2 receptor complex in the ER membrane (1–3, 7–13).
Current models suggest that TA proteins are initially captured by
Sgt2 and then transferred to Get3 (1–3, 7, 8, 13, 14). Cargo transfer
from Sgt2 to Get3 is facilitated by a stable complex consisting of
Get4 and Get5 (Get4-5), which can bind to Sgt2 via Get5 and to
Get3 via Get4 (1–3, 7, 11, 13–16).

The currently most poorly understood step of the GET path-
way is the initial capture of TA proteins. The process is expected to
be highly coordinated, so that exposure of TA domains to the
cytosol is minimized. A high-throughput study that identified
Get5 among the proteins that are ribosome associated (17) hinted
at a transfer of TA proteins to the GET pathway directly upon
translation termination. However, it is not known what fraction of
Get5 is ribosome associated, if other components of the GET
pathway also interact with the ribosome, and how ribosome asso-
ciation of Get5 is coordinated with the functions of other ribo-
some-bound protein biogenesis factors (18).

The viral K� channels Kcv and Kesv possess all the functional
hallmarks of eukaryotic inwardly rectifying K� channels, such as
the typical membrane-pore-membrane structure (Fig. 1A) and
the highly conserved TXXTXG(Y/F)G motif (19, 20). Kcv consists
of only 94 residues (Fig. 1B); due to an N-terminal extension, Kesv
is slightly larger (Fig. 1B). Because of their minimal size, Kcv and
its homologs have proved excellent models for the elucidation of
structural and functional properties of K� channels, including
gating and pharmacology (19, 20). When expressed in Saccharo-
myces cerevisiae or mammalian cells, Kcv localizes to the plasma
membrane, while Kesv localizes to the mitochondria (21). Sorting
of Kcv requires transmembrane domain 1 (Kcv-TM1), which acts
as an SA sequence in vitro and in vivo (22). The sorting of Kesv
remained enigmatic, because on one hand the N-terminal domain
of Kesv (Fig. 1B) resembles a mitochondrial targeting peptide
(mTP), which can direct green fluorescent protein (GFP) to the
mitochondria (21), while on the other hand, deletion of the mTP
yields a protein (�N-Kesv) (Fig. 1B) that is still sorted to the mi-
tochondria (21). Instead, sorting of Kesv to the mitochondria
strongly depends on its C-terminal transmembrane domain 2
(TM2) (21, 23). When TM2 of Kesv (Kesv-TM2) was extended by
only two valine residues (Kesv-VV) (Fig. 1B), the localization of
Kesv-VV was changed from mitochondrial to plasma membrane
(21). Here, we show that Kcv is a substrate of the cotranslational
SRP-dependent pathway, while Kesv-VV, even though it is not a
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TA protein, enters the posttranslational GET pathway. The results
indicate a previously unrecognized intersection between the SRP
and GET targeting pathways and reveal that SRP and Get4-5 com-
pete for the same RNCs.

MATERIALS AND METHODS
Plasmids and yeast strains. Plasmids encoding Dap2 (pSPUTK-Dap2)
and Pgk1 (pSPUTK-Pgk1) and the FLAG-tagged versions, pSPUTK-
FLAG-Dap2 and pSPUTK-FLAG-Pgk1, which contain an N-terminal DY
KDDDDK FLAG peptide, were described previously (24). Genes encod-
ing Kcv, Kesv, and Kesv-VV were amplified from plasmids pYES2-Kcv,
pYES2-Kesv, and pYES2-Kesv-113VV (21) and were cloned with or with-
out the FLAG tag into pSP65 (Promega). Dap2-Kesv was constructed by
replacing the N-terminal 37 residues of Kesv with the N-terminal 29 res-

idues of Dap2. �N-Kesv contains a deletion of residues 2 to 37 of Kesv.
Dap2-Kesv, �N-Kesv, and full-length Sec22 with or without the FLAG tag
were cloned into pSP65. MH272-3f a/� (ura3/ura3 leu2/leu2 his3/his3
trp1/trp1 ade2/ade2) was the parental wild-type strain (25), the �srp54
strain was described previously (24). In the �get4 �get5 strain (get4::
kanMX get5::kanMX), the complete coding sequences of GET4 and
GET5 were replaced by the kanMX module amplified by PCR from
strain Y02420 or Y16261, respectively (Euroscarf). The �sgt2 strain
carries a replacement of the EcoRI/MfeI fragment within the coding
region of SGT2 with the URA3 marker gene. The �get3 strain carries a
replacement of the ClaI/BamH1 fragment within the coding region of
GET3 with the HIS3 marker gene. The �get2 strain (Y10223) and the
BY4742 strain (Y10000) employed for the generation of ER micro-
somes were from Euroscarf.

FIG 1 Kcv-TM1 is a cotranslational substrate of SRP, while Kesv-TM1 is not. (A) Schematic representation of the K� channel Kcv in the cytoplasmic membrane
(20). (B) Reporter proteins. The TM domains are colored. The double valine insertion in TM2 of Kesv-VV is in yellow. The 40 most C-terminal residues of the
reporter proteins, corresponding to approximately the portion shielded by the ribosomal exit tunnel, are highlighted in gray. The N-terminal 120 residues of the
SRP substrate, Dap2, and of the cytosolic protein Pgk1 served as controls. The middle region of the 214-residue protein Sec22 is not shown. (C) Experimental
setup. RNCs carrying full-length Kcv, Kesv, or Kesv-VV were generated via translation of mRNA lacking a stop codon. RCs of full-length Kcv, Kesv, or Kesv-VV
were generated via translation of mRNA, including a stop codon. Subsequently, the RNCs or RCs were affinity purified via the FLAG tag (FLAG) fused to the N
terminus of the respective reporter protein. The RNCs were detected via immunoblotting of a ribosomal marker protein (e.g., Rpl4 [blue]). In order to detect
RCs, [35S]methionine was incorporated into the reporter proteins (red). Factors (brown) associated with FLAG-affinity-purified RNCs or RCs were analyzed via
immunoblotting. For details, see Materials and Methods. (D) Affinity-purified RNCs carrying FLAG-tagged (�FLAG) nascent chains as indicated were analyzed
for association with SRP via immunoblotting with antibodies directed against the Srp54 subunit. Rpl4 was employed to detect RNCs isolated via the FLAG-tagged
nascent chain; untagged (�FLAG) nascent chains served as controls. (E) Kcv and Kesv possess similar hydrophobicity profiles. Shown is a Kyte and Doolittle scale
mean hydrophobicity profile of Kcv and Kesv (46). The scan window size was 13. (F) Affinity-purified RNCs carrying nascent chains as indicated were analyzed
as described for panel D.
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Generation of RNCs and RCs. Transcription was performed as de-
scribed previously using SP6 polymerase (26). DNA templates encoding
the N-terminal 120 residues of Dap2 and Pgk1 were generated by PCR
using pSPUTK-based plasmids encoding untagged or FLAG-tagged Dap2
or Pgk1, respectively. The pSP65-based plasmids of Kcv, Kesv, Kesv-VV,
Dap2-Kesv, �N-Kesv, and Sec22 were employed to generate full-length
nascent chains or full-length released chains with or without an N-termi-
nal FLAG tag (24, 27). Transcripts lacking a stop codon were employed to
generate RNCs, while transcripts containing a stop codon were employed
to generate released polypeptide chains (RCs). In the case of Dap2, residue
118 was exchanged for methionine to allow better detection of radiola-
beled, released Dap2. Yeast translation extract was prepared as previously
described (26) from the wild-type (MH272-3f�), �srp54, �sgt2, or �get3
strain. Translation reactions were performed for 50 min at 20°C. When
released chains were generated, [35S]methionine (Hartmann Analytic
GmbH) was added to the translation reaction mixture (24, 27). RNCs
were separated from the cytosol by ultracentrifugation at 400,000 � g for
25 min at 4°C. The resulting ribosomal pellets were resuspended in 100 �l
pulldown buffer (20 mM HEPES-KOH, pH 7.4, 120 mM potassium ace-
tate [KAc], 2 mM magnesium acetate [MgAc2], 1 mM phenylmethylsul-
fonyl fluoride [PMSF], and protease inhibitor mixture [1.25 �g/ml leu-
peptin, 0.75 �g/ml antipain, 0.25 �g/ml chymostatin, 0.25 �g/ml
elastinal, 5 �g/ml pepstatin A]). RCs were separated from ribosomes by
two successive ultracentrifugation steps at 400,000 � g for 15 min each at
4°C. Ribosome-free cytosol, which was added to RNCs as indicated, was
prepared by ultracentrifugation of glass bead extract (24) at 400,000 � g
for 25 min at 4°C. Incubation of RNCs with ribosome-free cytosol was
performed at 20°C for 10 min. Subsequently, the RNCs were isolated via
ultracentrifugation at 400,000 � g for 15 min at 4°C, and the ribosomal
pellets were resuspended in pulldown buffer and used for FLAG pulldown
reactions. Low-salt (120 mM KAc)- and high-salt (800 mM KAc)-treated
RNCs were isolated via centrifugation through sucrose cushions as previ-
ously described (24). Pellets containing ribosomes and RNCs were subse-
quently resuspended in pulldown buffer and applied to FLAG pulldown
reactions.

FLAG pulldown reactions. FLAG pulldown reactions were performed
as described previously (24). In a typical experiment, RNCs or [35S]me-
thionine-labeled RCs were generated in a 120-�l translation reaction
mixture as described above. Resuspended RNC pellets or ribosome-free
supernatant containing RCs was then added to 40 �l of prewashed anti-
FLAG M2 affinity beads (FLAG beads; Sigma) suspended in 500 �l pull-
down buffer. Nontagged and FLAG-tagged RNCs/RCs were analyzed in
parallel in each experiment to determine background binding. Material
bound to FLAG beads was analyzed on 10% Tris-Tricine gels (28), trans-
ferred to nitrocellulose membranes, and analyzed via immunoblotting. If
35S-labeled RCs were employed, the lower part of the immunoblot was
analyzed via autoradiography. Similar amounts of RNCs or RCs (adjusted
with respect to the Rpl4/Rps9 signal or with respect to the intensity of the
35S-labeled chain) were loaded to allow direct comparison of bound SRP
(Srp54), Get4-5 (Get4 or Get5), Sgt2, and Get3. The sizes of Srp54 (59.6
kDa), Get5 (23.7 kDa), and Rpl4 (39.1 kDa) allowed the parallel analysis
of SRP, Get4-5, and RNCs on a single immunoblot. If RNCs were analyzed
for the binding of Sgt2 (37.2 kDa) or Get4 (36.2 kDa), Rps9a (22.7 kDa)
was employed as a marker for FLAG affinity purification of RNCs.

ER-targeting assay. Preparation of high-salt-treated microsomal
membranes from wild-type or �get2 strains was performed as described
previously (24). Aliquots of microsomal membranes (A280 � 20 	 2) were
stored at �80°C in storage buffer (20 mM HEPES-KOH, pH 7.4, 120 mM
KAc, 250 mM sorbitol, 2 mM MgAc2, 1 mM PMSF, 1� protease inhibitor
mixture). To generate RCs and RNCs for ER-targeting assays, 80-�l trans-
lation reactions were performed in the presence of [35S]methionine in
either a wild-type or a �get3 translation extract (see above). To obtain
RCs, ribosome-free supernatants were collected after centrifugation at
400,000 � g at 4°C for 15 min. To obtain RNCs, ribosomal pellets were
collected by centrifugation at 400,000 � g at 4°C and subsequently resus-

pended in 80 �l pulldown buffer (see above). Twenty microliters of ribo-
some-free RCs or 20 �l resuspended RNCs was then mixed, comple-
mented with a final concentration of 2 mM ATP and 2 mM GTP,
incubated for 10 min at 20°C, and subsequently loaded onto a two-step
sucrose gradient (5 ml of 1.2 M sucrose/5 ml of 1.5 M sucrose in storage
buffer containing 100 mM instead of 250 mM sorbitol). After centrifuga-
tion in a swing-out rotor at 100,000 � g, for 1 h at 4°C, microsomes
accumulated at the interphase between the 1.2 and 1.5 M sucrose were
collected, precipitated by trichloroacetic acid, and subsequently analyzed
on 10% Tris-Tricine gels, followed by autoradiography.

Miscellaneous. Ribosome association assays were performed as de-
scribed previously (29). Ribosome profiles were performed basically as
described previously (30) with the exception that buffers contained 1 mM
dithiothreitol (DTT) and 120 mM KAc. Glucose depletion was performed
as described previously (31). Immunoblots were developed using en-
hanced chemiluminescence (ECL) with horseradish peroxidase-conju-
gated goat anti-rabbit IgG (Pierce). Autoradiographs were analyzed with a
Typhoon 9410 (GE Healthcare Life Sciences). Densitometric analysis of
immunoblots was performed using the AIDA image analyzer (Raytest).
Polyclonal antibodies directed against Srp54, Sgt2, Get4, Get5, Get3, Rpl4,
Rps9, Rpl24, and Sse1 were raised in rabbits (Eurogentec).

RESULTS
Nascent Kcv-TM1 is a substrate of SRP. When expressed in a
�trk1 �trk2 strain lacking the two yeast plasma membrane K�

transporters, the K� channel Kcv complements for growth defects
connected to K� uptake deficiency (21). In contrast, the homolo-
gous K� channel Kesv cannot complement for growth defects of a
�trk1 �trk2 strain because Kesv does not localize to the plasma
membrane but is imported into mitochondria (21, 23). However,
Kesv-VV can rescue growth defects of a �trk1 �trk2 strain, indi-
cating that the protein is sorted to the cytoplasmic membrane
(21). How Kesv is redirected from the mitochondria to the ER due
to the insertion of two valine residues into Kesv-TM2 is not un-
derstood. We first analyzed the interaction of SRP (employing the
Srp54 subunit of the complex) with RNCs carrying Kcv, Kesv, or
Kesv-VV (Fig. 1C, RNCs). The N-terminal 120 residues of Dap2,
which contain an SA sequence, and of the cytosolic protein Pgk1
served as positive and negative controls, respectively (Fig. 1B)
(27). TM2 of the nascent K� channel proteins is localized inside
the ribosomal exit tunnel, while TM1 is exposed on the outside
(Fig. 1B). As expected, SRP was recruited to RNCs carrying Dap2
(Dap2 RNCs), while SRP was not recruited to RNCs carrying Pgk1
(Pgk1 RNCs) (24, 27) (Fig. 1D). SRP was also efficiently recruited
to RNCs carrying Kcv (Kcv RNCs), indicating that TM1 of Kcv
possessed the properties of a bona fide SA sequence (Fig. 1D), as
previously suggested (22). In comparison, only slightly more SRP
was recruited to RNCs carrying Kesv or Kesv-VV (Kesv RNCs and
Kesv-VV RNCs) than to Pgk1 RNCs (Fig. 1D). Importantly, there
was no difference between SRP recruitment to Kesv RNCs and
Kesv-VV RNCs (Fig. 1D). The data indicate that (i) TM1 of nas-
cent Kesv/Kesv-VV recruited SRP only poorly and (ii) insertion of
two valine residues into TM2 of Kesv did not significantly enhance
SRP recruitment to RNCs (Fig. 1D).

Consistent with the experimental data, Kcv had a high predic-
tion score for the secretory pathway, while the scores for Kesv, as
well as Kesv-VV, predicted similar likelihoods for the mitochon-
drion or secretory pathway (Table 1). Kesv lacking the mTP, how-
ever, possessed a high prediction score to enter the secretory
pathway (Table 1). We thus speculated that Kesv-TM1, which
displayed a hydrophobicity profile similar to that of Kcv-TM1
(Fig. 1E), might possess the properties of an SA sequence, the
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function of which was masked by the preceding mTP, as previ-
ously described (32). To test this possibility, we generated report-
ers in which the mTP was either deleted (�N-Kesv) or replaced by
the N-terminal domain of Dap2, which precedes the SA sequence
of Dap2 (Dap2-Kesv) (Fig. 1B). However, recruitment of SRP to
RNCs carrying �N-Kesv or Dap2-Kesv was not enhanced (Fig.
1F). Thus, SRP possessed a low affinity for Kesv-TM1 even when
the mTP was removed or was replaced by a sequence that precedes
the SA of the bona fide SRP substrate, Dap2. The combined data
did not favor the possibility that Kesv-VV was redirected from the
mitochondria to the ER via the SRP pathway.

Released Kesv-VV-TM2 is a substrate of the GET pathway.
Kesv-TM2 is located very close to the C terminus (Fig. 1B). Thus,
we speculated that Kesv, even though it contained two TM do-
mains, may resemble a TA protein that was posttranslationally
targeted to the ER via the GET pathway (1–3, 7, 8). To test this
possibility, we analyzed the association of Sgt2 and Get4-5 with
RCs of Kcv, Kesv, and Kesv-VV (Fig. 1C, RCs). Sgt2 and Get4-5
were most strongly associated with released Kesv-VV and weakly
associated with Kcv and Kesv and were not associated with Pgk1
(Fig. 2A). Importantly, direct comparison of Kesv and Kesv-VV
revealed that the association of Sgt2 and Get4-5 was significantly
enhanced by the insertion of two valine residues into Kesv-TM2
(Fig. 2A). We next tested if binding of Get4-5 to released Kesv-VV
was dependent on Sgt2 or Get3, employing translation extracts
derived from a �sgt2 or �get3 strain. The expression level of
Get4-5 was not altered in �sgt2 or �get3 cells (Fig. 2B), however,
association of Get4-5 with released Kesv-VV was abolished in the
absence of Sgt2 (Fig. 2C). In contrast, in the absence of Get3, a
larger fraction of released Kesv-VV was associated with Get4-5
(Fig. 2D). The findings suggested that Kesv-VV was targeted to the
ER via the GET pathway. To test this directly, we compared the
targeting of Kesv-VV RCs to microsomal membranes in a wild-
type setup, in the absence of Get3, or in the absence of the GET
pathway membrane receptor, Get2 (see the introduction). As a
negative control, we employed Pgk1 RCs (Fig. 1B), which, as ex-
pected, did not bind to microsomal membranes (Fig. 2E). As a
positive control, we employed the tail-anchored natural GET
pathway substrate, Sec22 (Fig. 1B) (33), which was efficiently tar-
geted to microsomal membranes (Fig. 2E). Consistent with cur-
rent models, binding of Sec22 RCs to microsomes was strongly
reduced when the microsomes were derived from a �get2 strain or
Sec22 RCs were prepared in a �get3 translation extract. A side-by-
side analysis revealed that Kesv-VV RCs resembled Sec22 RCs and
were efficiently targeted to microsomes in a Get2- and Get3-de-
pendent manner (Fig. 2E). In comparison, targeting of the SRP
substrate Dap2 RNCs to microsomal membranes was indepen-

dent of Get2 (Fig. 2E). The combined findings are consistent with
current models of the GET pathway (1–3, 7, 8). Released Kesv-VV
was bound to Sgt2, which formed a complex with Get4-5 (Fig. 2A
and C). From there, a fraction of Kesv-VV was transferred to Get3
(Fig. 2D) and thus remained trapped on Sgt2/Get4-5, when Get3
was absent (Fig. 2D). Subsequent posttranslational targeting of
Kesv-VV to the ER membrane resembled the targeting of Sec22
with respect to Get3 and Get2 dependence (Fig. 2E). Based on the
data, we suggest that Kesv-VV is a GET pathway substrate and can
reach the plasma membrane posttranslationally. This model ex-
plains why Kcv and Kesv-VV can both complement growth de-
fects of a yeast �trk1 �trk2 strain (21), even though Kesv-VV is not
a substrate of SRP (Fig. 1D).

Get4-5 is ribosome associated while Get3 and Sgt2 are not. A
possible cotranslational role of the GET pathway is suggested by
the finding that the mammalian homologs of Get4 and Get5,
termed TRC35 and Ubl4, together with an additional subunit
termed Bag6, interact with ribosomes (2, 3, 7, 34). We thus tested
ribosome association of the GET pathway components in a total
yeast extract. In this experiment, ribosomes were separated from
the cytosol under low- or high-salt conditions. Cytosolic proteins
are recovered in the supernatant, while ribosomal proteins are
recovered in the pellet independent of the salt concentration. Ri-
bosome-associated proteins, however, are released to the super-
natant under high-salt conditions. Sgt2 behaved like a typical cy-
tosolic protein (Fig. 3A), while Get4-5 was equally distributed
between ribosomes and cytosol under low-salt conditions and was
fully released under high-salt conditions (Fig. 3A). In the case of
Get3, a minor fraction was detected in the pellet under low- as well
as high-salt conditions. Thus, Sgt2 was cytosolic and Get4-5 be-
haved like a ribosome-associated factor, while in the case of Get3,
the outcome was not fully conclusive. Ribosome profiles con-
firmed the cytosolic localization of Sgt2 and the distribution of
Get4-5 between a cytosolic and a ribosome-associated pool (Fig.
3B). The major fraction of Get3 was detected in the cytosolic frac-
tions of the ribosome profile; however, a small fraction of Get3
smeared through the high-molecular-mass fractions of the su-
crose gradient (Fig. 3B). To determine if this minor pool of Get3
was bound to translating ribosomes, cell extracts were treated with
RNase A to destroy polysomes and accumulate 80S ribosomes
prior to the analysis (30). Under these conditions, ribosome-asso-
ciated proteins accumulate in the 80S peak. This was indeed the
case for Get4-5; however, the minor fraction of Get3 was still
distributed throughout the high-molecular-mass fractions of the
gradient (Fig. 3B). The data indicate that Sgt2 and Get3 are local-
ized to the cytosol, while a substantial fraction of Get4-5 was ri-
bosome associated at steady state.

TABLE 1 TargetP localization predictions for Kcv and Kesv

Protein Length (amino acids)

Scorea

Predicted localizationb Reliability classcmTP SP Other

Kcv 94 0.020 0.935 0.135 Secretory pathway 1
Kesv 124 0.628 0.695 0.007 Secretory pathway 5
Kesv-VV 126 0.629 0.690 0.007 Secretory pathway 5
�N-Kesv 92 0.008 0.973 0.091 Secretory pathway 1
a The location with the highest score is the most likely, according to TargetP, and the relationship between the scores (the reliability class) may be an indication of how certain the
prediction is. mTP, mitochondrial targeting peptide; SP, signal peptide; Other, score on which the final prediction was based.
b The predicted localization is based on the score; the possible values are mitochondrion, secretory pathway, and other.
c The reliability class ranges from 1 to 5, where 1 indicates the strongest prediction. For details compare http://www.cbs.dtu.dk/ and reference 45.
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The ribosome-bound fraction of Get4-5 was distributed be-
tween the 80S and polysome fractions when cell extracts were
derived from glucose-grown cells (Fig. 3B, � RNase). Under these
conditions, the 80S peak represents a mixture of translating and
nontranslating ribosomes. When cells are briefly depleted of glu-
cose, translation initiation is blocked and the 80S peak consists
mainly of nontranslating ribosomes (35). To test if Get4-5 was
associated with nontranslating ribosomes, we analyzed ribosome
profiles from glucose-depleted cells (Fig. 3C). A significant frac-
tion of Get4-5 but not of Sgt2 comigrated with nontranslating 80S
ribosomes, indicating that Get4-5 was able to interact with ribo-
somes in the absence of nascent substrate proteins. If one takes

into account that a yeast cell contains about 300,000 ribosomes
but only about 6,000 Get4-5 heterodimers (18, 36), the findings
indicate that a small subpopulation of ribosomes (about every
hundredth one) was associated with Get4-5 at steady state. The
data suggest that Get4-5 may be bound to ribosomes dynamically
in order to scan the ribosomes for possible GET pathway sub-
strates.

The TA of Sec22, but not Kesv-VV-TM2, enhances Get4-5
recruitment to RNCs. In the mammalian system, the TRC35/
Ubl4/Bag6 complex is recruited to ribosomes synthesizing mem-
brane proteins when the TM domain is still inside the ribosomal
tunnel (34). Because after ribosome release Kesv-VV-TM2 was a

FIG 2 Kesv-VV is targeted to the ER membrane posttranslationally via the GET pathway. (A) Affinity-purified 35S-labeled RCs of the indicated FLAG-tagged
reporter proteins (�FLAG) were analyzed for association of Get4-5 (Get5) and Sgt2 via immunoblotting. (B) Total extract derived from wild-type (wt), �sgt2,
and �get3 strains was analyzed for the expression of Get3 and Get5 via immunoblotting. Sse1 served as a loading control. (C) RCs of FLAG-Kesv-VV (�FLAG)
were generated in a wt or �sgt2 translation extract and subsequently affinity purified and analyzed for association of Get4-5 (Get5). (D) RCs of FLAG-Kesv-VV
(�FLAG) were generated in a wt or �get3 translation extract and subsequently affinity purified and analyzed for association of Get4-5 (Get5) and Get3. Untagged
RCs served as controls. The number of methionine residues of each RC is indicated below the corresponding band in the autoradiograph. (E) 35S-labeled RCs or
RNCs as indicated were generated in wild-type or �get3 translation extract and then incubated with ER microsomes derived from wild-type or �get2 cells.
Microsomes and associated RCs/RNCs were subsequently purified via sucrose gradient centrifugation and analyzed via autoradiography.
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substrate of Sgt2/Get4-5 (Fig. 2A), we speculated that Kesv-VV
RNCs might recruit Get4-5 to ribosomes above the basal binding
level (see above) (Fig. 3). While Get4-5 was indeed associated at a
low basal level with any of the RNCs tested, the occupation of
Kesv-VV RNCs was not enhanced compared to Kesv RNCs or
Pgk1 RNCs (Fig. 4A, panel 1). The finding suggested that the het-
erologous viral protein Kesv-VV was not fully functional with
respect to Get4-5 recruitment to RNCs. To test this possibility, we
employed the GET pathway substrate Sec22 (Fig. 1B). Indeed,
recruitment of Get4-5 to Sec22 RNCs was enhanced about 2-fold
compared to Pgk1 RNCs (Fig. 4B, panel 1). Moreover, Sec22
RNCs recruited not only Get4-5 but also SRP (Fig. 4B, panel 1).
These observations resemble previous findings in the mammalian
system (34, 37) and indicate that a bona fide TA segment inside the
yeast ribosomal tunnel can enhance Get4-5 binding to ribosomes
above the basal level. Kesv-VV-TM2 was seemingly too weak to
trigger recruitment of Get4-5 from within the ribosomal tunnel
(Fig. 4A, panel 1). Note, however, that after release from the ribo-
some, Kesv-VV-TM2 recruited Get4-5 efficiently (Fig. 2A and C).

Consistent with the cytosolic localization of Sgt2 and Get3 in
ribosome binding experiments (Fig. 3), neither Sgt2 nor Get3 was
associated with RNCs (Fig. 4C). Because Sgt2 was required for the
association of Get4-5 with released Kesv-VV (Fig. 2C) and also
released Kcv (Fig. 4D), we tested if Sgt2 affected the recruitment of
Get4-5 to RNCs without becoming stably associated with the
RNCs. However, this was not the case. Get4-5 binding to Sec22
RNCs (Fig. 4B, panel 3), as well as to Kcv RNCs (Fig. 4E), was not
reduced in the absence of Sgt2. Thus, while Sgt2 was strictly re-

quired for the posttranslational association of Get4-5 with RCs
(Fig. 2C and 4D), Sgt2 itself was not associated with RNCs (Fig.
4C) and also was not required for the association of Get4-5 with
RNCs (Fig. 4B, panel 3, and E).

SRP and Get4-5 compete for RNCs exposing nascent Kcv-
TM1. Rather unexpectedly, Dap2 RNCs, and to a lesser extent also
Kcv RNCs, recruited Get4-5 above the basal level (Fig. 4A, panel
2). Because exactly these RNCs expose an SA segment outside the
ribosomal tunnel (Fig. 1B) and recruit SRP (Fig. 1D), the finding
suggested possible binding competition between SRP and Get4-5.
Indeed, binding of Get4-5 to Kcv RNCs was significantly en-
hanced when the RNCs were generated in a �spr54 translation
extract (Fig. 4F). In contrast, Get4-5 binding to Kesv RNCs,
Kesv-VV RNCs, Pgk1 RNCs (Fig. 4G), and Sec22 RNCs (Fig. 4B,
panel 2), and also to released Kcv RCs (Fig. 4H), was not affected
by SRP. The data are compatible with a model in which Get4-5
and SRP compete specifically for the RNCs that expose a nascent
SA segment outside the ribosomal tunnel. To further characterize
the competition between SRP and Get4-5, we generated RNCs free
of SRP and Get4-5. Because SRP was bound to Kcv RNCs in a
salt-resistant manner (Fig. 5A), translation was performed in a
�srp54 translation extract, and Get4-5 was subsequently stripped
off RNCs via high-salt treatment (Fig. 5). The SRP/Get4-5-free
Kcv RNCs were then complemented with ribosome-free cytosol
derived from wild-type, �srp54, �get4 �get5, or �sgt2 cells (Fig.
5B). Wild-type ribosome-free cytosol allowed the rebinding of
SRP and Get4-5 (Fig. 5B). When �srp54 ribosome-free cytosol
was added, significantly more Get4-5 was able to rebind to Kcv

FIG 3 Get4-5 is distributed between a cytosolic and a ribosome-bound pool. (A) Ribosome association of GET pathway components under low- and high-salt
conditions. Total (T) extract prepared from wild-type cells was separated into a cytosolic supernatant (C) and a ribosomal pellet (R) via a sucrose cushion under
low- or high-salt conditions. Aliquots were subsequently analyzed via immunoblotting using the antibodies indicated. The ribosomal proteins Rpl4 and Rps9
served as ribosomal markers, and Sse1 served as a cytosolic marker. (B) Ribosome profiles. Cytosolic extract prepared from glucose-grown wild-type cells was
separated into polysomes, 80S ribosomes, and ribosomal subunits (60S and 40S) via sucrose density gradient centrifugation. Ribosome profiles were performed
with untreated (blue) or RNase-treated (red) cell extract. Due to RNase treatment, polysomes are destroyed and accumulate in an 80S ribosomal peak. Fractions
were analyzed via immunoblotting using the antibodies indicated. cyt, 5% of the cytosolic extract loaded onto the gradient; tot, total cell extract of the wild-type
strain, which was loaded to confirm proper immunodetection of proteins in the polysome fractions. (C) Ribosome profile after glucose depletion. The
experiment was performed as described for panel B, with the exception that cytosolic extracts were prepared after 10 min of glucose depletion. Under these
conditions, the 80S peak represents nontranslating ribosomes.

Intersection between the SRP and GET Pathways

September 2016 Volume 36 Number 18 mcb.asm.org 2379Molecular and Cellular Biology

http://mcb.asm.org


RNCs, while addition of a �get4 �get5 ribosome-free cytosol did
not enhance rebinding of SRP (Fig. 5B). Addition of �sgt2 ribo-
some-free cytosol allowed the efficient rebinding of Get4-5 to
RNCs (Fig. 5B), confirming that Get4-5 binding to RNCs oc-
curred independently of Sgt2. The combined data indicate that
the binding of SRP and Get4-5 to Kcv RNCs was competitive.
In this competition, SRP binding was strongly favored, and
thus, Get4-5 was efficiently recruited only when SRP was ab-
sent.

DISCUSSION

TA proteins contain an N-terminal functional domain, which
is exposed to the cytosol; a single TM domain, which can be

sorted to a variety of cellular compartments; and a short C-ter-
minal domain of no more than 30 residues (6). Because the
C-terminal TM domain contains the targeting information, TA
proteins cannot be sorted to the ER via a cotranslational route
(1, 2, 6–8). Instead, TA proteins are delivered to the ER via the
posttranslational GET pathway, which involves specific protein
machinery identified only recently (1–3, 7, 8). In contrast, sort-
ing of TA proteins to the mitochondrial outer membrane
(MOM) seemingly does not require specific machinery. For
example, targeting of the mitochondrial TA protein Fis1 de-
pends on the lipid composition and does not require protein
components (6, 38). Whether a TA protein is sorted to the

FIG 4 Binding of Get4-5 is enhanced if RNCs contain a TA segment inside the ribosomal tunnel or expose an SA outside the ribosomal tunnel. (A) Get4-5 shows
basal binding to a variety of RNCs and enhanced binding to Dap2 RNCs. The Rpl4 blot is identical to the Rpl4 blot shown in Fig. 1D, because Srp54 and Get5 were
analyzed in the same experiment. The immunoblots shown were derived from a single exposure of the same blot. (B) Get4-5 is recruited to Sec22 RNCs. The
immunoblots shown were derived from a single exposure of the same blot. The numbers below the Get4 bands indicate the relative amounts of Get4 bound to
Sec22 RNCs compared to Pgk1 RNCs. To allow a direct comparison, each Get4 band was normalized to the corresponding Rps9 band. (C) Sgt2 and Get3 do not
interact with RNCs. Ten percent of the translation reaction mixture (10% input) was loaded to control for proper detection of Sgt2 and Get3. The �srp54 strain
was employed, because Get4-5 binding in the absence of SRP was enhanced. (D) Sgt2 is required for the posttranslational binding of Get4-5 to Kcv RCs. (E) Sgt2
is not required for the cotranslational binding of Get4-5 to Kcv RNCs. (F) Get4-5 binding to Kcv RNCs is enhanced in the absence of SRP. (G) Get4-5 binding
to Kesv RNCs, Kesv-VV RNCs, or Pgk1 RNCs is not affected by the absence of SRP. (H) Posttranslational binding of Get4-5 to Kcv RCs is not affected in the
absence of SRP. (A to H) RNCs of FLAG-tagged (�FLAG) or untagged (�FLAG) reporter proteins as indicated were generated in translation extracts derived
from a wt, �srp54, or �sgt2 strain; isolated via FLAG affinity purification; separated on 10% Tris-Tricine gels; and subsequently analyzed for the association of
Get4-5 (Get4 or Get5), SRP (Srp54), Get3, or Sgt2 via immunoblotting. Rpl4 or Rps9 was employed to detect RNCs isolated via the FLAG-tagged nascent chain.
The number of methionine residues within 35S-labeled RCs is indicated above the corresponding band in the autoradiograph.

FIG 5 SRP and Get4-5 compete for binding to Kcv RNCs. (A) Binding of SRP to Kcv is salt resistant, while binding of Get4-5 in the absence of SRP is salt sensitive.
RNCs carrying FLAG-tagged (�FLAG) or untagged (�FLAG) Kcv were generated in a wild-type or �srp54 translation extract. Ribosomes and RNCs were then
isolated via a low-salt (LS) or a high-salt (HS) sucrose cushion. Subsequently, the RNCs were affinity purified. Binding of Get4-5 (Get4 and Get5) and SRP
(Srp54) to RNCs was analyzed via immunoblotting. (B) RNCs carrying FLAG-tagged (�FLAG) Kcv were generated in a wt or �srp54 translation extract. The
RNCs were then isolated via an LS or an HS sucrose cushion and then applied to FLAG affinity purification reactions. If indicated, ribosome-free cytosol (cyt)
prepared from wt, �srp54, �sgt2, or �get4 �get5 cells was added to the ribosomes/RNCs prior to affinity purification. Binding of Get4-5 (Get5) and SRP (Srp54)
to RNCs was analyzed via immunoblotting. Rpl4 was employed to detect RNCs isolated via the FLAG-tagged nascent chain.
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mitochondria or to the ER critically depends on the properties
of its TM domain (6, 39). Moderate hydrophobicity favors tar-
geting to the MOM; the TM length and C-terminal charge also
contribute to targeting (6, 39).

In this work, we asked how the insertion of only two valine
residues into the C-terminal TM2 of Kesv can redirect the pro-
tein from the mitochondria to the ER (21). Kesv contains two
TM domains and thus does not resemble a classical TA protein.
Moreover, the C terminus of Kesv-VV TM2 is localized in the
cytosol, which is opposite to the orientation of TA domains.
We therefore initially did not favor the idea that Kesv-VV is a
GET pathway substrate. Rather, we speculated that SRP was
responsible for redirecting Kesv-VV from the mitochondria to
the ER, because recruitment of SRP to RNCs was possibly af-
fected by the nascent chain inside the ribosomal tunnel, as
previously shown for other TM domains (27, 34, 37, 40). How-
ever, SRP was not recruited to Kesv-VV RNCs. Instead, after
ribosome release, Kesv-VV, but not Kesv, was a substrate of the
soluble GET pathway components Sgt2, Get4-5, and Get3.
Moreover, ER targeting of Kesv-VV was dependent on Get3

and the membrane receptor Get1-2. The sorting of Kesv versus
Kesv-VV resembles the sorting of Fis1 versus the mutant Fis1-
4L, in which 4 residues within the TA are replaced by leucine
residues, resulting in redirection from the mitochondria to the
ER (41). Consistent with our observations, Sgt2 binds to
Fis1-4L but does not bind to Fis1 (14).

Our findings also provide an explanation for the puzzling
observation that the mTP of Kesv can direct a reporter to the
mitochondria but is not essential for mitochondrial targeting
of Kesv itself (21). Seemingly, Kesv contains two independent
mitochondrial targeting signals, namely, the mTP and TM2
(Fig. 6A and B). This finding suggests that sorting of Kesv to the
mitochondria is crucial for the propagation of ectocarpus si-
liculosus virus 1 (EsV-1), which encodes Kesv (20, 21). Indeed,
it was suggested that Kesv may be part of an early antiapoptotic
system relevant for viral persistence during the lysogenic phase
(42). This would also explain why paramecium bursaria chlo-
rella virus 1 (PBCV-1), which encodes Kcv, does not require a
mitochondrially localized K� channel (42). Rather, Kcv is lo-
cated in the internal viral membrane, which presumably orig-

FIG 6 Model of Sgt2/Get4-5 association with RCs versus RNCs. (A) Kesv does not interact with Sgt2/Get4-5 posttranslationally and is targeted to the
mitochondria via the N-terminal mTP and possibly also via TM2. (B) Kesv-VV interacts posttranslationally with Sgt2/Get4-5 via TM2 and enters the GET
pathway to the ER. Get4-5 does not bind to Kesv-VV directly but only via Sgt2. Thus, in the absence of Sgt2, Get4-5 does not associate with Kesv-VV. (C) Kcv
RNCs recruit SRP cotranslationally via TM1, which acts as a signal-anchor sequence and targets Kcv to the ER. (D) In the absence of SRP, Kcv RNCs recruit
Get4-5. Cotranslational recruitment of Get4-5 to Kcv RNCs is Sgt2 independent and competitive with SRP. For details, see Discussion.
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inates from the host ER membrane and fuses with the host
plasma membrane upon infection. In this case, the K� channel
is required for the lytic life style of the virus, because it leads to
depolarization, K� loss, and a decrease of internal turgor, fa-
cilitating viral-DNA ejection (20, 42, 43).

Current models of the GET pathway suggest that Sgt2 might
functionally replace mammalian Bag6, which does not possess
a yeast homolog, in the ribosome-associated TRC35/Ubl4/
Bag6 complex (1, 3). If this model was correct, we expected to
find ribosome-associated Get4-5 in a complex with Sgt2. How-
ever, this was not the case; while a significant fraction of Get4-5
was associated with ribosomes, Sgt2 was not. One possible ex-
planation for this observation is that the interaction of Sgt2
with Get4-5 was too transient to be detected. However, because
Sgt2 was not even required for the recruitment of Get4-5 to
RNCs, we favor a model in which the cotranslational role of
Get4-5 is Sgt2 independent (Fig. 6C and D) and in which Sgt2
is not a functional counterpart of mammalian Bag6. This
model is consistent with the presence of a human Sgt2 homolog
termed hSgt2, which itself functionally interacts with Bag6 (7,
44). It should be emphasized, however, that, consistent with
numerous previous observations (1–3, 7, 8), the posttransla-
tional interaction of Get4-5 with the GET pathway substrate
Kesv-VV was strictly dependent on Sgt2.

It was previously reported that Get5 (also called Tma24)
copurifies with ribosomal complexes (17). However, it re-
mained unclear if other components of the GET pathway also
interact with ribosomes. Moreover, it was not known what
fraction of Get5 is ribosome bound and if the association de-
pends on nascent substrate proteins. Here, we followed up on
these questions and showed that a significant fraction of Get4-5
but not of Sgt2 or Get3 was associated with vacant as well as
with translating ribosomes. We found that this basal occupa-
tion of ribosomes and RNCs by Get4-5 was enhanced in two
different situations: first, if a TA segment of a GET pathway
substrate was inside the ribosomal tunnel and, second, if an SA
segment of an SRP pathway substrate was exposed outside the
ribosomal tunnel. In the latter case, the binding of Get4-5 was
competitive with the binding of SRP (Fig. 6C and D). The
ability of Get4-5 to recognize and interact cotranslationally
with SRP substrate RNCs suggests that the GET pathway may
serve as a backup system if SRP function is compromised or
limiting. Alternatively, recruitment of Get4-5 to the ribosome
might be a mechanism to transfer membrane proteins that do
not belong to the TA protein family and at the same time are
only poorly recognized by SRP to the GET pathway (5). Inter-
estingly, not only was the Get4-5 module of the GET pathway
recruited to RNCs carrying an SRP substrate, but SRP was also
efficiently recruited to RNCs carrying a bona fide GET pathway
substrate. The interplay between the GET and SRP targeting
pathways appears to be more complex than previously antici-
pated.
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