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ABSTRACT: The signal recognition particle (SRP) is required for co-translational targeting of polypeptides
to the endoplasmic reticulum (ER). Once at the membrane, the precursor interacts with a complex
proteinaceous machinery that mediates its translocation across the bilayer. Genetic studies in yeast have
identified a number of genes whose products are involved in this complex process. These mutants offer
a potentially valuable resource with which to analyze the biochemical role played by each component in
the pathway. However, such analyses have been hampered by the failure to reconstitute an efficient in
vitro assay for SRP-dependent translocation. We report the construction of two multicopy vectors that
allow overexpression of all seven gene products required to make SRP in the yeastSaccharomyces
cereVisiae. The overexpressed subunits assemble into intact and functional SRP particles, and we further
demonstrate that in vitro reconstitution of co-translational translocation is greatly enhanced using cytosol
from the overexpression strain. We use this assay to demonstrate that Sec63p is required for co-translational
translocation in vitro and specifically identify the “J-domain” of Sec63p as crucial for this pathway.

The signal recognition particle (SRP)1 is a conserved
ribonucleoprotein complex that targets nascent polypeptides
to the endoplasmic reticulum (ER) (1). SRP recognizes and
binds the hydrophobic signal sequence of a secretory
precursor as it emerges from the ribosome and also interacts
directly with the ribosome itself (2, 3) to induce a transient
translational arrest (4-6). The arrested complex is then
targeted to the ER via the interaction of SRP with a
membrane-bound receptor complex known as SRP-receptor
(SR;7, 8). This interaction stimulates release of the nascent
chain into the Sec61p-containing translocon channel through
which it is then co-translationally translocated across the ER
membrane (1, 9, 10).

Yeast SRP comprises six polypeptide subunits (Srp14p,
Srp21p, Sec65p, Srp54p, Srp68p, and Srp72p) plus the Scr1
RNA (5, 11-14). Genetic studies have shown that all seven
gene products are essential for SRP function. Indeed, loss
of Srp14p, Srp21p, Srp68p, or Srp72p destabilizes the
complex and leads to degradation of Scr1 RNA (14).
Targeting to the bilayer requires both subunits of the SR-
complex, namely, SRR and SRâ (8, 15, 16), whereas the
translocation reaction further requires the Sec61-complex
(comprising Sec61p, Sbh1p, and Sss1p;17-19) plus the

polytopic membrane protein Sec63p (17, 20, 21) and the
lumenal chaperone Kar2p (21). Proteins may also be targeted
to the yeast ER via a posttranslational pathway which is
independent of both SRP and SR. The precursors targeted
via this pathway tend to be those with less hydrophobic signal
sequences (22). This posttranslational pathway employs the
same core translocon components (Sec61-complex, Sec63p,
and Kar2p), plus three further membrane components
(Sec62p, Sec71p, Sec72p) and two additional lumenal factors
(Lhs1p and Sil1p;23).

The roles of the core translocon components are of
considerable interest. Evidence suggests that the Sec61-
complex forms an aqueous transmembrane channel through
which all classes of precursor can pass en route to the ER
lumen. The Sec63 protein includes a lumenal J-domain which
interacts directly with Kar2p to stimulate its intrinsic ATPase
activity. These two proteins, in combination with Lhs1p and
Sil1p, are thought to combine to drive posttranslational
translocation effectively by pulling precursors into the lumen
(23-26). This driving force might not be required during
co-translational translocation since, in this case, the ribosome
is tightly bound to the cytosolic face of the Sec61-complex
enabling the energy of translation to be coupled to translo-
cation (27, 28). Indeed, a mutation in the J-domain of Sec63p
(sec63-1) which is defective for interaction with Kar2p results
in a major in vivo defect in the translocation of posttrans-
lationally translocated precursors, but remains competent for
translocation of SRP-dependent precursors (17). A different
role for Kar2p in the co-translational reaction has been
suggested by studies of the mammalian homologue, BiP,
which is required for gating the lumenal face of the
translocon (29). While Sec63p is required for translocation
of SRP-dependent precursors, its precise role in this reaction
is unknown. Specifically, it is unclear whether Sec63p
contributes to the Kar2p/BiP-dependent gating reaction.
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Studies of protein translocation in yeast have mainly been
approached by genetic means. Biochemical analysis of
specific components has been hindered by the failure to
reconstitute SRP-dependent translocation in vitro. Recently,
an in vitro assay has been developed in which it was shown
that the concentration of SRP was limiting in yeast cytosol
(5). Here we report a system in which all seven subunits of
yeast SRP are overexpressed in yeast cytosol. These subunits
correctly assemble into a fully functional SRP complex
competent for co-translational targeting to yeast membranes
in an in vitro assay. This assay is extremely efficient and
provides an ideal system for the biochemical analysis of the
co-translational translocation reaction. Using this assay, we
have analyzed a novel mutant allele ofsec63and have shown
that the J-domain is indeed required for the translocation of
an SRP-dependent precursor. These results demonstrate that
the functions of Sec63p and Kar2p must be coordinated
within the core translocon.

EXPERIMENTAL PROCEDURES

Materials.DNA restriction and modification enzymes were
purchased from Roche Molecular Biochemicals. [35S]me-
thionine was from NEN Life Science Products. Oligonucleo-
tides were from MWG-Biotech AG. All other reagents were
from Sigma, Roche Molecular Biochemicals, and Melford
Labs (Suffolk, UK) at analytical grade. Site-directed mu-
tagenesis was performed using the QuickChange Site-
directed Mutagenesis kit from Stratagene according to the
manufacturer’s instructions.

Strains, Media, and Growth Conditions. Saccharomyces
cereVisiae and Escherichia coli strains were grown as
previously described (30). MET3-SEC63is an allele of
SEC63whose expression is repressed in the presence of
methionine. Repression was performed by addition of
methionine essentially as described (31), except strains were
grown for 7 h in YPD (2%peptone, 1% yeast extract, 2%
glucose) if microsomes were to be used in in vitro translation/
translocation assays.MET3-SEC63shut off prior to total
yeast extract preparation was performed in minimal yeast
medium (0.675% yeast nitrogen base, 2% glucose)+ 0.2
mM methionine for 7 h. Strains used: MWY26 (Mata
pep4-3 his3 ura3 leu2 ade2, this study), BYY5 (MatR ade2
his3 ura3 leu2 trp1 can1 kanMX4-PMET3-SEC63; 21).

Plasmid Constructions.YEp-based multicopy plasmids
(pMW295 and pMW299) designed to overexpress SRP
subunits were constructed as follows. Plasmids p65-A6 and
pCS47 (13) were used as the source forSRP54andSEC65
respectively. The remaining genes were all amplified by PCR
of wild-type genomic DNA, subcloned and sequenced (see
Table 1 for all oligonucleotides used).

Construction of pMW295: An approximately 4 kb deletion
was made in pCS47 (13) by digesting withHindIII plus
Xba1, treating with Klenow fragment and religating, giving
pMW226.SRP21was amplified with SRP21-1 and SRP21-2
and cloned intoSac1-BamHI of pMW226, giving pMW253.
SRP72 was amplified with primers SRP72-1-long and
SRP72-2-long and cloned intoBamHI of pBluescript SK+,
giving pMW276. Finally, theBamHI-fragment containing
SRP72from pMW276 was cloned intoBamHI of pMW253,
giving pMW295.

Construction of pMW299:SRP14was PCR amplified
with primers SRP14-1 and SRP14-2, the 1269 bp PCR

product digested withBamHI and Sac1 and cloned into
BamHI-Sac1 of YEp351 giving pMW228. A 1422 bp
fragment containingSCR1 was amplified with primers
SCR1-1 plus SCR1-2, digested withSal1 and Xba1 and
subcloned intoSal1-Xba1 of pBluescript-KS+ giving
pMW238. The sameXba1-Sal1 fragment containingSCR1
was subsequently cloned intoXba1-Sal1 of pMW228 giving
pMW272.SRP54was cloned as a BamHI-Xba1 fragment
from p65-A6 into BamHI-Xba1 of pMW272 giving
pMW293.SRP68was PCR amplified with primers SRP68-1
plus SRP68-2, the 2605 bp product cloned intoBamHI of
pBluescript-KS+ giving pMW246. The sameBamHI frag-
ment containingSRP68was finally cloned intoBamHI of
pMW293, giving pMW299. SRP54 and SEC65 were sub-
cloned from previously described plasmids (13) and hence
not sequenced. DNA sequencing of all the remaining SRP
genes to identify PCR-induced errors showed thatSRP21
andSRP72contains no changes to the wild-type sequence.
SRP14 contains the conservative change Glu48GAA f
Glu48GAG and two Tf C changes at positions-352 and
-417 relative to the open reading frame.SRP68has an A
insertion at position-25, a conservative Leu461TTA f
Leu461TTG, and a Tf G 18 nucleotides downstream from
stop codon.SCR1contains an Af G change 612 nucleotides
outside the RNA encoding sequence. These few changes to
the corresponding wild-type sequences were all thought to
be of no consequence to expression of the genes.

The wild-typeSEC63gene in pJKR2 was made by cloning
a genomic 3682 bpHindIII fragment from a library clone
into HindIII of pRS316. The J-domain delete version of
SEC63was made by introducingBglII sites into pJKR2
by site-directed mutagenesis using the oligonucleotides
Sec63djd1a, Sec63djd1b, Sec63djd2a, and Sec63djd2b. pAJ8
was the made by excision of theBglII fragment encoding
the J-domain resulting in residues Phe124-Asp199 being
deleted and replaced by an arginine and a serine residue.

Fractionation of SRP and Western Blot Analysis.Prepara-
tion and sucrose gradient fractionation of SRP from wild-
type and the SRP overexpression strain was done as

Table 1: Oligonucleotides Used in This Study

SCR1-1 GGGGTCGACTGATCAACTTAGCCAGGACA
SCR1-2 GGGTCTAGAACTCAGCTTTGCGGGCCTC
SEC65-a CAAATTTCAAATCAGATTGTATGATGGC
SRP14-1 GGGGGATCCATCCACCCGTATTCAGA
SRP14-2 GGGGAGCTCAAGGAATTTCAAAAATAGTC-

ATC
SRP21-1 GGGGAGCTCTCCCCTACCTTTTACAAGTC
SRP21-2 GGGGATCCACGACAGTCTTGAAACC
SRP54-1 GCTCTCCTATACTTCAGTCACTACCC
SRP54-2 GTTAGAGGGTAGAACCTTTTCCATGGC
SRP68-1 GGGGGATCCAAATATACGAATACTGCCTTG
SRP68-2 GGGGGATCCTAGATAACTCGGTTTTGAGCA
SRP72-1-long GGGGGATCCAATTAAAGTATGACAGAATC-

GTTTGAAGG
SRP72-2-long GGGGGATCCTGGGAAGGACTGATGATGA-

ATTCCC
Sec63djd1a CGCTGCTACAAAATTAAGATCTCCTTATGA-

AATCCTTGG
Sec63djd1b CCAAGGATTTCATAAGGAGATCTTAATTTT-

GTAGCAGCG
Sec63djd2a GAAATACGGTCATAGATCTGGCCCACAATC-

TACTTC
Sec63djd2b GAAGTAGATTGTGGGCCAGATCTATGACCG-

TATTTC
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previously described (32). Whole yeast cell extracts and
preparation of yeast microsomes were done as described (31).
Antibodies against Srp54p, Sec65p, Sec61p, Sec63p, DPAP
B, and Kar2p have previously been described (17, 21, 23,
33). Gal3p antibodies were kindly donated by Dr. Richard
Reece (Manchester, UK).

In Vitro Translation/Translocation.Plasmid pEH3 (600
bp EcoRI-XbaI fragment from pDJ100 (34) in pGEM3Z)
was used for in vitro transcription/translation of ppRF. pEH3
was linearized withXba1 and transcribed with Ribomax
(Promega) T7 RNA polymerase according to the manufac-
turer’s instructions. pJD96 (5) encoding the DHC-RF was
linearized withXba1 and transcribed with Ribomax SP6
RNA polymerase. Translation competent yeast cytosol was
prepared as described (35) with the following modification:
Cells were grown in yeast minimal medium (to keep selection
for plasmids either with or without SRP genes) to OD600 )
0.5, spun down, and grown for a further 6 h in 4l YPD(final
OD600 ) 2.0) prior to harvesting. Translations in the presence
of [35S]methionine were carried out as described (36).
Microsomes (50 OD280/mL) were added to a final concentra-
tion of 10% at the start of the reaction (“co”) or after
terminating translation by addition of 0.4 mM cycloheximide
(“post”). Digestion with proteinase K (250µg/mL) was done
with or without 0.5% Triton X-100 for 30 min on ice
followed by TCA precipitation. Samples were analyzed by
SDS-PAGE and phosphorimage analysis. Bands were
quantified using the AIDA software (version 2.31).

RESULTS

To complement in vivo observations, we were keen to
develop an efficient in vitro assay for protein translocation
in yeast cytosol. Previous in vitro assays have performed
well when monitoring posttranslational translocation; how-
ever, reconstitution of co-translational translocation in the
yeast system has proven more demanding due to the limiting
concentration of SRP in yeast cytosol. We therefore sought
to engineer yeast cells to overexpress SRP.

Cloning of all SRP Genes.To overexpress SRP, we created
two yeast multicopy vectors which together contained all
the seven genes that encode SRP subunits (SCR1, SEC65,
SRP14, SRP21, SRP54, SRP68, andSRP72). Cloned DNA
fragments containing two of the genes (SEC65andSRP54)
were already available, and the remaining SRP genes were
amplified by PCR and cloned into appropriate vectors. After
DNA sequencing, the individual genes were subcloned to
generate the two final vectors for expression in yeast:
pMW295 (SEC65, SRP21, SRP72, URA3) and pMW299
(SCR1, SRP14, SRP54, SRP68, LEU2) (Figure 1). Simulta-
neous selection for both plasmids on media lacking uracil
and leucine allowed us to maintain both plasmids in the yeast
strain MWY26. Verification that the presence of pMW295
and pMW299 causes increased amounts of SRP subunits is
seen in Figure 2. Compared to the unchanged levels of Gal3p
(control), the levels of Srp54p and Sec65p are markedly
increased in cells that contain pMW295 and pMW299.

OVerexpressed SRP Subunits Assemble into Intact SRP
Particles. In the absence of the gene products Srp14p,
Srp21p, Srp68p, or Srp72p cells will lose the cytosolic ScR1
RNA (14) and the remaining ScR1 RNA remains largely
nuclear (37). Sec65p (like Srp14p, Srp21p, Srp68p, and

Srp72p) assembles with ScR1 RNA into pre-SRP in the
nucleus, whereas Srp54p is finally assembled with the pre-
SRP in the cytosol after nuclear export (37, 38). The integrity
of SRP particles can be determined by applying preparations
of SRP onto sucrose gradients. Co-sedimentation of Srp54p,
Sec65p, and ScR1 RNA on sucrose gradients should only
occur if fully assembled intact SRP particles are being
analyzed. We therefore assayed assembly of intact SRP by
fractionation on sucrose gradients. SRP prepared from cells
transformed with only the control vectors YEp351+ YEp352
was loaded onto a 5-30% sucrose gradient. After centrifu-
gation, fractions were analyzed for the presence of Srp54p
and Sec65p. As seen in Figure 3 (upper panels) the two
markers for the wild-type SRP co-sediment toward the lower
half of the sucrose gradient. The same fractionation pattern
is observed when the SRP overexpressing cells are analyzed
(Figure 3, lower panels). The strongly increased signals
suggest that cells that have been transformed with both
pMW295 and pMW299 produce significantly higher amounts
of intact SRP. Another observation to support this conclusion
is that ScR1 RNA is overproduced and co-fractionates with
the Sec65p/Srp54p marker proteins in MWY26+ pMW295
+ pMW299 (data not shown).

Functional OVerexpressed SRP Particles ImproVe Co-
Translational Translocation in Vitro.Having established that

FIGURE 1: Plasmids for overexpression of yeast SRP. Schematic
diagram of pMW295 and pMW299. Open reading frames are
indicated with filled arrows, and RNA encoding sequence is
indicated with open arrow. Simultaneous selection for both mul-
ticopy vectors (on medium lacking uracil and leucine) allows
overexpression of all seven genes that encode RNA or proteins of
the yeast SRP.

FIGURE 2: Transformation with SRP overexpression vectors causes
significant increased levels of Srp54p and Sec65p. Western blot of
total yeast extract from wild-type (MWY26+ YEp351+ YEp352,
lane 1) and SRP overexpressor strain (MWY26+ pMW295 +
pMW299, lane 2) probed with antibodies against Srp54p, Sec65p,
and Gal3p.
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transformation of MWY26 with pMW295+ pMW299 gives
rise to increased amounts of intact SRP particles, we
determined the efficiency of in vitro translocation using
cytosol from wild-type cells and cytosol from cells that
overexpress SRP. To do this, we chose two forms ofRF,
differing only in their signal sequences. It is widely accepted
that ppRF translocates independently of SRP, whereas the
same precursor with its signal sequence replaced by the
hydrophobic core of the DPAP B signal sequence depends
on SRP for translocation (22). We found that both these
constructs could be translated in vitro, and that the rates of
translation remained similar in cytosols from both wild-type
cells and cells overexpressing SRP. Translocation of these
precursors into yeast microsomes can be monitored by the
appearance of glycosylated forms which migrate more
slowly. The relative levels of glycosylated/unglycosylated
forms can be used as a measurement of the translocation
efficiency. In doing so, we found that whereas translocation
of ppRF is only slightly better in the SRP overexpression
cytosol (Figure 4A, lanes 3 and 8), translocation of DHC-RF
is significantly improved (compare lanes 5 and 10). We have
quantified the translocation efficiency and found that over-
expression of SRP resulted in an average 49% efficiency of
translocation, corresponding to a 3-fold increase in efficiency
when compared to wild-type extracts (16%) (Figure 4B).

In vitro translation/translocation reactions can be per-
formed as either “co-“ or “post-” translational translocation
reactions. In “co” reactions precursors are being translated
in the presence of yeast microsomes and can as such be
translocated co-translationally. It is of course not possible
to prevent posttranslational translocation from taking place
in a “co” reaction. In a “post” reaction on the other hand,
translation is terminated by addition of cycloheximide prior
to the addition of microsomes. In this case, the only option
is therefore posttranslational translocation. In our in vitro
assay, it is important to establish how the different precursors
behave. As seen in Figure 4C, the triply glycosylated form
of RF (gpRF) can be seen in both “co” and “post” reactions,
whereas gDHC-RF is only seen in a “co” reaction. As opposed
to the precursors, the glycosylated forms are protected against

proteinase K degradation, which indicates that they have been
completely translocated into the microsomes. Hence, when-
ever we observe gDHC-RF we are measuring a genuine co-
translational translocation event. Finally, we repeatedly found
higher levels of ppRF translocation in “co” relative to “post”
reactions (see Discussion).

FIGURE 3: Overexpressed SRP subunits assemble into intact
particles. SRP from MWY26 transformed with either YEp351+
YEp352 (control) or pMW295+ pMW299 (SRP overexpression)
was analyzed on sucrose gradients. Fractions were subjected to
Western blot analysis with anti-Sec65p and anti-Srp54p antibodies.
The co-sedimentation of Sec65p and Srp54p in fractions 8-9 in
the wild-type control (two upper panels) is mirrored in the gradient
with overexpressed SRP (two lower panels).

FIGURE 4: Co-translational translocation in vitro is enhanced by
overexpression of SRP. (A) Yeast cytosol from either wild-type
(MWY26 + Yep351+ Yep352, lanes 1-5) or SRP overexpressor
strain (“SRP+”: MWY26 + pMW295 + pMW299, lanes 6-10)
was used for in vitro translation/translocation reactions. In vitro
transcribed RNAs encoding either ppRF or DHC-RF were used as
templates and microsomes from MWY26 were included from the
start of the reaction (“co”, see Experimental Procedures). The
glycosylated forms (gpRF and gDHC-RF) are seen only in reactions
containing yeast microsomes. A significant increase in translocation
of DHC-RF is seen in SRP overexpressor cytosol. (B) Quantification
of translocation in several in vitro translation/translocation assays.
RF RNA (grey bars) or DHC-RF RNA (white bars) was translated/
translocated into microsomes from MWY26 in cytosol from wild-
type (“Wt”: MWY26 + YEp351+ YEp352, bars 1 and 3) or SRP
overexpressor (MWY26+ pMW295 + pMW299, bars 2 and 4).
Translocation efficiencies for these four combinations of RNA/
cytosol were (mean values): 52.6, 62.3, 16.4, and 49.1%. Each
bar represents the mean from at least four independent experiments
(error bars are standard error of the mean). (C) DHC-RF is
co-translationally translocated. “Co” or “Post” (see Experimental
Procedures) translation/translocation reactions were carried out in
SRP overexpression cytosol using wild-type microsomes. As
expected, only the glycosylated (translocated) forms are protected
against proteinase K degradation. Whereas ppRF is translocated in
both “Co” and “Post” reactions, DHC-RF is strictly co-translationally
translocated.
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Deletion of Sec63p J-Domain Affects Co-Translational
Translocation in ViVo. We have previously shown that
Sec63p and Kar2p are required for co-translational translo-
cation in vivo(21). These two proteins have been shown to
interact as DnaJ/DnaK-like partners via the J-domain of
Sec63p. This interaction may therefore be important for the
function of these proteins in co-translational translocation.
A single point mutation in the Sec63p J-domain (sec63-1)
has been described (17), which has a major defect in
posttranslational translocation and only a slight defect in co-
translational translocation. It has been shown that Sec63-1p
has a lower affinity for Kar2p in vitro (39). Given these facts,
we wanted to address whether the J-domain was required
for Sec63p’s function in co-translational translocation. To
do this, we transformed BYY5 (containing a genomicMET3-
SEC63allele) with plasmids expressing either wild-type
Sec63p (pJKR2) or a deletion derivative lacking the J-
domain, Sec63p-∆J (pAJ8, Figure 5A). In the presence of
methionine, expression of the wild-type Sec63p is repressed
and the phenotype associated with the altered protein can
be determined. We found that cells are unable to survive
when they only express Sec63p-∆J (Figure 5B). As expected,
the BYY5 + pAJ8 cells show a substantial accumulation of
ppRF after 7 h in the presence of methionine (data not
shown). Interestingly, judging from the steady-state levels
of preDPAP B, these cells were also defective in transloca-
tion of this co-translationally translocated precursor under
the same conditions (Figure 5C). This suggests that the
J-domain is required for co-translational translocation in vivo.

Sec63p J-Domain Required for Co-Translational Trans-
location in Vitro. To verify these observations, we used
microsomes from cells expressing Sec63p-∆J in the in vitro
translocation assay described above. Translocation of both
ppRF and DHC-RF into BYY5 + pAJ8 shut off microsomes
was severely affected (Figure 6A, lanes 4 and 8), whereas
the corresponding wild-type control microsomes (BYY5+
pJKR2, Figure 6A, lanes 3 and 7) were only slightly less
efficient than wild-type microsomes (Figure 6A, lanes 2 and
6). Western blot analysis confirmed that the shut off of
MET3-SEC63was effective and that Sec63p-∆J was the
major species in these microsomes (Figure 6B). The Western
blot analysis also confirmed that the size, expression level,
and membrane association was as expected. The level of
Sec63p in microsomes from BYY5+ pJKR2 (Figure 6B,
lane 2) is slightly higher than in the wild-type (lane1), which
may account for the slightly reduced efficiency of in vitro
import into these microsomes since it has previously been
shown that overexpression of Sec63p creates a slight
dominant defect in the translocation of prepro-R-factor in
vivo (37, 38). We also found that BYY5+ pJKR2 cells had
a minor defect in ppRF translocation in vivo (data not
shown). Finally, the mutant membranes might be non-
specifically disrupted, leading to the observed general defects
in translocation. To eliminate this possibility, we examined
membrane integrity by incubating the microsomes with
proteinase K. As expected, the untranslocated precursor of
Kar2p (pre-Kar2p) was exposed on the outside of the
microsomes, whereas the mature Kar2p was found to be
protected against degradation by degradation proteinase K
unless membranes were first solubilized by addition of 0.5%
Triton X-100 (Figure 6C). This indicates that the (BYY5+
pAJ8) microsomes are intact. Crucially, we also found that

Sec63∆Jp was still able to assemble into the heptameric
SEC-complex (data not shown), from which we conclude
that deletion of the J-domain did not result in any gross
perturbation of the protein’s topology. We therefore conclude

FIGURE 5: J-domain of Sec63p is essential for viability and in vivo
co-translational translocation. (A) Schematic diagram of the wild-
type and J-domain delete forms of Sec63p. The J-domain of Sec63p
(black box) is situated between transmembrane domains 2 and 3
(grey boxes). Site-directed mutagenesis was used to introduce two
BglII restriction sites into the coding sequence of the wild-type
SEC63gene on a yeast single copy plasmid (pJKR2). Deletion of
the DNA fragment between the twoBglII sites results in a plasmid
(pAJ8) that allows expression of a form of Sec63p which lacks the
J-domain (Sec63p-∆J). The DNA sequence before and after
introduction ofBglII sites and after excision of the J-domain is
shown. (B) The J-domain of Sec63p is essential for viability. Yeast
strain BYY5 was transformed with pRS316 (vector control), pJKR2
(wild-type SEC63), or pAJ8 (J-domain deleteSEC63) and grown
in the absence of methionine. Expression of wild-type Sec63p from
theMET3-SEC63allele of BYY5 was suppressed by streaking the
cells onto medium containing methionine. Cells that had been
transformed with pAJ8 were unable to grow in the absence of wild-
type Sec63p expression. (C) Total yeast extracts from BYY5 (+
pJKR2, lanes 1-2; + pAJ8, lanes 3-4) grown for 7 h in yeast
minimal medium+ 0.2 mM methionine were subjected to Western
blot analysis. Probing with anti-DPAP B antibodies show that the
wild-type Sec63p (lanes 1-2) functionally complements theMET3-
SEC63shut off, but Sec63p-∆J alone (lanes 3-4) causes accumula-
tion of significant amounts of preDPAP B.
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that the J-domain of Sec63p is required for co-translational
translocation in vivo and in vitro.

DISCUSSION

By complementing in vivo observations with correspond-
ing in vitro assays, it is often possible to address questions
about different aspects of a particular cellular function. Yeast
is well established as an experimental organism, and histori-

cally, in vivo studies have generated a large amount of
information. Sophisticated screens to isolate mutants defec-
tive in translocation into the ER have identified many gene
products required for these processes. Some aspects of the
interactions between these proteins have been analyzed by
biochemical means, and in vitro reconstitution of transloca-
tion has also been described. Specifically, translocation into
yeast microsomes (35) or proteoliposomes (40, 41) has
successfully demonstrated the requirement for both the
trimeric Sec61 complex, the tetrameric Sec63-complex, and
Kar2p for translocation of ppRF in vitro.

We have created two multicopy yeast vectors (pMW295
and pMW299) that contain all the genes required to encode
SRP subunits. Cells that have been simultaneously trans-
formed with these two vectors overexpress intact and
functional SRP. Overexpression of SRP was found to have
no effect on the growth of the cells. Previous reports have
shown that addition of 100 nM purified SRP could boost
translocation efficiency of DHC-RF in wild-type cytosol 1.5-
fold to a final value of 25% (5). This corresponds well with
our efficiency of co-translational translocation efficiency in
wild-type cytosol of 16.4%. Purification of SRP is technically
demanding, hence our vector-based strategy. In cytosol made
from cells that overexpress SRP, we found that the efficiency
of co-translational translocation of DHC-RF was 49%, rep-
resenting a 3× increase compared to the maximum observed
when using wild-type levels of SRP. We also observed a
slight increase in translocation of ppRF from 52.6 to 62.3%.
As mentioned, ppRF is generally believed to translocate in
a strictly SRP-independent posttranslational fashion. How-
ever, examination of the literature clearly shows that a small
proportion of this particular precursor is translocated via the
SRP-dependent pathway. For example, ppRF accumulates
in sec65-1mutant cells (22), and it can also be cross-linked
to SRP54p (42). The observed increase in the translocation
efficiency of ppRF using overexpressed SRP supports this
interpretation. We also found ppRF to translocate more
efficiently in “co-” relative to “post-“ reactions (see Figure
4C). However, we cannot exclude the possibility that much
of this translocation is in fact of completed polypeptide
chains whose translocation may become less efficient if
precursors are permitted time to fold before microsomes are
added for the “post” reaction. Nonetheless, our assay clearly
provides a simple and very efficient assay for SRP-dependent
co-translational translocation in vitro. If the membrane-bound
SRP-receptor is a limiting factor, the efficiency can possibly
be even further improved by overexpressing SRP receptor
in the cells from which the microsomes are made. With this
in vitro assay, it may now be possible to design experiments
to investigate aspects of translocation that have not been
revealed by in vivo experiments.

We have previously shown both Sec63p and Kar2p to be
involved in co-translational translocation (21). The mam-
malian homologue of Kar2p, BiP, has been identified as a
gating factor acting at the lumenal face of the translocon
(29). Our data clearly demonstrate a role for the Sec63p
J-domain in co-translational translocation. Given the well
characterized interactions between the J-domain and Kar2p,
we propose that Sec63p regulates translocon gating through
the recruitment and activation of Kar2p.

FIGURE 6: (A) In vitro defect in co-translational translocation into
microsomes containing J-domain deleted Sec63p. In vitro transcrip-
tion/translocation reactions (“Co” reactions in SRP overexpression
cytosol, see Experimental Procedures) using RNA encoding ppRF
(lanes 1-4) or DHC-RF (lanes 5-8) and yeast microsomes prepared
from cells that have been grown in YPD for 7 h. Microsomes are
from MWY26 (lanes 2 and 6), BYY5+ pJKR2 (lanes 3 and 7) or
BYY5 + pAJ8 (lanes 4 and 8). Control reactions without mi-
crosomes are seen in lanes 1 and 5. A significant defect in
translocation of both ppRF and DHC-RF into microsomes containing
only Sec63p-∆J was observed (lanes 4 and 8). (B) Western blot
analysis with anti-Sec63p antibodies of the microsomes used in
the in vitro import assay (MWY26 (lane 1), BYY5+ pJKR2 (lane
2), BYY5 + pAJ8 (lane3)). Sec61p loading control in lower panel.
(C) Microsomes from BYY5+ pAJ8 after 7 h shut off ofMET3-
SEC63in YPD were mock treated (lane 1), or treated with Triton
X-100 (lanes 2 and 4) and Proteinase K (lanes 3 and 4). Western
blot analysis with anti-Kar2p antibodies shows that the precursor
form is exposed to and mature Kar2p is protected from degradation
by proteinase K in the absence of detergent.

7176 Biochemistry, Vol. 42, No. 23, 2003 Willer et al.



REFERENCES

1. Walter, P., and Johnson, A. E. (1994)Annu. ReV. Cell Biol. 10,
87-119.

2. Pool, M. R., Stumm, J., Fulga, T. A., Sinning, I., and Dobberstein,
B. (2002)Science 297, 1345-1348.

3. Walter, P., Ibrahimi, I., and Blobel, G. (1981)J. Cell Biol. 91,
545-550.

4. Siegel, V., and Walter, P. (1985)J. Cell Biol. 100, 1913-1921.
5. Mason, N., Ciufo, L. F., and Brown, J. D. (2000)EMBO J. 19,

4164-4174.
6. Walter, P., and Blobel, G. (1981)J. Cell Biol. 91, 557-561.
7. Gilmore, R., Walter, P., and Blobel, G. (1982)J. Cell Biol. 95,

470-477.
8. Miller, J. D., Tajima, S., Lauffer, L., and Walter, P. (1995)J.

Cell Biol. 128, 273-282.
9. Song, W., Raden, D., Mandon, E. C., and Gilmore, R. (2000)Cell

100, 333-343.
10. Fulga, T. A., Sinning, I., Dobberstein, B., and Pool, M. R. (2001)

EMBO J. 20, 2338-2347.
11. Hann, B. C., and Walter, P. (1991)Cell 67, 131-144.
12. Amaya, Y., Nakano, A., Ito, K., and Mori, M. (1990)J. Biochem.

(Tokyo) 107, 457-463.
13. Stirling, C. J., and Hewitt, E. W. (1992)Nature 356, 534-537.
14. Brown, J. D., Hann, B. C., Medzihradszky, K. F., Niwa, M.,

Burlingame, A. L., and Walter, P. (1994)EMBO J. 13, 4390-
4400.

15. Ogg, S. C., Barz, W. P., and Walter, P. (1998)J. Cell Biol. 142,
341-354.

16. Ogg, S. C., Poritz, M. A., and Walter, P. (1992)Mol. Biol. Cell
3, 895-911.

17. Stirling, C. J., Rothblatt, J., Hosobuchi, M., Deshaies, R., and
Schekman, R. (1992)Mol. Biol. Cell 3, 129-142.

18. Esnault, Y., Blondel, M. O., Deshaies, R. J., Scheckman, R., and
Kepes, F. (1993)EMBO J. 12, 4083-4093.

19. Hartmann, E., Sommer, T., Prehn, S., Gorlich, D., Jentsch, S.,
and Rapoport, T. A. (1994)Nature 367, 654-657.

20. Feldheim, D., Rothblatt, J., and Schekman, R. (1992)Mol. Cell
Biol. 12, 3288-3296.

21. Young, B. P., Craven, R. A., Reid, P. J., Willer, M., and Stirling,
C. J. (2001)EMBO J. 20, 262-271.

22. Ng, D. T., Brown, J. D., and Walter, P. (1996)J. Cell Biol. 134,
269-278.

23. Tyson, J. R., and Stirling, C. J. (2000)EMBO J. 19, 6440-6452.

24. Rapoport, T. A., Matlack, K. E., Plath, K., Misselwitz, B., and
Staeck, O. (1999)Biol. Chem. 380, 1143-1150.

25. Misselwitz, B., Staeck, O., Matlack, K. E., and Rapoport, T. A.
(1999)J. Biol. Chem. 274, 20110-20115.

26. Matlack, K. E., Misselwitz, B., Plath, K., and Rapoport, T. A.
(1999)Cell 97, 553-564.

27. Crowley, K. S., Reinhart, G. D., and Johnson, A. E. (1993)Cell
73, 1101-1115.

28. Crowley, K. S., Liao, S., Worrell, V. E., Reinhart, G. D., and
Johnson, A. E. (1994)Cell 78, 461-471.

29. Hamman, B. D., Hendershot, L. M., and Johnson, A. E. (1998)
Cell 92, 747-758.

30. Wilkinson, B. M., Esnault, Y., Craven, R. A., Skiba, F., Fieschi,
J., Kepes, F., and Stirling, C. J. (1997)EMBO J. 16, 4549-4559.

31. Willer, M., Jermy, A. J., Young, B. P., and Stirling, C. J. (2003)
Yeast 20, 133-148.

32. Regnacq, M., Hewitt, E., Allen, J., Rosamond, J., and Stirling, C.
J. (1998)Mol. Microbiol. 29, 753-762.

33. Wilkinson, B. M., Tyson, J. R., Reid, P. J., and Stirling, C. J.
(2000)J. Biol. Chem. 275, 521-529.

34. Hansen, W., Garcia, P. D., and Walter, P. (1986)Cell 45, 397-
406.

35. Deshaies, R. J., and Schekman, R. (1989)J. Cell Biol. 109, 2653-
2664.

36. Feinberg, B., and McLaughlin, C. S. (1988) Isolation of yeast
mRNA and in vitro translation in a yeast cell-free system. InYeast
(Campbell, I., and Duffus, J. H., Eds.) IRL Press, Oxford.

37. Grosshans, H., Deinert, K., Hurt, E., and Simos, G. (2001)J. Cell
Biol. 153, 745-762.

38. Ciufo, L. F., and Brown, J. D. (2000)Curr. Biol. 10, 1256-1264.
39. Corsi, A. K., and Schekman, R. (1997)J. Cell Biol. 137, 1483-

1493.
40. Brodsky, J. L., and Schekman, R. (1993)J. Cell Biol. 123, 1355-

1363.
41. Panzner, S., Dreier, L., Hartmann, E., Kostka, S., and Rapoport,

T. (1995)Cell 81, 561-570.
42. Plath, K., and Rapoport, T. A. (2000)J. Cell Biol. 151, 167-

178.
43. Sanders, S. L., Whitfield, K. M., Vogel, J. P., Rose, M. D., and

Schekman, R. W. (1992)Cell 69, 353-365.
44. Lyman, S. K., and Schekman, R. (1997)Cell 88, 85-96.

BI034395L

Overexpression of Yeast SRP Biochemistry, Vol. 42, No. 23, 20037177


