Nuclear transfer of perchloric acid—soluble protein
by endoplasmic reticulum stressors

HIROAKI KANOUCHL' MITSUHARU MATSUMOTO,> MASAKI TAGA,?
KOJI YAMADA,* TATSUZO OKA,?> SHIGENOBU TONE,' anp

YOHSUKE MINATOGAWA!

"Department of Biochemistry, Kawasaki Medical School, Japan

>Department of Veterinary Physiology, Kagoshima University, Japan

*Department of Applied Clinical Dietetics, Kitasato Junior College of Health and Hygienic Sciences, Japan
“Department of Biotechnology, Faculty of Agriculture, Kyushu University, Japan

(RecEIVED March 28, 2005; FinaL Revision May 31, 2005; AccepTep June 13, 2005)

Abstract

Perchloric acid—soluble protein (PSP) is highly conserved during evolution from bacteria to mam-
mals. Although PSP has been recognized as an inhibitor of translation and proliferation in vitro, its
precise biological role has not yet been elucidated. Since we previously found similar distributions for
PSP and the endoplasmic reticulum (ER) and Golgi complex, the intracellular distribution of PSP
was analyzed in more detail. Immunofluorescence studies indicated that PSP co-localized with the ER
and Golgi complex, since the distribution pattern of PSP was well matched to both of these organelles.
An immunoelectron microscopic study revealed PSP was located not only in the cytosol but also on the
surface of the outer ER membrane. Since PSP was present on the ER, we speculated that it may be
associated with ER function. Therefore, we analyzed whether or not the ER stress response, which is
one of the ER functions, affected PSP expression. The results showed that various ER stressors
(thapsigargin, A23187, tunicamycin, brefeldin A, and cisplatin) provoked a dramatic change in the
localization of PSP from outside of the nucleus to inside the nucleus within 3 h. Moreover, the ER
stressors induced PSP expression. These results suggest that PSP is involved in the cellular response to
ER stressors, and that the change in localization of PSP from the ER to the nucleus may be associated
with ER stress responses.
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Perchloric acid—soluble protein (PSP) was initially iso-
lated from the rat liver as a translational inhibitor (Oka
et al. 1995). Subsequently, it was also found in various
other species, including humans (Schmiedeknecht et al.
1996), mice (Samuel et al. 1997), goats (Ceciliani et al.
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1996), Escherichia coli (Colombo et al. 1998), chicks
(Nordin et al. 2001), Saccharomyces cerevisiae (Kim
et al. 2001), pigs (Kaneki et al. 2003b), and so on. Since
its gene (a member of the YER057¢/YJGF family) is
highly conserved during evolution, PSP may play
important roles in the cell. In mammals, PSP has been
reported to be associated with various functions, includ-
ing ribonuclease activity (Morishita et al. 1999; Sawasaki
et al. 2001), fatty acid-binding activity (Sasagawa et al.
1999), differentiation-dependent expression (Oka et al. 1995;
Asagi et al. 1998; Nordin et al. 2001; Suzuki et al. 2001;
Kaneki et al. 2003a), and repression of proliferation (Kanou-
chi et al. 2001). However, the precise biological function of
PSP has not yet been elucidated.
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Figure 1. Immunofluorescence analysis of PSP in NRK-52E cells.
NRK-52E cells were grown on coverslips, and PSP was labeled by
immunofluorescence as described in Materials and Methods. The ER
was labeled with 50 pg/mL of Alexa 594-Con A for 10 min after fixation
(left panels). NRK-52E cells were incubated in medium containing 5 g/
mL of NBD Cg—ceramide-BSA at 4°C for 30 min. After rinsing twice
with PBS, the cells were incubated in fresh medium at 37°C for 30 min,
and then fixed (right panels). To accumulate NBD Cg—ceramide-BSA in
the ER, medium containing NBD Cg—ceramide-BSA, PBS, and fresh
medium containing 15 wM BFA were used (middle panels).

On the other hand, we previously reported that PSP is
localized in the endoplasmic reticulum (ER) (Kanouchi
et al. 2000), suggesting that an interaction with the ER
may be involved in its function. Bovine PSP was report-
ed to be a p-calpain activator (Melloni et al. 1998).
Calpains are intracellular nonlysosomal cysteine pro-
teases that are regulated by calcium (Sorimachi et al.
1997). Although p-calpain has been studied extensively
(Huang and Wang 2001; Glading et al. 2002), its precise
function is poorly understood. Recently, it was sug-
gested that p-calpain is related to the apoptosis induced
by ER stresses, such as glucose deprivation, alterations
in calcium homeostasis, and accumulation of misfolded
proteins in the ER (Lee 2001; Lu et al. 2002). Since PSP
is considered to be a p-calpain activator, it may be
involved in the functions of p-calpain in response to ER
stress. The cellular responses to ER stress have been
reported to be attenuation of protein synthesis, up-reg-
ulation of genes encoding molecular chaperones, degra-
dation of misfolded proteins, and induction of apoptosis
(Kaufman 1999; Lu et al. 2002). The induction of these
cellular responses is considered to be one of the important
functions of the ER.

In this study, we examined the localization of PSP in
the ER and investigated its transfer to the nucleus after
treatment with ER stressors.

Results

PSP is localized on the ER membrane

We examined whether PSP was localized in the ER by
immunocytochemistry of normal rat kidney-52E (NRK-
52E) cells. The ER was stained by two chemicals, namely
concanavalin A (Con A) or 6-((N-(7-nitrobenz-2-oxa-1,3-
diazol-4-yl)amino)hexanoyl)sphingosine—bovine serum al-
bumin complex (NBD Cg—ceramide-BSA). Con A labels
mannose-terminated oligosaccharides that exist on the
ER and nuclear envelope, while NBD Cg—ceramide—BSA
is transferred to the Golgi complex via the ER in living
cells. When cells were treated with brefeldin A (BFA),
which inhibits ER-to-Golgi traffic, NBD Cg—ceramide—
BSA accumulated in the ER. PSP and Con A showed
similar localization patterns, although their co-localiza-
tion was not complete (Fig. 1, left panels). NBD-C¢—
ceramide-BSA (without BFA; Golgi complex) was
recognized in some of the PSP expression sites (Fig.
1, middle panels). When cells were treated with BFA,
NBD-Cg—ceramide-BSA became almost completely
co-localized with PSP (Fig. 1, right panels). The cellu-
lar distribution of PSP in the rat liver was examined
by electron microscopy. The results indicated that PSP
was present not only in the cytosol but also on the
outer membrane of the ER and the nuclear envelope
(Fig. 2). To confirm the localization of PSP in the ER,
a rat liver homogenate was separated into three frac-
tions (containing nuclei/mitochondria, microsomes, and
cytosol, respectively) by centrifugation and immuno-
blotted with an anti-PSP antibody. As shown in Figure 3,
PSP was present in the microsomal and cytosolic frac-
tions, although much more was present in the cytosolic
fraction.

Figure 2. Immunoelectron microscopy for PSP in a normal rat liver
section. PSP labeled by electron-dense gold particles is localized on the
ER membrane. Nuclei (N), mitochondria (M), and the endoplasmic
reticulum (ER) are marked.
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Figure 3. Subcellular distribution of PSP in rat liver cells. Aliquots
(containing 20 g protein) of the homogenate and the three fractions
(containing nuclei/mitochondria, microsomes, and cytosol, respective-
ly) were subjected to immunoblotting with an anti-PSP antibody. The
GO6P activity in each fraction was measured as a marker for the
rough ER.

Transfer of PSP to the nucleus after treatment
with ER stressors

To determine the effects of ER stressors on the intracel-
lular distribution of PSP, four types of ER stressors
were used: namely, two chemicals that disturb Ca™ "
homeostasis (thapsigargin and A23187), one that inhib-
its glycosylation (tunicamycin), one that inhibits pro-
tein traffic from the ER to the Golgi apparatus (bre-
feldin A), and one that acts as an anti-cancer agent
(cisplatin) (Lee 2001; Mandic et al. 2003). PSP was
visualized by immunocytochemical staining with an
anti-PSP antibody and a Cy-2-conjugated secondary
antibody (Fig. 4, green spots), while nuclear DNA was
stained with propidium iodide (Fig. 4, red spots). Yel-
low spots indicate overlapping of the green and the red
spots. In untreated cells, PSP was localized outside of
the nucleus, probably on the ER membrane. After treat-
ment with tunicamycin (1 pg/mL), brefeldin A (1 wM),
thapsigargin (1 wM), A23187 (1 wM), or cisplatin (10
pwM) for 6 h, PSP was clearly detected inside the nucleus
as well as on the outside. There were no differences
among the different types of ER stressors used. The
expression of GRP78 (78-kDa glucose-regulated pro-
tein/BiP) as a marker for ER stress was examined by
immunoblotting. All the ER stressors except for cisplat-
in induced the expression of GRP78 (data not shown).

Next, we performed an immunocytochemical study to
clarify the nuclear transfer of PSP induced by thapsiga-
rgin. PSP was obviously detected on the outside of the
nucleus, and the contours of the nucleus were clear, in
both untreated cells and cells at 1 h after the addition of
thapsigargin (1 wM) (Fig. 5A). At 3 h after the addition of
thapsigargin, PSP was observed in both the cytosol and
the nucleus, and the contours of the nucleus became
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indistinct. At 6 h after the addition of thapsigargin, PSP
was mainly detected in the nucleus. To confirm the
nuclear localization of PSP, we performed an immuno-
blotting study after separating the nuclear and post-
nuclear fractions (Fig. 5B). PSP was present in both the
cytosolic and nuclear fractions from 3 h after the addition
of thapsigargin. The amount of PSP was higher in the
cytosol than in the nucleus. The ER stress marker GRP78
was induced from 6 h after the addition of thapsigargin
(Fig. 5C). Since the level of PSP appeared to greatly
increase during the exposure to thapsigargin, we analyzed
whether the other ER stressors also affected the level of
PSP expression (Fig. 6). The results revealed that tunica-
mycin, brefeldin A, thapsigargin, and A23187 all induced
the expression of PSP, although the induction levels of
PSP were much lower than those of GRP7S. Cisplatin did
not affect the expression of either PSP or GRP78.

Discussion

We (Oka et al. 1995) and Schmiedeknecht et al. (1996)
previously observed that a small fraction of PSP was
occasionally localized in the nucleus of liver tissue cells
in immunohistochemical studies. However, the physiologi-
cal significance of this nuclear PSP localization was not
elucidated. In the current study, we clarified that PSP
exists in not only the cytosol but also the ER, and that it
seemed to be attached to the outer membrane of the ER
and periphery of the nucleus in cells. However, the major-
ity of PSP was detected in the cytosolic fraction by immu-
noblotting, although some was also detected in the ER by
immunocytochemistry. This inconsistency may arise via
weak attachment of PSP to the ER, such that it becomes
detached from the ER during the organelle fractionation.
However, it was reported that PSP in the liver and its
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Figure 4. Intracellular distribution of PSP after treatment with various
ER stressors. NRK-52E cells were grown on coverslips in medium
containing various ER stressors for 6 h. PSP was detected by immuno-
fluorescence cytochemistry (green spots). Nuclear DNA was stained
with propidium iodide (red spots).
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Figure 5. Time course of the intracellular localization of PSP in NRK-52E cells treated with thapsigargin. (4) NRK-52E cells
were grown on coverslips in medium containing 1 wM thapsigargin. After the addition of thapsigargin, the cells were fixed at
0, 1, 3, and 6 h. PSP was detected by immunofluorescence cytochemistry. (B) NRK-52E cells were cultured under the same
conditions as described for 4. The nuclear fraction (NF) and post-nuclear fraction (PNF) were separated from the cells and
subjected to immunoblotting using an anti-PSP antibody. (C) The PNF was subjected to immunoblotting using an anti-GRP78

antibody.

homolog in goats are very sticky (Mistiniene et al. 2003),
and the hydrophobicity of PSP may affect its attachment
to membranes. On the other hand, PSP has a tetrapeptide
sequence (RIEI) at amino acid residue 115 that appears to
be similar to the ER extension signal KDEL (Peterson et
al. 2000). Therefore, PSP may be retained on the outer
membrane of the ER through this RIEI tetrapeptide
sequence. Substitution experiments investigating the func-
tion of RIEI as an ER retention signal are currently in
progress.

We also investigated the effects of various ER stressors
on the expression of PSP. The results revealed that PSP
was dramatically transferred from outside of the nucleus
to inside the nucleus after treatment with ER stressors.
This change occurred earlier than the induction of
GRP78, which is often utilized as an indicator of cellular
responses to ER stress. PSP may be imported into the
nucleus by other molecules or via an as-yet unidentified
nucleus import sequence in PSP itself. However, PSP was
not observed in the nuclear fraction after treatment with
ER stressors in the immunoblotting analysis. We specu-
late that PSP may leak from the nuclei during the prep-
aration of the nuclear fraction. ER stressors also induced
PSP expression. Two previously reported independent
cDNA microarray analyses may explain how PSP is
induced by ER stressors. First, a comparison of mRNA
expressions in HeLa cells under various ER stresses
revealed that HeLa cells under amino acid depletion and
those expressing the active form of ATF4 showed ER
stress-induced PAX6 gene expression, probably via
ATF4 (Okada et al. 2002). Second, a comparison of
mRNA expressions between PAX6 overexpressing mouse
lens and wild-type mouse lens revealed that PAX6 induced

mouse PSP mRNA expression (Chauhan et al. 2002).
Thus, the most probable pathway of PSP induction by
ER stress is as follows: (1) ER stress provokes phosphor-
ylation of eukaryotic translation initiation factor 2a
(elF2a) via phosphorylation of RNA-dependent protein
kinase-like ER kinase (PERK) (Kaufman 1999); (2) the
phosphorylated elF2a causes attenuation of translation,
thereby leading to induction of ATF4; (3) ATF4 induces
PSP via PAXG6.

There are further pieces of evidence suggesting that PSP
is involved in ER stress responses. Melloni et al. (1998)
reported that bovine PSP activates p-calpain, which is
related to the cellular responses to ER stress. However,
Farkas et al. (2004) indicated that the Drosophila ortholog
of PSP (D-PSP) is not a calpain activator. Hence, there
is a conflict regarding whether or not PSP is a calpain
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Figure 6. Effect of ER stressors on the expression of PSP. NRK-52E
cells were cultured in medium containing various ER stressors at the
indicated concentrations for 6 h. The cells were then collected and
lysed in cell lysis buffer (140 mM NacCl, 0.5% Triton X-100, 0.2 mM
PMSF, 0.2 units/mL aprotinin, 10 mM Tris-HCI [pH 8.0]). Each cell
lysate was analyzed by immunoblotting with anti-PSP, anti-GRP78
and anti-B-actin antibodies.
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activator. This conflict may arise due to species differences
between vertebrates and invertebrates. Although the pro-
liferation of the Drosophila Schneider (S2) cell line suffered
during heat shock, another ER stress, it was rescued by
overexpression of D-PSP. Therefore, even if D-PSP is not
a calpain activator, it still appears to be related to ER
stress. What is the role of the PSP transfer to the nucleus?
It is possible that PSP may transmit information regarding
ER stress in order to provoke cellular responses against the
ER stress. PSP has been reported to act as an inhibitor of
translation and proliferation in vitro and in vivo (Oka et al.
1995; Kanouchi et al. 2001; Himeno et al. 2005). Indeed,
translation attenuation and growth arrest are recognized
under ER stress conditions, and these cellular responses
may be associated with PSP.

The precise physiological function of PSP in mammals
has not yet been elucidated, since it has various activities.
Hence, the intracellular localization of PSP should also be
borne in mind while considering the physiological role of
PSP. Further investigations are required to reveal the phys-
iological significance of the transfer of PSP to the nucleus.

Materials and methods

Animals

Male Sprague-Dawley rats (8 wk of age) were purchased from
Seac Yoshitomi. All experiments were carried out under the
guidelines for Animal Experiments of the Faculty of Agricul-
ture’s Graduate Course, Kyushu University, and the Law (no.
105) and Notification (no. 6) of the Japanese Government.

Materials

General chemicals were purchased from Nacalai Tesque. Cis-
platin and thapsigargin were obtained from Wako Pure Chemi-
cals. NBD Cg—ceramide-BSA and BFA were purchased from
Molecular Probes. The rabbit anti-PSP anti-serum and purified
anti-PSP IgG were prepared as described previously (Asagi
et al. 1998). The anti-GRP78 rabbit polyclonal antibody and
anti-B-actin antibody were purchased from Santa Cruz Biotech-
nology Inc. and Sigma, respectively. The ECL Western blotting
analysis system was purchased from Amersham.

Cell culture

NRK-52E cells were obtained from the American Type Culture
Collection and cultured in Dulbecco’s modified Eagle’s medium
(Dainippon Pharmaceutical) supplemented with 50 wg/mL strep-
tomycin, 50 units/mL penicillin, and 5% fetal bovine serum.
Cells were replated before they reached confluency, and the
medium was exchanged for fresh medium every 3 d.

Immunoelectron microscopy

Each rat liver was dissected out and a small piece was imme-
diately fixed in 2% paraformaldehyde (PFA)/2.5% glutaral-
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dehyde in 0.1 M phosphate buffer (pH 7.4) at 4°C for 2 h. This
sample was then rinsed in 0.1 M phosphate buffer, post-fixed
in 1% osmium tetroxide in the same buffer at 4°C for 2 h, and
routinely embedded in Epon 812. Semithin sections (I wm
thick) were cut using an ultramicrotome and incubated with
rabbit anti-PSP IgG (1:500 dilution) in 0.1 M phosphate buffer
at 4°C for 8 h. After rinsing in 0.1 M phosphate buffer, the
sections were incubated with gold-conjugated anti-rabbit IgG
(1:200 dilution) in 0.1 M phosphate buffer, and then stained
with uranyl acetate and lead citrate. Finally, the sections were
observed using an H-7000KU transmission electron micro-
scope (Hitachi Co.) at 75 kV.

Cell fractionation and determination of
glucose-6-phosphatase activity

Rat liver (0.5 g) from rats at 6 wk of age was homogenized in
5 mL of buffer (0.25 M sucrose, 25 mM KCI, 10 mM MgCl,,
1 mM EDTA and 50 mM Tris-HCI [pH 7.5]) using a glass-
Teflon homogenizer, and centrifuged at 11,000g at 4°C for 30
min. The pellet was used as a nuclear and mitochondrial
fraction. The supernatant was further centrifuged at 105,000g
for 1 h. The pellet was used as a microsomal fraction and the
supernatant was used as a cytosolic fraction. Glucose-6-phos-
phatase (G6P) activity was measured as described previously
(Baginski et al. 1967). The protein concentration was deter-
mined using a BCA protein assay kit (Pierce), with BSA as the
standard.

Immunocytochemistry

Immunofluorescence cytochemistry was performed as described
previously (Kanouchi et al. 2000). Briefly, cells grown on glass
coverslips were washed with phosphate-buffered saline (PBS)
and then sequentially fixed at room temperature with 4% PFA
in PBS for 20 min and 50% methanol for 10 min. The fixed cells
were treated with PBS containing 1% BSA for 30 min, and then
incubated with a rabbit anti-PSP anti-serum (1:2000 dilution) at
4°C overnight. After washing with PBS, the cells were incubated
with Cy-2-conjugated goat anti-rabbit IgG (Amersham; 1:3000
dilution) in PBS containing 0.1% BSA at room temperature for
2 h. Nuclei were stained with 50 pg/mL propidium iodide at
room temperature for 5 min. Finally, the coverslips were washed
extensively and mounted on glass slides with Vectashield (Vec-
tor). The cells were photographed using a confocal laser scan-
ning microscope (Olympus).

Immunoblotting

Nuclear, other organelle, and post-nuclear fractions were sepa-
rated from NRK-52E cells using a Nuclear/Cytosol Fractionation
Kit (BioVision). Immunoblotting was performed as previously
described (Kanouchi et al. 2000).

Acknowledgments

We thank Dr. Mahendra K. Thakur and Dr. Yoshio Takagaki
for valuable discussions and critical reading of the manuscript.
This study was supported in part by a Research Grant from
Kawasaki Medical School.



Nuclear transfer of PSP

References

Asagi, K., Oka, T., Arao, K., Suzuki, I., Thakur, M.K., Izumi, K., and
Natori, Y. 1998. Purification, characterization and differentiation-
dependent expression of a perchloric acid soluble protein from rat
kidney. Nephron 79: 80-90.

Baginski, E.S., Foa, P., and Zak, B. 1967. Determnation of rat liver
microsomal glucose-6-phosphatase activity: Study of citrate and G-6-
P inhibition. Anal. Biochem. 21: 201-207.

Ceciliani, F., Faotto, L., Negri, A., Colombo, 1., Berra, B., Bartorelli, A.,
and Ronchi, S. 1996. The primary structure of UK 114 tumor antigen.
FEBS Lett. 393: 147-150.

Chauhan, B.K., Reed, N.A., Yang, Y., Cermak, L., Reneker, L., Duncan,
M.K., and Cvekl, A. 2002. A comparative cDNA microarray analysis
reveals a spectrum of genes regulated by Pax6 in mouse lens. Genes
Cells 7: 1267-1283.

Colombo, I., Ceciliani, F., Ronchi, S., Bartorelli, A., and Berra, B. 1998.
c¢DNA cloning and Escherichia coli expression of UK 114 tumor anti-
gen. Biochim. Biophys. Acta 1442: 49-59.

Farkas, A., Nardai, G., Csermely, P., Tompa, P., and Friedrich, P. 2004.
DUKI114, the Drosophila orthologue of bovine brain calpain activator
protein, is a molecular chaperone. Biochem. J. 383: 165-170.

Glading, A., Lauffenburger, D.A., and Wells, A. 2002. Cutting to the
chase: Calpain proteases in cell motility. Trends Cell Biol. 12: 46-54.

Himeno, E., Yamazaki, K., Kanouchi, H., Matsumoto, M., Sugimoto, Y.,
and Oka, T. 2005. Perchloric acid—soluble protein regulates cell prolif-
eration and differentiation in the spinal cord of chick embryos. FEBS
Lett. 579: 2416-2420.

Huang, Y. and Wang, K.K. 2001. The calpain family and human disease.
Trends Mol. Med. 7: 355-362.

Kaneki, K., Kanouchi, H., Matsumoto, M., Kawasaki, Y., Akuzawa, M.,
and Oka, T. 2003a. Down regulation of a novel protein, PSP, in rat
hepatoma cdRLh 84-beared tumor. J. Vet. Med. Sci. 65: 781-785.

Kaneki, K., Matsumoto, M., Suzuki, K., Akuzawa, M., and Oka, T. 2003b.
Purification, characterization and developmental expression of pig liver
PSP. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 134: 571-578.

Kanouchi, H., Oka, T., Asagi, K., Tachibana, H., and Yamada, K. 2000.
Expression and cellular distribution of perchloric acid—soluble protein
is dependent on the cell-proliferating states of NRK-52E. Cell. Mol.
Life Sci. 57: 1103-1108.

Kanouchi, H., Tachibana, H., Oka, T., and Yamada, K. 2001. Recombi-
nant expression of perchloric acid—soluble protein reduces cell prolif-
eration. Cell. Mol. Life Sci. 58: 1340-1343.

Kaufman, R.J. 1999. Stress signaling from the lumen of the endoplasmic
reticulum: Coordination of gene transcriptional and translational.
Genes & Dev. 13: 1211-1233.

Kim, J.M., Yoshikawa, H., and Shirahige, K. 2001. A member of the
YERO057c/yjgf/Uk114 family links isoleucine biosynthesis and intact
mitochondria maintenance in Saccharomyces cerevisiae. Genes Cells 6:
507-517.

Lee, A.S. 2001. The glucose-regulated proteins: Stress induction and clin-
ical applications. Trends Biochem. Sci. 26: 504-510.

Lu, T., Xu, Y., Mericle, M.T., and Mellgren, R.L. 2002. Participation of
the conventional calpains in apoptosis. Biochim. Biophys. Acta 1590:
16-26.

Mandic, A., Hansson, J., Linder, S., and Shoshan, M.C. 2003. Cisplatin
induces endoplasmic reticulum stress and nucleus-independent apopto-
tic signaling. J. Biol. Chem. 278: 9100-9106.

Melloni, E., Michetti, M., Salamino, F., and Pontremoli, S. 1998. Mole-
cular and functional properties of a calpain activator protein specific
for p-isoforms. J. Biol. Chem. 273: 12827-12831.

Mistiniene, E., Luksa, V., Sereikaite, J., and Naktinis, V. 2003. Oligomeric
assembly and ligand binding of the members of protein family
YERO057¢/YILO51c/YIJGF. Bioconjug. Chem. 14: 1243-1252.

Morishita, R., Kawagoshi, A., Sawasaki, T., Madin, K., Ogasawara, T.,
Oka, T., and Endo, Y. 1999. Ribonuclease activity of rat liver perchlo-
ric acid—soluble protein, a potent inhibitor of protein synthesis. J. Biol.
Chem. 274: 20688-20692.

Nordin, H., Matsumoto, M., Suzuki, K., Kaneki, K., Natori, Y., Kishi, K.,
and Oka, T. 2001. Purification, characterization and developmental
expression of chick (Gallus domesticus) liver PSP protein. Comp. Bio-
chem. Physiol. B Biochem. Mol. Biol. 128: 135-143.

Oka, T., Tsuji, H., Noda, C., Sakai, K., Hong, Y.M., Suzuki, I., Munoz, S.,
and Natori, Y. 1995. Isolation and characterization of a novel perchloric
acid-soluble protein inhibiting cell-free protein synthesis. J. Biol. Chem.
270: 30060-30067.

Okada, T., Yoshida, H., Akazawa, R., Negishi, M., and Mori, K. 2002.
Distinct roles of activating transcription factor 6 (ATF6) and double-
stranded RNA-activated protein kinase-like endoplasmic reticulum
kinase (PERK) in transcription during the mammalian unfolded pro-
tein response. Biochem. J. 366: 585-594.

Peterson, A.J., Lindau-Shepard, B., Brumberg, H.A., and Dias, J.A. 2000.
Human follicle stimulating hormone receptor variants lacking trans-
membrane domains display altered post-translational conformations.
Mol. Cell. Endocrinol. 160: 203-217.

Samuel, S.J., Tzung, S.P., and Cohen, S.A. 1997. Hrpl2, a novel heat-
responsive, tissue-specific, phosphorylated protein isolated from mouse
liver. Hepatology 25: 1213-1222.

Sasagawa, T., Oka, T., Tokumura, A., Nishimoto, Y., Munoz, S., Kuwa-
hata, M., Okita, M., Tsuji, H., and Natori, Y. 1999. Analysis of the
fatty acid components in a perchloric acid—soluble protein. Biochim.
Biophys. Acta 1437: 317-324.

Sawasaki, T., Oka, T., and Endo, Y. 2001. Liver perchloric acid-soluble
ribonuclease. Methods Enzymol. 342: 44-54.

Schmiedeknecht, G., Kerkhoff, C., Orso, E., Stohr, J., Aslanidis, C., Nagy,
G.M., Knuechel, R., and Schmitz, G. 1996. Isolation and characteriza-
tion of a 14.5-kDa trichloroacetic-acid-soluble translational inhibitor
protein from human monocytes that is upregulated upon cellular dif-
ferentiation. Eur. J. Biochem. 242: 339-351.

Sorimachi, H., Ishiura, S., and Suzuki, K. 1997. Structure and physiologi-
cal function of calpains. Biochem. J. 328: 721-732.

Suzuki, K., Nishida, T., Matsumoto, M., Kanouchi, H., Kaneki, K., and
Oka, T. 2001. Purification, characterization and developmental expres-
sion of rat brain PSP protein. Biochim. Biophys. Acta 1527: 47-53.

2349

www.proteinscience.org



