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The preemptive quality control (pQC) pathway protects cells from acute endoplasmic reticulum (ER) stress by attenuating
translocation of nascent proteins despite their targeting to translocons at the ER membrane. Here, we investigate the
hypothesis that the DnaJ protein p58IPK plays an essential role in this process via HSP70 recruitment to the cytosolic face
of translocons for extraction of translocationally attenuated nascent chains. Our analyses revealed that the heightened
stress sensitivity of p58�/� cells was not due to an impairment of the pQC pathway or elevated ER substrate burden
during acute stress. Instead, the lesion was in the protein processing capacity of the ER lumen, where p58IPK was found
to normally reside in association with BiP. ER lumenal p58IPK could be coimmunoprecipitated with a newly synthesized
secretory protein in vitro and stimulated protein maturation upon overexpression in cells. These results identify a
previously unanticipated location for p58IPK in the ER lumen where its putative function as a cochaperone explains the
stress-sensitivity phenotype of knockout cells and mice.

INTRODUCTION

Impairment or saturation of the protein maturation machin-
ery of the endoplasmic reticulum (ER) causes protein mis-
folding stress in the ER lumen. The unfolded protein re-
sponse (UPR) consists principally of two broad strategies for
dealing with ER stress: increased clearance of misfolded
proteins from the ER lumen and reduction of new protein
influx into the ER. These two strategies are temporally sep-
arate phases of the UPR. Reduced influx occurs rapidly and
transiently to prevent exacerbation of an already perturbed
ER, whereas improved protein processing capacity in the ER
is dependent on transcriptional up-regulation of maturation
and degradation machinery. Over time, homeostasis is rees-
tablished to restore protein maturation and substrate flux
through the ER (Rutkowski and Kaufman, 2004).

The different responses of the UPR are initiated princi-
pally by the ER-resident stress sensors ATF6, IRE1, and
PERK (Schröder and Kaufman, 2005). Although the path-
ways leading from activation of these sensors to transcrip-
tional induction are fairly well described, the pathways that
suppress ER protein influx are less clear. The best character-
ized of these latter pathways is translational attenuation by
PERK, a kinase that phosphorylates the � subunit of the
eukaryotic translation initiation factor eIF2. This phosphor-
ylation leads to rapid inhibition of protein synthesis without
any obvious specificity for substrates destined for the ER.
Recently, two new pathways for ER-selective reduction of
substrate burden have been described. One involves the
selective degradation of ER-associated mRNAs by the en-
doribonuclease activity of activated IRE1 (Hollien and
Weissman, 2006). The other pathway, termed preemptive
quality control (pQC), triages nascent polypeptides for rapid
cytosolic proteasomal degradation before their entry into a
stressed ER (Kang et al., 2006).

Although the mechanistic basis of pQC is not yet fully
elucidated, the first step is mediated by signal sequence-
dependent attenuation of protein translocation after nascent
polypeptides have been targeted to the ER translocon. This
process involves yet unidentified lumenal factor(s), possibly
including BiP, whose titration during acute ER stress leads
to reversible inhibition of the initiation of translocation
(Kang et al., 2006). The idea that the availability of lumenal
proteins could influence translocation is consistent with
previous observations demonstrating that lumenal chaper-
ones can either facilitate forward translocation or prevent
backward slipping of translocating nascent chains (Nicchitta
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and Blobel, 1993; Brodsky et al., 1995; Matlack et al., 1999;
Tyedmers et al., 2003). Thus, the initial commitment to ER
translocation may be linked in a substrate-selective manner
to chaperone availability in the lumen, providing a means to
match substrate flux with maturation capacity.

The next step in the pQC pathway is presumably the
release of translocationally attenuated nascent chains from
the translocon for subsequent delivery to the proteasome.
Although the mechanism of this release is poorly under-
stood, it might involve the DnaJ family protein p58IPK. Best
known as an inhibitor of the eIF2� protein kinases PKR (Lee
et al., 1994) and PERK (Yan et al., 2002; van Huizen et al.,
2003), p58IPK was recently proposed to have an independent
function in protection from ER stress (Oyadomari et al.,
2006). In that study, p58IPK was proposed to interact with
both ER translocons and cytosolic HSP70, thereby recruiting
cytosolic chaperone and degradation machinery to the trans-
locon for the clearance of translocationally stalled nascent
proteins. Because this p58-dependent extraction of nascent
chains would be necessary to prevent ongoing translocation
into the stressed ER, p58IPK was proposed to be an impor-
tant factor in reducing substrate influx into the ER during
acute stress. Indeed, p58�/� cells accumulate higher levels
of misfolded proteins upon prolonged stress (Oyadomari et
al., 2006) and p58�/� mice show a mild diabetic phenotype
(Ladiges et al., 2005) similar to mice compromised in other
UPR-mediated aspects of ER protection (Harding et al., 2001;
Scheuner et al., 2001, 2005).

Although it is clear that p58IPK is transcriptionally in-
duced as part of the ER stress response, several aspects of its
putative function in translocational attenuation and pQC
remain puzzling. First, the PERK-inhibitory function of
p58IPK would act at cross-purposes to its putative role in
reducing substrate burden on the ER. During stress, p58IPK

would seem to simultaneously increase substrate generation
(by preventing PERK-dependent eIF2� phosphorylation)
while putatively acting to reduce substrate entry into the ER.
Second, based on the available cryoelectron microscopic
structures of native mammalian ribosome–translocon com-
plexes (Menetret et al., 2005), it is unclear how a large protein
complex composed minimally of p58IPK and HSP70 could
have access to the cytosolic face of an engaged translocon.
And finally, no substrates were directly demonstrated to be
reduced in their translocation in a p58-dependent manner
during either normal or ER-stressed conditions (Oyadomari
et al., 2006). These and other considerations led us to inves-
tigate the relationship between p58IPK and translocational
attenuation during ER stress. Our analysis shows that p58IPK

is localized in the ER lumen where it interacts with BiP and
may function as a cochaperone. Because p58IPK cannot re-
cruit chaperones to the cytosolic side of the translocon from
this location, it proved dispensable for translocational atten-
uation during pQC. We therefore propose that the principal
role of p58IPK in protecting the stressed ER is from its
lumenal cochaperone function, and not any putative func-
tion in stress-dependent translocational attenuation and
degradation.

MATERIALS AND METHODS

Materials
p58�/� and p58�/� mouse embryonic fibroblasts (MEFs) were prepared as
described previously (Ladiges et al., 2005). Endogenous p58IPK detected by
immunoblot used monoclonal antibody 9F10 (Barber et al., 1994). Rabbit
p58-specific antiserum used for immunoprecipitation was raised against a
KLH-conjugated synthetic peptide encoding residues 496–504 of mouse
p58IPK. Specificity was confirmed by immunoblot and immunoprecipitation
by using p58�/� and p58�/� MEFs. Polyclonal BiP antiserum for immuno-

precipitations was a generous gift of Peter Arvan (University of Michigan).
Antibodies against translocon-associated protein (TRAP)�, SEC61�, and
SEC61� have been described previously (Fons et al., 2003). Other antibodies
were obtained commercially: protein disulfide isomerase (PDI) (Assay De-
signs, Ann Arbor, MI), heat-shock complex (Hsc)/HSP70 (SPA-820; Assay
Designs), BiP (BD Biosciences, San Jose, CA), SRP54 (BD Biosciences), trans-
ferrin receptor (TfR) (Zymed Laboratories, South San Francisco, CA), �-actin
(MP Biomedicals, Irvine, CA), 80K-H (BD Biosciences), and calreticulin (As-
say Designs). Tunicamycin (TM) and thapsigargin (TG) were from EMD
Biosciences (San Diego, CA), and they were dissolved in dimethyl sulfoxide
(DMSO). Dithiothreitol (DTT) was from Roche Diagnostics (Indianapolis, IN),
and it was dissolved in water. Digitonin was from Calbiochem (“high-purity”
grade). Because of its isolation from natural sources, digitonin is at most 80%
pure, and it requires additional purification for reliable behavior in membrane
solubilization and biochemical fractionation (Görlich and Rapoport, 1993;
Fons et al., 2003). In brief, solid digitonin was dissolved in boiling water (6
g/100 ml), cooled to room temperature, and equilibrated at 4°C. Precipitates
were removed by centrifugation, filtered, and passed successively through
cation and anion exchange resins at pH 7 (Fons et al., 2003). The reversible
lysine-reactive cross-linker dithiobis[succinimindylpropionate] (DSP) from
Pierce Chemical (Rockford, IL) was dissolved in DMSO immediately before
use. Reagents for in vitro transcription, translation, and translocation assays
were prepared and used as described previously (Fons et al., 2003, and
references therein). Hun-7293 was obtained from D. Boger (The Scripps
Research Institute), and it was tested in translocation assays of vascular cell
adhesion molecule (VCAM)1 (our unpublished data) to have the same prop-
erties as those previously published for Cotransin and CAM741 (Besemer et
al., 2005; Garrison et al., 2005). The p58IPK sequence was analyzed using
SignalP 3.0 (Bendtsen et al., 2004).

Plasmid Constructions
Constructs were made using standard methods. p58IPK was cloned by reverse
transcription-polymerase chain reaction (RT-PCR) amplification of RNA iso-
lated from MEFs. A C-terminal hemagglutinin (HA) tag and either one (after
Asn504 immediately before the HA tag) or three acceptor sites (the aforemen-
tioned plus two inserted after Pro496) for N-linked glycosylation near the C
terminus were added by PCR. The final amino acid sequence for p583CHO

constructs (with added amino acids underlined and glycosylation acceptor
sites bold) was . . . QGFNPFSSGGPNGSNGSGPFRFKFHFNGTYPYDVPDYA-
Stop. Because of their juxtaposition, all three sites might not be used on any
one polypeptide chain. For creation of �s.s./p58, amino acids 2–31 (VAP. . .
AEC) of p58IPK were deleted; and for Prl/p58, these residues were replaced
by amino acids 2–30 of bovine preprolactin. Deletion of the p58 J-domain was
made by fusion PCR by using the HA-tagged glycosylatable p58IPK construct.
Signal sequences were cloned onto the A120L variant of the prion protein
(PrP) mature domain as described previously (Kim et al., 2001). All constructs
were cloned into pcDNA 3.1 Zeo (�) (Invitrogen, Carlsbad, CA), and they
were verified by sequencing. Constructs coding for VCAM1 and HA-tagged
Crt have been described previously (Garrison et al., 2005; Shaffer et al., 2005).

Measurement of Translocational Inhibition and Ratio of
Glycoproteins to Cytosolic Proteins (GCR)
Measurement of protein synthesis efficiency, isolation of cytosolic and glycopro-
tein fractions, quantification by phosphorimaging, and determination of GCR
were carried out as described previously (Kang et al., 2006). In brief, cells were
pretreated with stressors or vehicle for 30 min in methionine-free media, and
then [35S]methionine was added to 150 �Ci/ml. After 15 min, cells were har-
vested in one of two ways. Total cell lysates were prepared in 1% SDS and 0.1 M
Tris, pH 8. For fractionation, cytosolic proteins were selectively extracted on ice
for 5 min with 1 ml/35-mm dish of 100 �g/ml digitonin in KHM buffer (110 mM
KAc, 20 mM HEPES, pH 7.2, and 2 mM MgAc2). The remaining cellular material
was solubilized in immunoprecipitation (IP) buffer (1% Triton X-100, 50 mM
HEPES, pH 7.4, and 100 mM NaCl), clarified by centrifugation, and bound to
immobilized concanavalin-A (ConA) for 2–4 h at 4°C. After washing the ConA
beads three times in IP buffer, glycoproteins were selectively eluted for 1 h at
25°C with competitive sugar (0.2 M �-d-methyl-mannopyrannoside in IP buffer).
Selective elution was critical for accurate results due to the nonspecific proteins
that were eluted if SDS was used. After separation of samples by SDS-polyacryl-
amide gel electrophoresis (PAGE), all gels were stained with Coomassie blue to
confirm equal recoveries and loading of all samples before further processing by
phosphorimaging.

Cell Culture, Transfection, and Analysis
MEF, NIH 3T3, and HeLa cells were cultured as described previously (Kang
et al., 2006; Rutkowski et al., 2006). Transfections were carried out using
FuGENE 6 (Roche Diagnostics) or Effectene (QIAGEN, Valencia, CA). En-
doglycosidase H (EndoH) and peptide-N-glycosidase F (PNGaseF) (New
England Biolabs, Ipswich, MA) digestions were carried out according to the
manufacturer’s instructions on total cell lysates harvested in 1% SDS and 0.1
M Tris, pH 7.5. For protease protection assays, cell lysates were made by
dounce homogenization in hypotonic buffer (0.25 M sucrose and 10 mM
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Tris-Cl, pH 7.5) followed by centrifugation at 2500 rpm for 10 min in a
microfuge to remove nuclei and cell debris. The lysates were incubated for 30
min on ice with 0.5 mg/ml proteinase K (PK) in the absence or presence of 1%
Triton X-100. Reactions were terminated with 5 mM phenylmethylsulfonyl
fluoride (PMSF) and transfer to boiling 1% SDS, 0.1 M Tris, pH 8.8. Xbp1
mRNA splicing was assessed as described previously (Rutkowski et al., 2006).
Pulse-chase analyses of PrP synthesis and maturation were performed on
transiently transfected HeLa cells as described previously (Kang et al., 2006).
Pulse labeling times were for 10 min, and chase times were from 10 to 60 min
as indicated in the figure legends.

Tissue Preparation, Fractionation, and Topology Analysis
Mice were injected intraperitoneally with TM or vehicle exactly as described
previously (Zinszner et al., 1998), and livers were isolated 16 h after injection.
Rough microsomes and cytosol were purified from liver by modification of
previously described methods for pancreatic microsomes (Walter and Blobel,
1983). Briefly, tissue was homogenized in 50 mM HEPES, pH 7.4, 6 mM
MgAc2, 1 mM EDTA, 0.25 M sucrose, 1 mM DTT, and 0.5 mM PMSF by using
a glass-on-glass homogenizer, and the tissue was centrifuged twice at 15,000
rpm for 10 min in a microfuge. This postmitochondrial supernatant was
layered over a cushion of 0.8 M sucrose and centrifuged in a 70.1 Ti rotor for
3 h at 57,000 rpm. Cytosol was collected from the top of the tube, whereas the
microsomal pellet was resuspended in 0.25 M sucrose, 50 mM HEPES, pH 7.4,
and adjusted to a concentration corresponding to A260 of 50 (the same as is
customary for pancreatic microsomes). Analysis by extraction (Figure 3C) was
performed by diluting microsomes fivefold into various buffers at 0°C: phys-
iological salt buffer (PSB) contained 100 mM KAc, 50 mM HEPES, pH 7.4, and
2 mM MgAc2; high salt buffer was PSB containing 500 mM KAc; and deter-
gent extractions were in PSB. After 5 min on ice, the samples were centrifuged
at 70,000 rpm for 15 min in a TLA100.3 (Beckman Coulter, Fullerton, CA).
Equal aliquots of the supernatant and pellet were analyzed. We note that
alkaline extraction using NaCO3, pH 11.5, was not included in our analysis,
because it cannot distinguish between lumenal and peripheral proteins. In-
deed, extraction at any pH above 9 will remove lumenal contents (including
p58IPK; data not shown) and is a common method for lumenal protein
depletion (Nicchitta and Blobel, 1993). Protease protection assays were per-
formed in PSB by using 0.5 mg/ml PK at 0°C for 1 h as described previously
(Fons et al., 2003). For sucrose velocity sedimentation, microsomes were
adjusted to 1% digitonin in PSB and layered over a 2-ml 10–50% continuous
sucrose gradient prepared in 1% digitonin/PSB. After centrifugation at 55,000
rpm for 1 h in a TLS-55 rotor (Beckman Coulter), fractions were removed from
the top and analyzed by SDS-PAGE and immunoblotting.

In Vitro Assays
In vitro transcription, translation, and protease protection assays were essen-
tially as described previously with modifications as indicated below and in
the figure legends (Fons et al., 2003; Garrison et al., 2005). For coimmunopre-
cipitation analyses, translation reactions were performed for 30 min at 32°C
before carrying out the remaining steps at 4°C. In some experiments, the
microsomes were sedimented (at 70,000 rpm for 15 min in a TL100.3 rotor)
and resuspended in PSB, whereas other experiments used the translation
products directly. For native immunoprecipitations, the sample was adjusted
to 1% Triton X-100, incubated with the respective antibodies for 90 min,
diluted to 1 ml with IP buffer, and incubated with a mixture of protein A- and
protein G-Sepharose for 1 h to recover the immune complexes, washed three
times in IP buffer, and eluted in SDS-PAGE sample buffer. For denaturing
immunoprecipitations, translation reactions were adjusted to 1% SDS from a
10% stock, incubated for 10 min at 37°C, diluted 10-fold in IP buffer, and
immunoprecipitated as described above.

Immunoprecipitation of Cell Lysates
Samples diluted into IP buffer were incubated with antibodies for 1–2 h, followed
by recovery of antibodies by addition of protein A-Sepharose (Pierce Chemical)
for 1 h. The samples were washed three to five times in IP buffer before elution
of the immune complexes with SDS-PAGE sample buffer. For in situ cross-
linking, DSP was dissolved at 20 mM in DMSO, diluted to 2 mM in PBS, and
incubated with PBS-washed adherent cells at room temperature for 30 min.
Cross-linker was quenched with 20 mM Tris-Cl, pH 7.5, the cells were lysed in
1% SDS as described above, and then they were solubilized in immunoprecipi-
tation buffer. After immunoprecipitation as described above, the cross-linker was
reversed in SDS-PAGE sample buffer (containing 100 mM DTT).

RESULTS AND DISCUSSION

Analysis of Protein Biosynthesis and Translocation in
p58�/� and p58�/� Cells
A general role for p58IPK in reducing substrate burden via
cotranslocational degradation was proposed based on the
idea that p58IPK extracts nascent chains whose translocation

is temporarily delayed at the translocon during ER stress.
Hence, in the absence of p58IPK, forward translocation
would proceed despite any transient delays, resulting in
excessive substrate burden in the ER lumen (Oyadomari et
al., 2006). Therefore, during ER stress, protein translocation
into the lumen should proceed at a higher efficiency in
p58�/� cells compared with p58�/� cells. We tested this
idea directly by measuring the relative rates of protein syn-
thesis and ER translocation during normal and acutely
stressed conditions in p58�/� and p58�/� cells (Figure 1A).

Analysis of [35S]methionine incorporation into total cellu-
lar proteins during both ER stress (TG or DTT treatments)
and non-ER stress (arsenite treatment) showed a dose-de-
pendent inhibition of protein synthesis in p58�/� and
p58�/� cells. Whereas the profile of arsenite-dependent in-
hibition was similar in both cell types, the knockout cells
consistently showed �40–50% less protein synthesis than
wild-type cells during either TG- or DTT-mediated ER
stress. This increased translational inhibition in p58�/� cells
is consistent with the originally characterized role of p58IPK

as an eIF2� kinase inhibitor (in this case, PERK).
To assess the newly proposed role for p58IPK in cotrans-

locational degradation (Oyadomari et al., 2006), we com-
bined pulse labeling with fractionation of cells into cytosolic
proteins and N-linked glycoproteins (the latter, a surrogate
for the nascent ER-translocated fraction). The aim was to
directly quantify the substrate burden on the ER during
stress in p58�/� cells relative to matched p58�/� cells. As
expected, wild-type cells showed a greater reduction in gly-
coprotein synthesis than cytosolic protein synthesis during
each ER stress condition (Figure 1B, compare top left with
top right). This finding demonstrates that during acute
stress, the generation of ER substrates (monitored using the
glycoprotein fraction) is reduced more than what might
have been expected based on the degree of global transla-
tional attenuation alone (monitored using the cytosolic frac-
tion). Thus, the ratio of glycoproteins to cytosolic proteins (a
parameter termed GCR) decreases during stress and reflects,
at least in part, reduced translocation of substrates into the
ER (Kang et al., 2006). When all of the stress conditions (n �
5) were tabulated together, the average GCR for wild-type
cells during acute ER stress was �70% of the unstressed
value (Figure 1C), suggesting up to �30% overall reduction
in ER protein translocation. Contrary to expectations, the
GCR in p58�/� cells under the same conditions was even
lower (�50%) than in p58�/� cells. Thus, the overall effi-
ciency of protein influx into the stressed ER of p58�/� cells
is not higher than in p58�/� cells, and in fact it seems to be
slightly lower.

These results suggest that in the absence of p58IPK, the ER
is not subjected to an increased substrate burden under
either normal or stressed conditions. This is seen in at least
two ways. First, the absolute amount of glycoproteins gen-
erated during ER stress in p58�/� cells (Figure 1B, bottom
right) is consistently lower than in p58�/� cells (Figure 1B,
top right) regardless of the nature or severity of the stressor.
Second, even when adjusting for the lower rate of overall
protein synthesis during stress in p58�/� cells, the relative
translocation efficiency (as judged by the GCR) is lower
(Figure 1C). Despite this overall lower substrate burden on the
ER lumen during stress, p58�/� cells are nonetheless more
sensitive to ER stress as judged by at least two independent
parameters. Not only are the cultured cells and certain tissues
more prone to ER protein misfolding (Oyadomari et al., 2006)
but also the stress sensor IRE1 is consistently activated to a
slightly greater degree as judged by Xbp1 mRNA splicing
(Figure 1D). Considered together, these results demonstrate
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that p58�/� cells are more sensitive to ER stress despite a
lower substrate burden (due to both decreased translation and
decreased translocation) than in p58�/� cells. Hence, a role
for p58IPK in the reduction of substrate burden on the ER
lumen during stress seems unlikely. Instead, the decreased
capacity of p58�/� cells to cope with misfolded substrates
that are generated during stress suggests a role for p58IPK in
protein processing or maturation.

p58IPK Has an N-Terminal Signal Sequence for ER
Targeting and Translocation
Given that substrate folding and maturation are initiated
only upon entry into the ER, the principal lesion in
p58�/� cells would seem to be in the lumenal environ-
ment. We therefore reexamined the subcellular localiza-
tion of p58IPK, which had previously been proposed to be
a peripheral protein of the ER membrane (Yan et al., 2002;
Oyadomari et al., 2006). p58IPK from all species tested,
including human, rodent, nematode, and plant, contains a
hydrophobic N-terminal region predicted to be a cleav-
able ER signal sequence (Figure 2A; data not shown). In
vitro-synthesized p58IPK was translocated into ER-de-

rived microsomes (as judged by a protease protection
assay) with an efficiency of �50%. This was comparable in
efficiency to the translocation of the ER lumenal chaper-
one calerticulin in this same assay system. Most (but not
all) of the in vitro translocated p58IPK seemed to be pro-
cessed by signal peptidase; hence, it migrated slightly
faster than nontranslocated p58. Translocation was abro-
gated by deletion of the 31 residues constituting the pu-
tative p58IPK signal sequence (�s.s./p58), whereas re-
placement of this region with the signal sequence from the
secretory hormone prolactin (Prl) conferred efficient
translocation (Figure 2B).

Fusion of the predicted p58IPK signal sequence to an un-
related protein (the mature domain of PrP) was sufficient to
mediate PrP translocation as evidenced by both glycosyla-
tion and protease protection (Supplemental Figure S1). The
translocation efficiency of p58-PrP was within the range of
previously characterized signal sequence fusions to PrP
(Kim et al., 2002), being more efficient than the interferon-�
signal and slightly less efficient than the native PrP signal.
As expected, fusion of the N-terminal region of the cytosolic
protein globin to PrP yielded no translocation. Finally, en-

Figure 1. p58�/� cells exhibit a lower ER substrate burden than wild-type cells. (A) Wild-type (top) and p58�/� (bottom) MEFs were
treated with varying concentrations of DTT (0.1, 0.3, and 1 mM), TG (0.1, 1, and 10 �M), or arsenite (Ars; 10, 30, and 100 �M) for 30 min and
labeled for 15 min with [35S]methionine before analysis of total cell lysates by SDS-PAGE and autoradiography. Relative levels of
[35S]incorporation (quantitated using a phosphorimager) are shown below individual lanes of each panel. The level of synthesis in p58�/�
cells relative to wild-type cells for each stressor (mean � SD; n � 3) is shown below the respective bottom panels. Note that for both DTT
and TG (but not Ars), p58�/� cells show about half the level of overall protein synthesis relative to p58�/� cells. In this and subsequent
experiments, Coomassie blue staining before autoradiography confirmed equal total protein recovery and loading (data not shown). (B) After
treatment with DTT (1 and 10 mM) or TG (0.1, 1, and 10 �M) and [35S]methionine labeling as described in A, cells were fractionated into
cytosolic proteins (left) and glycoproteins (right) that were each analyzed by SDS-PAGE and quantified by phosphorimaging. The amount
of 35S incorporation in each lane relative to the untreated condition in that panel is indicated below the autoradiographs. Note that for both
p58�/� and p58�/� cells, glycoproteins are consistently attenuated to a slightly greater degree during stress than cytosolic proteins.
Quantitation of the average 35S incorporation into either cytosolic proteins or glycoproteins in p58�/� cells relative to wild-type cells was
tabulated as described in A, and it is shown below the respective bottom panels. Note that although both cytosolic proteins and glycoproteins
are made to lower relative amounts in p58�/� cells, the glycoproteins are affected to a greater extent. (C) The radiolabeled GCR was
quantitated for all five ER stress conditions in B and normalized against the respective GCRs from nontreated cells for both genotypes. Plotted
are the overall changes in GCR (mean � SD) observed during ER stress in p58�/� and p58�/� cells. (D) Wild-type and p58�/� MEFs were
treated with the indicated concentrations of TG for 30 min, followed by RT-PCR to detect both spliced (spl) and unspliced (us) Xbp1 mRNA.
Note the slight but consistently higher proportion of spliced Xbp1 seen in p58�/� cells at each stress condition. The image is presented in
black-and-white inverted form for greater visual clarity.
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dogenous cellular p58IPK from multiple sources comigrated
with in vitro-translated �s.s./p58 rather than with full-
length p58IPK (Figure 2C; data not shown). Collectively,
these data suggested that p58IPK contains a functional cleav-
able ER signal sequence.

Consistent with this conclusion, p58IPK engineered to con-
tain a C-terminal glycosylation site (p58CHO) was quantita-
tively modified by an N-linked glycan upon expression in
NIH3T3 cells (Figure 2D). Prl/p58CHO was identically gly-
cosylated, whereas �s.s./p58CHO was not glycosylated (Fig-
ure 2D). The glycans on both p58CHO and Prl/p58CHO were
fully sensitive to digestion by endoglycosidase H, whereas
those of the plasma membrane-resident transferrin receptor
were resistant (Figure 2E). This result suggests that p58IPK is
retained in the ER, consistent with previous immunofluo-
rescence localization studies (Yan et al., 2002), proteomic
analysis of the secretory pathway (Gilchrist et al., 2006), and
our own observations using green fluorescent protein (GFP)-
tagged p58IPK constructs (data not shown). Based on these
analyses with chimeric constructs and exogenously ex-
pressed protein, we conclude that p58IPK can be targeted to

and translocated across the ER membrane in vitro and in
vivo, where it may be a resident of the ER lumen.

Endogenous p58IPK Is an ER-Resident Lumenal Protein
Analysis of the subcellular localization of endogenous
p58IPK in cell lysates by a protease protection assay corrob-
orated the results obtained for the exogenously expressed
protein. We observed that p58IPK was protected from pro-
teolytic digestion to an extent comparable with other ER
lumenal proteins, including BiP and HSP47, whereas cyto-
solic proteins and cytosolic domains of membrane proteins
were protease accessible (Figure 3A; data not shown). As
expected, all of these proteins became protease accessible in
the presence of detergent (Figure 3A). ER stress did not alter
the electrophoretic migration or protease protection of
p58IPK (Figure 3A), suggesting that there is no substantial
relocalization of endogenous p58IPK during ER stress.

In support of these conclusions based on experiments in
cultured cells, p58IPK was isolated quantitatively with the
rough microsomal fraction, and it was absent in the cytosolic

Figure 2. p58IPK contains a functional N-terminal signal sequence. (A) SignalP3.0 analysis of the murine p58IPK N terminus predicts a likely
ER targeting signal (solid line) and cleavage site (broken line). In this analysis, the probability of each residue being part of a targeting signal
(based on an artificial neural network trained on known eukaryotic signal sequences) or suitable site for signal peptidase cleavage is plotted
(Bendtsen et al., 2004). A horizontal line at the 0.5 probability value for the targeting signal plot is indicated, showing that nearly the entire
putative signal sequence of p58IPK (underlined) is above this cut-off. (B) Transcripts encoding the indicated constructs were translated in vitro
in the presence or absence of ER-derived rough microsomes (RM). After synthesis, samples were divided into equal aliquots and treated as
indicated with 0.5 mg/ml PK in the presence or absence of 1% Triton-X100 (det) to assess translocation into the lumen of microsomes. Note
that calreticulin (Crt) contains a core domain that is resistant to digestion by PK. (C) In vitro translations of full-length murine p58 and
�s.s./p58 were analyzed adjacent to microsomes isolated from mouse liver, TM-treated murine liver, and dog pancreas. Detection of p58 was
performed by immunoblotting. (D) NIH3T3 cells were transfected with constructs encoding p58CHO, �s.s./p58CHO, or Prl/p58CHO, each of
which is appended at its C-terminus with an HA epitope tag and contains an inserted potential N-linked glycosylation site near the C
terminus. Cell lysates were incubated in the absence or presence of PNGaseF before immunoblot with antibodies against the HA epitope or
the ER resident glycoprotein TRAP�. (E) Lysates of NIH 3T3 cells transfected as indicated were treated with PNGaseF or EndoH followed
by immunoblot against the HA epitope or the cell surface TfR. Resistance to EndoH digestion is indicative of glycan modifications that
accompany trafficking of proteins past the cis-Golgi.
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fraction of murine liver homogenates prepared from both
nontreated and TM-injected animals (Figure 3B). p58IPK and
other lumenal proteins could be quantitatively extracted
from microsomes by even low concentrations of nondena-
turing detergents (including digitonin and Triton X-100), but
not by high salt treatment that strips microsomal mem-
branes of the peripherally associated targeting protein
SRP54 (Figure 3C). It should be noted that the alkaline
extraction conditions previously used to conclude a periph-
eral location for p58IPK (Oyadomari et al., 2006) also effi-
ciently extract lumenal proteins of ER (Nicchitta and Blobel,
1993) and are thus not contradictory to our results. As in
total cell lysates (Figure 3A), protease protection analysis of
isolated liver microsomes (Figure 3D and Supplemental
Figure S2) revealed that p58IPK, like known ER lumenal
proteins, was fully protected from digestion. By contrast,
peripherally associated cytosolic proteins and cytosolic do-
mains of transmembrane proteins were sensitive to diges-
tion (Figure 3D and Supplemental Figure S2). The same

results were obtained from pancreatic microsomes (Supple-
mental Figure S2). Importantly, the microsomally associated
fraction of the cytosolic HSP70 chaperone was quantitatively
accessible to protease (Figure 3D). Therefore, p58IPK is topo-
logically separated from HSP70 and other cytosolic proteins
in liver microsomes under both normal and ER-stressed
conditions.

Fractionation of digitonin-solubilized microsomes by ve-
locity sedimentation showed p58IPK migrating exclusively in
the low-molecular-weight fractions, along with other ER
lumenal proteins such as BiP and PDI (Figure 3E). In con-
trast, the SEC61� protein was found in higher molecular
weight fractions consistent with its presence in ribosome–
translocon complexes (Figure 3E). Although the microsom-
al-associated HSP70 fractionated heterogenously (Figure
3E), we did not observe any fraction that simultaneously
contained SEC61�, HSP70, and p58IPK. A similar separation
of p58IPK and SEC61� was also observed in microsomes
solubilized with Triton X-100 rather than digitonin (Supple-

Figure 3. Endogenous p58IPK is a component
of the ER lumen. (A) Postnuclear hypotonic
lysates from NIH 3T3 cells were treated with
PK in the presence or absence of Triton X-100
(det) and probed by immunoblot against the
indicated proteins. Antibodies against the
transmembrane proteins TRAP� and TfR
were directed against cytosolic epitopes. Note
that BiP contains a protease-resistant core that
is not digested fully even in the presence of
detergent. (B) Postmitochondrial supernatants
from homogenized livers of untreated or TM-
injected mice (16 h) were sedimented over a
cushion of 0.8 M sucrose. The microsomal pel-
lets (P) and cytosolic supernatants (S) were
probed by immunoblot against the indicated
proteins. Efficacy of the TM was reflected in
inhibition of TRAP� glycosylation and in-
creased expression of p58IPK and BiP, which
are both up-regulated by ER stress. (C) Canine
pancreatic microsomes were extracted using
high salt, physiological salt, or varying con-
centrations of digitonin (dig) or Triton X-100
(TX). Microsomes were then separated by cen-
trifugation into extracted (supernatants) and
nonextracted (pellets) fractions, followed by
immunoblot as indicated. (D) Murine liver mi-
crosomes prepared as described in B were
treated with PK in the presence or absence of
detergent (1% digitonin) and analyzed by im-
munoblot against the indicated proteins to as-
sess their respective topologies. Note the com-
plete protection from PK digestion of both BiP
and p58IPK in the absence of detergent. By
contrast, TRAP� (detected using an antibody
against its cytosolic tail) and HSP70 are
equally accessible in the absence or presence
of detergent. Note that both BiP and HSP70
contain protease-resistant cores that are not
digested fully even in the presence of deter-
gent. (E) Murine liver microsomes from either
nontreated or TM-treated mice were solubi-
lized in a physiological salt buffer containing
1% digitonin. The samples were separated by
velocity sedimentation through a continuous
sucrose gradient and individual fractions
probed by immunoblot against the indicated
proteins.
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mental Figure S2). Furthermore, the proportion of HSP70
that cosedimented with the ribosome-translocon complex
(in fractions 5–9) was unchanged in the TM-treated micro-
somes. This result indicates that a marked stress-dependent
recruitment of HSP70 to translocons during ER stress does
not occur. Even if some subtle changes in HSP70 recruitment
were occurring, it seems unlikely to directly or indirectly
involve ER-associated p58IPK, because this factor is located
in the lumen and does not cofractionate with the translocon.

The localization of p58IPK in the ER lumen is inconsistent
with its putative association (by cross-linking) with nascent
VCAM1 when VCAM1 translocation and degradation are
pharmacologically inhibited (Oyadomari et al., 2006). This
discrepancy can be reconciled by our observation that
p58IPK translocation into the ER was itself inhibited by the
same agent that inhibits VCAM1 translocation (Supplemen-
tal Figure S3). Furthermore, when translocation and protea-
somal degradation were inhibited simultaneously, nontrans-
located VCAM1 and nontranslocated p58IPK were both
found in detergent-insoluble aggregates that are presumably
in the cytosol. Thus, interactions observed under these con-
ditions (when multiple basic cellular processes are pharma-
cologically perturbed) may not accurately reflect the situa-
tion in either normal or ER-stressed cells.

P58IPK Associates with BiP in the ER Lumen
The localization of p58IPK in the ER lumen (Figure 3) to-
gether with its lack of any apparent role in reducing sub-
strate burden during acute stress (Figure 1) raised the issue
of how p58IPK might protect the ER from stress (Oyadomari
et al., 2006). Because DnaJ proteins interact with and regulate
the function of HSP70 family members (Cheetham and
Caplan, 1998), we speculated that p58IPK might associate
with the lumenal HSP70 family member BiP, a central com-
ponent in maintaining homeostasis of the ER folding envi-
ronment. Indeed, immunoprecipitation of BiP from liver
microsomes of either untreated or TM-injected animals co-
purified p58IPK, and vice versa, whereas neither protein was
precipitated by irrelevant or preimmune sera (Figure 4A).

This association could be recapitulated in cultured cells
using overexpressed HA-tagged p58IPK (Figure 4B). Impor-
tantly, the p58–BiP interaction was also observed with Prl/
p58 (whose quantitative localization to the ER lumen was
ensured by the highly efficient Prl signal sequence). In con-
trast, �s.s./p58 did not coimmunoprecipitate BiP (Figure
4B), indicating that a spurious interaction after cell lysis did
not occur. Identical results were also observed with p58CHO,
Prl/p58CHO, and �s.s./p58CHO (data not shown). A p58IPK

construct lacking its J-domain also did not coimmunoprecipi-
tate BiP (Figure 4C), further supporting the notion that the
p58IPK interaction with BiP is specific. These results demon-
strate a specific interaction between ER-lumenal p58IPK and
BiP in both heterologous and endogenous contexts. Thus, by
analogy to other J-domain proteins, p58IPK may function as a
cochaperone to facilitate the maturation or metabolism of
newly synthesized secretory or membrane proteins.

The potential role for p58IPK as a cochaperone for BiP was
supported by our observation that ER lumenal p58IPK can
associate with a newly translocated secretory protein. Using
in vitro translation, we translocated the secretory protein Prl
into ER microsomes, and, after isolation of the microsomes,
we tested for Prl association with p58IPK by coimmunopre-
cipitation (Figure 5A). Radiolabeled Prl was coimmunopre-
cipitated with antibodies against p58IPK, PDI, and BiP, but
not the � subunit of ER glucosidase II or the HA epitope (an
irrelevant antibody control). The specificity of this interac-
tion was further confirmed in two additional ways. First,

when total translation extracts were used for the analyses,
p58IPK coimmunoprecipitated only translocated Prl, and not
the nontranslocated precursor (Figure 5B). Second, the inter-
action was substantially diminished if the samples were first
treated with SDS for 10 min at 37°C before immunoprecipi-
tation (Figure 5B). These results suggest that p58IPK, like the
chaperones BiP and PDI, can interact with a newly synthe-
sized secretory protein. Whether this interaction is direct or
indirect (e.g., through BiP) remains to be determined at
present.

P58IPK Overexpression Stimulates PrP Maturation in the
ER Lumen
The interaction of p58IPK with BiP and its ability to coasso-
ciate (perhaps indirectly) with a secretory protein in the ER
lumen suggested a potential role in either maturation or

Figure 4. p58IPK interacts with BiP in the ER lumen. (A) Liver
microsomes from nontreated or TM-injected mice were solubilized
in 1% Triton X-100 and immunoprecipitated with antiserum against
BiP, an antiserum directed against the C terminus of p58IPK, preim-
mune serum (PIS), or an irrelevant antibody against interferon-�
(irrel). Immune complexes were then probed by immunoblot (IB)
for BiP, p58IPK, or immunoglobulin (Ig)G light chain. (B) NIH 3T3
cells were transfected with empty vector, Prl/p58, p58, or �s.s./p58.
Cells were incubated in situ with the membrane-permeable cross-
linker DSP at 2 mM, followed by lysis under denaturing conditions
and immunoprecipitation with antibodies against BiP, the HA
epitope, or an irrelevant antigen (interferon-�). After cross-linker
reversal, the immunoprecipitations were probed by immunoblot as
indicated. Asterisk represents IgG heavy chain. Expression of �s.s./
p58 is much lower, likely due to degradation. Thus, a darker expo-
sure is also shown to confirm the absence of an association between
this protein and BiP. (C) NIH 3T3 cells were transfected with full-
length p58CHO or the same construct with the J-domain deleted (�J).
Overexpression of HA-tagged Crt served as a negative specificity
control for BiP interaction. Cell lysates were prepared under nondena-
turing conditions (no cross-linker was used) and immunoprecipitated
with an HA antibody, followed by immunoblot as indicated. Multiple
bands for p58CHO constructs represent heterogeneity of glycosylation
for the protein.
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metabolism of secretory and membrane proteins. Because
straightforward assays for Prl maturation were not avail-
able, we turned to the PrP. Maturation of this polypeptide
requires several posttranslational events, including folding,
disulfide bond formation, glycosylation, glycosylphosphati-
dyl inositol anchor addition, and possibly dimerization. This
complexity increases the possibility that subtle changes in
the overall processing capacity of the ER might be detected
as a change in the rate of PrP maturation, even as an indirect
consequence. Previous analyses have shown that upon com-
pletion of its maturation in the ER lumen, PrP transits to the
Golgi where glycan processing causes both a mobility
change and resistance to endoglycosidase H digestion (Kang
et al., 2006). Using the disappearance of core-glycosylated
PrP and concomitant appearance of Golgi-modified PrP as
markers of maturation in a pulse-chase experiment, we an-
alyzed the consequences of p58IPK overexpression.

Overexpressed p58 and Prl/p58, but not �s.s./p58, al-
tered PrP metabolism in two detectable ways. First, there
was a subtle (�30%) but consistent decrease in fully glyco-
sylated PrP with a concomitant increase in unglycosylated
species at the pulse time point (Figure 6A). Comparison with
in vitro-translated markers showed this unglycosylated
band to represent precursor (Figure 6B), suggesting that it
resulted from failed translocation of PrP into the ER lumen.
Second, at the chase time points, we observed decreased
levels of core-glycosylated PrP relative to higher-molecular-
weight glycoforms (Figure 6A). The assignment of this latter
species as mature, post-ER forms of PrP was confirmed by
its resistance to endoglycosidase H digestion (Figure 6A).

Thus, p58IPK overexpression in the ER lumen, but not the
cytosol, has effects on both PrP translocation into and pro-
cessing within the ER.

Figure 5. p58IPK interacts with a secretory protein in the ER lumen.
(A) Preprolactin was synthesized in vitro by using rabbit reticulo-
cyte lysate and pancreatic microsomes. Untranslocated (pPrl) and
translocated, signal sequence-cleaved material (Prl) are indicated.
The microsomes were isolated by centrifugation, solubilized under
nondenaturating conditions, and subjected to immunoprecipitation
by using antibodies against PDI, p58IPK, BiP, the � subunit of �
glucosidase II (also known as 80K-H), and the HA epitope tag.
Aliquots of the total translation products (lane 1), the isolated mi-
crosomes (lane 2), solubilized microsomes (lane 3), and immuno-
precipitates were analyzed by SDS-PAGE and autoradiography. (B)
Preprolactin was synthesized in vitro by using rabbit reticulocyte
lysate and pancreatic microsomes as described above and adjusted
to either 1% Triton X-100 (native conditions; lanes 1–5) or 1% SDS
(denaturing conditions; lanes 6–10). After incubation of the dena-
turing sample at 37°C for 10 min, it was adjusted to 1% Triton X-100
and 0.1% SDS. Both samples were subjected to immunoprecipitation
with the indicated antibodies. Aliquots of the input (lanes 1 and 6)
and immunoprecipitates are shown.

Figure 6. p58IPK overexpression alters PrP metabolism. (A) HeLa
cells cotransfected with PrP and the indicated p58IPK constructs
were pulse labeled for 10 min and then chased for either 30 or 60
min before immunoprecipitation of PrP. The positions of immature
PrP species (containing 0, 1, or 2 N-linked glycans) and post-ER PrP
are indicated to the left. The post-ER species of PrP migrate as a
heterogenous set of products, the most prominent of which migrates
just above the doubly glycosylated immature PrP band. Right,
products from pulse and 60-min chase time points (the equivalent of
lanes 2 and 9) incubated overnight with either nothing or endogly-
cosidase H. Independent experiments showed that the expression
levels of the different p58IPK constructs were equal (data not shown;
see also C). (B) HeLa cells cotransfected with either PrP (lanes 3–5)
or Prl-PrP (lanes 6–8), and the indicated p58IPK constructs were
pulse labeled for 10 min before immunoprecipitation of PrP. In vitro
translation products of PrP synthesized in the absence or presence of
rough microsomes (RM) to generate markers for percursor (pre) and
signal-cleaved (s.c.) species of PrP were analyzed on the same gel (but
taken from a longer exposure of the autoradiograph). (C) HeLa cells
cotransfected with PrP and either Crt or the indicated p58IPK constructs
without (left) or with BiP (right) were pulse labeled for 10 min before
immunoprecipitation of PrP (top) or the cotransfected protein (bot-
tom). Note that in the absence of BiP cotransfection, Prl/p58 overex-
pression results in decreased PrP translocation (lane 2). This effect is
largely offset by BiP overexpression. (D) Pulse-chase analysis of Prl–
PrP in HeLa cells cotransfected with either �s.s./p58 or Prl/p58. Note
the more rapid conversion of immature PrP species to mature species
in the Prl/p58-expressing cells.
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When considered with the observation that p58IPK inter-
acts with BiP (Figure 5), we interpreted these effects of
p58IPK overexpression on PrP as follows. First, excess p58IPK

in the ER lumen would interact with and titrate BiP away
from other J-domain–containing proteins, including the
translocon-associated proteins Sec63 and Mtj1. Because PrP
translocation into the ER is dependent on lumenal chaper-
ones to compensate for a weak signal sequence (Kang et al.,
2006), its translocation would be diminished slightly by this
titration effect. Second, the shift of BiP from its putative role
in translocation at the translocon to a role in protein folding
in the ER lumen would be the basis for the improved effi-
ciency of PrP transit to the Golgi. In this view, the greater
proportion of BiP (along with the J-domain protein p58IPK)
devoted to posttranslocation folding events would either
directly or indirectly facilitate PrP maturation.

Several additional observations supported the above-
mentioned model. First, p58IPK overexpression had essen-
tially no effect on translocation of Prl–PrP (Figure 6B). Prl–
PrP, in which the PrP signal sequence is replaced with the
highly efficient Prl signal sequence, exhibits lumenal pro-
tein-independent translocation (Kang et al., 2006) and would
therefore not be affected by a shift in BiP functionality.
Second, the inhibitory effect on PrP translocation by p58IPK

overexpression in the ER lumen was nearly abolished by
deletion of the J-domain (Figure 6C), a region required for
interaction with BiP (Figure 4C). Third, coexpression of BiP
with Prl/p58 also minimized the inhibitory effect on PrP
translocation (Figure 6C), further supporting a titration-
based mechanism. And finally, the maturation of Prl–PrP
was faster upon overexpression of ER lumenal Prl/p58 com-
pared with cytosolic �ss/p58 (Figure 6D). Thus, p58IPK in
the ER lumen can stimulate PrP maturation independently
of any effect on PrP translocation.

Considered together, these findings argue that p58IPK, via
its J-domain–mediated interaction with BiP, facilitates the
maturation of newly synthesized proteins in the ER lumen.
It should be stressed that at present, we do not know
whether p58IPK directly interacts with and influences PrP
maturation. Coassociation experiments between p58IPK and
PrP as shown for Prl (Figure 5) were hampered by the
propensity of immature PrP to aggregate under the native
immunoprecipitation conditions used in this assay. None-
theless, the data support the conclusion that p58IPK overex-
pression can functionally influence the protein processing ca-
pacity of the ER lumen. Although overexpressed p58IPK also
caused a selective decrease in PrP translocation, this may not
be physiologically relevant, because normally, p58IPK is co-up-
regulated with BiP and would therefore not have the titration
effect that seems to underlie this phenomenon.

A functional role for p58IPK as a maturation factor in the
ER lumen would explain the increased stress sensitivity of
p58�/� cells (e.g., Figure 1) and their decreased capacity to
deal with misfolded proteins in certain specialized contexts
where the secretory pathway is severely taxed. Two appar-
ent examples of this include pancreatic � cells producing
mutant insulin, and hepatocytes pharmacologically per-
turbed in apolipoprotein B maturation (Oyadomari et al.,
2006). Further work analyzing the functional importance of
the p58–BiP interaction as it relates to the folding and mat-
uration of insulin and apolipoprotein B will be needed to
test this working hypothesis.

The p58IPK Signal Sequence Allows for Inefficient
Translocation during ER Stress
Our localization of p58IPK to the ER lumen raises the puz-
zling question of how it is able to regulate the cytosolically

disposed kinase activities of PERK and PKR. The simplest
explanation is that slight inefficiencies in the translocation of
p58IPK into the ER, either constitutively or selectively under
certain conditions, generate sufficient amounts of cytosolic
p58IPK to inhibit these kinases. Consistent with this idea, the
p58IPK signal sequence seems to be less efficient (at least in
vitro) than the canonical Prl signal sequence (Figure 2 and
Supplemental Figure S1). Indeed, other slightly inefficient
signal sequences have been documented to generate small
but detectable cytosolic populations (Levine et al., 2005) that
in some instances can have either physiological (Shaffer et
al., 2005) or pathological consequences (Rane et al., 2004). We
have not been able to reliably detect the presence of endog-
enous p58IPK in the cytosol by fractionation or protease
protection assays of tissue or cultured cells under either
normal or stressed conditions (Figure 2). This makes a pro-
posed stoichiometric role for this protein on the cytosolic
face of the abundantly expressed translocon very unlikely.
However, given that the kinases proposed to be inhibited by
p58IPK are very low-abundance proteins, even slight or tran-
sient translocational inefficiency might be sufficient to ac-
count for this alternative functional activity.

To test whether p58IPK translocation would be capable of
such regulation, we used glycosylation as a reporter to com-
pare the ER import of overexpressed p58CHO and Prl/
p58CHO during ER stress. As expected by virtue of its highly
efficient signal sequence, Prl/p58CHO was constitutively
translocated (and thus glycosylated) in both the presence
and absence of ER stress (Figure 7A). In contrast, treatment
with 100 nM TG had two effects on p58CHO: signal sequence

Figure 7. ER stress reduces the efficiency of p58IPK translocation.
(A) NIH 3T3 cells were transfected with p58CHO or Prl/p58CHO and
treated with 100 nM TG for the indicated times. Lysates were
digested with PNGaseF to resolve N-glycosylated from unmodified
chains. Although ER stress does not affect either signal sequence
cleavage or glycosylation of Prl/p58CHO, TG inhibits signal se-
quence cleavage of p58CHO, such that by 24 h all chains exist in the
uncleaved (uncl) state. Of the uncleaved chains, approximately half
are glycosylated (�CHO) and half unglycosylated (�CHO). (B)
NIH 3T3 cells were transfected with p583CHO or Prl/p583CHO (iden-
tical to the constructs used in A except containing three C-terminal
N-linked glycosylation sites to better separate glycosylated from
nonglycosylated material) and treated with 100 nM TG for 24 h as
indicated. Hypotonic lysates were prepared and treated with PK as
described in Figure 3A, or PNGaseF as described above. p583CHO

and Prl/p583CHO were identified by immunoblotting. Note that ER
stress causes a substantial portion of p583CHO chains, but not Prl/
p583CHO, to be unglycosylated, and these unglycosylated chains are
sensitive to PK digestion, whereas glycosylated chains are resistant.
Immunoblotting to detect a lumenal epitope of endogenous caln-
exin (CNX) confirmed the proper orientation and integrity of the
membranous vesicles within the homogenate.
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cleavage was inhibited (quantitatively so by 24 h) and gly-
cosylation of p58CHO was blocked (�50% by 24 h; Figure
7A). Because the glycosylation acceptor site is located very
near the C terminus of p58CHO, the presence of glycosylated
but signal sequence-uncleaved chains suggests that the in-
hibition of signal sequence cleavage exists apart from any
potential effect on translocation, because these chains are
almost certainly translocated. However, a protease protec-
tion assay of hypotonic cell lysates demonstrated that al-
though all of the glycosylated chains were protected from
digestion and thus translocated, the unglycosylated chains
were completely sensitive, suggesting a cytosolic localiza-
tion (Figure 7B). Therefore, the inefficient signal sequence of
p58IPK protein is capable, at least in principle, of allowing
small populations of the protein to be rerouted to the cytosol
during ER stress. Hence, up-regulation of p58IPK during the
late phase of the UPR could conceivably simultaneously
improve ER folding capacity (via its abundant ER lumenal
form) while mitigating translational attenuation by PERK
inhibition (via a minor cytosolic form). This may provide a
novel mechanism to match substrate synthesis with folding
capacity during the recovery phase of the UPR. Future quan-
titative analysis of p58IPK translocation and localization dur-
ing different cellular conditions will be required to confirm
this possibility.

CONCLUSIONS

Two principal conclusions can be drawn from the results in
this study. First, the increased stress sensitivity of p58�/�
cells is not attributable to promiscuous or excessive protein
import during acute ER stress. Second, p58IPK resides in the
ER lumen, where it interacts with BiP in a J-domain–depen-
dent manner and influences protein maturation efficiency.
These results point to a new functional assignment for
p58IPK in serving as a BiP cochaperone to optimize protein
folding homeostasis in the ER. Because p58IPK represents
one among several (at least five others) ER localized J-
domain proteins that interface with BiP (Feldheim et al.,
1992; Brightman et al., 1995; Shen et al., 2002; Hosoda et al.,
2003; Shen and Hendershot, 2005), its absence would result
in an ER lumen that is only modestly compromised in
overall folding capacity. The functional consequences of this
slightly lower protein maturation capacity would be ob-
scured under all but the most taxing conditions and can
explain each of the following phenotypic observations in
cells and animals lacking p58IPK.

First, p58�/� cells seem to experience a greater level of
stress (as judged by IRE1 activation) despite an overall lower
substrate burden at any given level of exogenous stressor
(Figure 1). Second, during longer term ER stress, p58�/�
cells accumulate higher levels of terminally misfolded and
aggregated proteins relative to p58�/� cells (Oyadomari et
al., 2006). Third, cells from p58�/� mice are essentially
indistinguishable from p58�/� cells unless the maturation
of a highly expressed protein is perturbed in a highly secre-
tory cell type (e.g., insulin in pancreatic � cells and apoli-
poprotein B in hepatocytes). Hence, the overall phenotype of
p58�/� mice is remarkably mild relative to deletions or
alterations in core UPR pathway components (such as
PERK, IRE1�, XBP1, chaperones, and eIF2�). And finally,
worms reduced in p58IPK show a low level of basal UPR
activation and exacerbate the phenotype of IRE1 deletion.
Because each of these observations is consistent with a de-
creased maturation capacity of the ER lumen where essen-
tially all ER-associated p58IPK was localized under both
normal and stressed conditions (Figure 3), we propose that

an independent role for p58IPK in either translocational reg-
ulation, pQC, or degradation need not be invoked. Thus, the
major mechanism by which p58IPK protects the stressed ER
is probably through its function as a cochapeone that con-
tributes to the overall protein processing capacity of the
lumen.
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