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A panel of mAbs was elicited against intracellular membrane fractions from rat pancreas. One of
the antibodies reacted with a 95-kDa protein that localizes primarily to the Golgi complex or the
endoplasmic reticulum (ER), depending on cell type. The corresponding cDNA was cloned and
sequenced and found to encode a protein of 97.6 kDa that we call GERp95 (Golgi ER protein 95
kDa). The protein copurifies with intracellular membranes but does not contain hydrophobic
regions that could function as signal peptides or transmembrane domains. Biochemical analysis
suggests that GERp95 is a cytoplasmically exposed peripheral membrane protein that exists in a
protease-resistant complex. GERp95 belongs to a family of highly conserved proteins in metazo-
ans and Schizosaccharomyces pombe. It has recently been determined that plant and Drosophila
homologues of GERp95 are important for controlling the differentiation of stem cells (Bohmert et
al., 1998; Cox et al., 1998; Moussian et al., 1998). In Caenorhabditis elegans, there are at least 20
members of this protein family. To this end, we have used RNA interference to show that the
GERp95 orthologue in C. elegans is important for maturation of germ-line stem cells in the gonad.
GERp95 and related proteins are an emerging new family of proteins that have important roles in
metazoan development. The present study suggests that these proteins may exert their effects on
cell differentiation from the level of intracellular membranes.

INTRODUCTION

The cytoplasm of eukaryotic cells is partitioned into more
than a dozen membrane-bound organelles. Compartmental-
ization serves to increase the efficiencies of cellular processes
by controlling the spatial and temporal interactions of pro-
teins, nucleic acids and lipids. The endoplasmic reticulum
(ER) and Golgi complex play central roles in the biogenesis
and operational fidelity of eukaryotic cells by orchestrating
the synthesis and movement of proteins and lipids (Hurtley
and Helenius, 1989; Narula et al., 1992; Sitia and Meldolesi,
1992; Bergeron et al., 1994; Hammond and Helenius, 1995;
Farquhar and Hauri, 1997; Hauri and Schweizer, 1997; Far-
quhar and Palade, 1998). It is now clear that these two
organelles are directly involved in processes that affect cel-

lular differentiation because mistargeting and/or altered ex-
pression of resident proteins of the ER and Golgi complex
can have profound effects on cell growth, morphology, and
tumorigenicity. Moreover, cellular defects at the ER/Golgi
level underlie the pathophysiology of many human diseases
such as familial hypercholesterolemia, polycystic kidney
disease, Tangier disease, cystic fibrosis, mucopolysacchari-
dosis types I, VI, and VII, progeroid syndrome, and many
others (for review, see Brooks, 1997; Gonatas, 1997).

We are interested in identifying novel ER- and Golgi-
associated proteins that are involved in the function of these
organelles. The approach we adopted was to generate a
panel of mAbs against ER/Golgi membrane fractions so that
they may be used to identify and then immunoaffinity pu-
rify their cognate antigens for sequence analysis. In the
recent past, this technique has facilitated the characteriza-
tion of ER- and Golgi-associated proteins that otherwise
may not have been discovered by conventional biochemical
or genetic approaches (Saraste et al., 1987; Schweizer et al.,
1988; Fritzler et al., 1995; Erlich et al., 1996; Griffith et al.,
1997).

i Corresponding author. E-mail address: thobman@anat.med.
ualberta.ca.
Abbreviations used: ER, endoplasmic reticulum; GERp95, Golgi
ER protein 95 kDa; Man II, mannosidase II; VSV, vesicular
stomatitis virus.
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In the present study, we report the purification and char-
acterization of a 95-kDa protein that exhibits cell-dependent
differential localization. The protein was named GERp95
(Golgi ER protein 95 kDa) to reflect the fact that it localizes
to the Golgi and/or ER. In epithelioid NRK cells and pan-
creas acinar cells, GERp95 was concentrated in the Golgi
complex, whereas in all other cell types examined it was
found to be associated with the ER. The cDNA encoding this
protein was isolated and sequenced, revealing that GERp95
belongs to a family of highly conserved proteins found in
multicellular eukaryotes and Schizosaccharomyces pombe. Re-
cently GERp95 homologues have been implicated in various
aspects of stem cell differentiation and tissue development
(Bohmert et al., 1998; Cox et al., 1998; Moussian et al., 1998;
Lynn et al., 1999; Schmidt et al., 1999). In the present study,
we provide evidence that suggests a role for the GERp95
Caenorhabditis elegans orthologue in germ-line stem cell mat-
uration.

MATERIALS AND METHODS

Reagents
Reagents and supplies were from the following sources. Protein
A-Sepharose was purchased from Pharmacia (Alameda, CA).
BioMag goat anti-mouse IgG (Fc-specific) coated magnetic beads
were purchased from PerSeptive Diagnostics (Cambridge, MA).
Fibronectin, PMSF, SDS, and BSA were purchased from Sigma (St.
Louis, MO). Promix [35S] methionine/cysteine (1000 Ci/mM), trans-
lation grade [35S] methionine (1000 Ci/mM), and [14C]-labeled pro-
tein standards were purchased from Amersham (Arlington Heights,
IL). Texas Red-conjugated goat anti-mouse IgG and FITC-conju-
gated donkey anti-rabbit IgG (each double-labeling grade) were
purchased from Jackson ImmunoResearch Laboratories (West
Grove, PA). Goat anti-mouse IgG and anti-rabbit IgG conjugated to
horseradish peroxidase were purchased from Bio-Rad (Richmond,
CA). Optimem serum-free media, FBS, and DMEM hi-glucose were
purchased from Life Technologies (Gaithersburg, MD). MEM lack-
ing cysteine/methionine was purchased from ICN Biomedicals (Ir-
vine, CA). Chymotrypsin, trypsin, aprotinin, tunicamycin, Pefabloc,
and Pwo polymerase were purchased from Boehringer Mannheim
(Laval, Quebec). Reagents for coupled transcription/translation
were purchased from Promega (Madison, WI). Rabbit antiserum to
a-mannosidase II (Man II) was a gift from Drs. Marilyn Farquhar
(University of California, San Diego, CA) and Kelley Moremen
(University of Georgia, Athens, GA). Rabbit antibodies to calnexin,
BiP, and the constitutive form of HSP70 were purchased from
Stressgen (Victoria, British Columbia, Canada). Antiserum to the
b-subunit of glucosidase II (Arendt and Ostergaard, 1997) was
provided by Dr. Hanne Ostergaard (University of Alberta, Alberta,
Canada). Rabbit antibodies to ERp72 were provided by Dr. Paul
Kim (Harvard Medical School, Boston, MA). BHK-21, Clone 9, REF-
52, NRK52E and NRK49F, and COS cells were obtained from the
American Type Culture Collection (Rockville, MD). An expression
vector containing the Z0–3 cDNA (Haskins et al., 1998) was ob-
tained from Dr. Bruce Stevenson (University of Alberta). Canine
pancreatic microsomes were provided by Dr. Chris Nicchitta (Duke
University, Durham, NC). The Indiana strain of vesicular stomatitis
virus (VSV), a cDNA encoding VSV G protein for use in in vitro
transcription/translation and antibodies to VSV were gifts from Dr.
Carolyn Machamer (The Johns Hopkins University, Baltimore, MD).

mAb Production
Intracellular membrane fractions were isolated from the pancreas of
Sprague Dawley rats essentially as described (Saraste et al., 1987).
The B2 fraction, which contains membranes with a density of 1.17

g/cm3 and is enriched in cis-Golgi elements, was subjected to phase
separation using Triton X-114 as described (Bordier, 1981). The
detergent phase was used to immunize mice for hybridoma pro-
duction (Harlow and Lane, 1988). Hybridoma supernatants were
screened by indirect immunofluorescence on various cell types. One
of the hybridomas. LCH-7, an IgG1, was selected for further study.

Metabolic Labeling and Radioimmunoprecipitation
Confluent dishes of cells were washed once with PBS, incubated in
MEM minus cysteine and methionine/5% dialyzed FBS for 15 min
at 37°C. Cells were labeled for various time periods with 500-1000
mCi [35S] Promix/ml in the same media. Where indicated, cells were
treated with tunicamycin (3 mg/ml) before and during the labeling
period. Radiolabeled cells were washed three times with ice-cold
PBS, lysed on ice in 1% NP-40, 150 mM NaCl, 2 mM EDTA, 50 mM
Tris-HCl, pH 8.0, containing 100 mg/ml the protease inhibitor Pe-
fabloc. Lysates were centrifuged at 14,000 3 g for 5 min at 4°C
before immunoprecipitation with antibodies and protein A-Sepha-
rose. Immune complexes prepared using LCH-7 were washed twice
with 1% Triton X-100, 500 mM NaCl, 50 mM Tris-HCl, pH 7.4, once
with 0.2% Triton X-100, 1.0 M NaCl, 50 mM Tris-HCl, pH 7.4, and
once with water. When using rabbit anti-GERp95, samples were
washed three times with RIPA buffer (1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 150 mM NaCl, 50 mM Tris-HCl, pH 8.0)
and once with water. Samples were heated at 95°C in 23 SDS-gel
sample buffer for 5 min before loading onto gels.

SDS-PAGE and Autoradiography
Proteins were separated on 8 or 10% polyacrylamide gels before
fixation in isopropanol:water:acetic acid (25:65:10) for 30 min. Gels
were then soaked in 1.0 M sodium salicylate/0.01% 2-mercaptoetha-
nol for 20 min before drying and exposure to Kodak XAR film at
280°C.

Immunoblotting
Proteins were transferred from polyacrylamide gels to PVDF mem-
branes using a semidry transfer apparatus (Tyler Instruments, Ed-
monton, AB) according to manufacturer’s instructions. Membranes
were blocked in TBS containing 0.05% Tween 20 and 4% skim milk.
Primary and secondary antibody incubations were done in the same
solution. Membranes were washed three to four times (10 min each)
after each antibody in TBS, 0.05% Tween 20. Blots were then devel-
oped using ECL reagents from Amersham Canada (Oakville, ON)
and exposed to Fuji RX film.

Immunofluorescence Microscopy
Cells were grown on 12-mm glass coverslips, fixed, and permeabil-
ized with methanol at 220°C or with 4% paraformaldehyde and
0.05% saponin and processed for indirect immunofluorescence as
described (Kuismanen and Saraste, 1989; Hobman et al., 1992).
When rabbit anti-GERp95 antibodies were used, cells were fixed
with freshly prepared ethanol:acetic acid (19:1) at 220°C for 6 min
before processing. Rat pancreas obtained from Dr. Teresa Krukoff
(Department of Cell Biology, University of Alberta) was perfused in
situ with 4% paraformaldehyde, and frozen thin sections (0.3 mm)
were prepared and processed for indirect immunofluorescence es-
sentially as described (Velasco et al., 1993).

Protein Purification and Sequencing
Four confluent 1800 cm2 rollerbottle cultures of NRK52E and
BHK-21 cells were harvested by trypsinization. Cells were washed
in growth media containing 5% calf serum and twice with cold PBS,
before resuspension in PBS containing PMSF (400 mM). Triton X-100
was added to a final concentration of 1%, and cells were rocked at
4°C for 15 min to ensure efficient lysis. Lysates were subjected to
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centrifugation at 16,000 3 g for 10 min at 4°C, and the resulting
supernatants were incubated with LCH-7 for 4 h at 4°C on a rocking
device after which BioMag goat anti-mouse IgG (Fc-specific) beads
were added and incubation was continued for another 12 h. The
magnetic beads were washed three times with 1% Triton X-100, 500
mM NaCl, 50 mM Tris-HCl, pH 7.4, three times with 0.2% Triton
X-100, 1.0 M NaCl, 50 mM Tris-HCl, pH 7.4, and once with water.
Proteins were eluted from the beads in nonreducing SDS sample at
95°C for 5 min. Eluates were reduced with 2-mercaptoethanol be-
fore SDS-PAGE on 10% gels and transfer to PVDF membranes. The
membranes were washed three times with water followed by stain-
ing for 5 min with 0.1% amido black prepared in 45% methanol:10%
acetic acid. Blots were destained with 50% methanol:10% acetic acid,
three washes, 10 min each, followed by five washes in water. After
air drying, the section of the blot containing the 95-kDa protein was
excised and processed for internal sequencing at the Protein/DNA
Technology Center at Rockefeller University (Fernandez et al., 1994).

Library Screening and cDNA Cloning and
Sequencing
One of the internal peptide sequences obtained from GERp95,
VQVHQDTLRT, was screened against the EST data banks using the
program tblastn (Altschul et al., 1990). A rat EST that matched the
sequence of the peptide was identified. A forward primer, 59-GAA
GGA AGC CAT ACC TCT G-39, and a reverse primer, 59-CAA CCA
AAA GTA CAT GGT-39, were used in PCR to amplify a 102-bp
region of the rat EST from a rat N1S1 cDNA library prepared in
lZAP (Wozniak et al., 1989). The 102-bp cDNA fragment was puri-
fied and subjected to a second round of amplification using the
same primers with 32Pa-dATP substituted for dATP. The 32P-la-
beled cDNA product was used to screen the rat N1S1 cDNA library
essentially as described (Sambrook et al., 1989). The 59 350 bp of the
cDNA was obtained from a rat liver cDNA library made in lZAPII.
Isolated clones were subjected to in vitro excision using VCSM13
helper phage, and both strands of the inserts were sequenced using
the Department of Biochemistry DNA Sequencing Facility (Univer-
sity of Alberta).

Northern Blot Analysis
Total RNA was extracted from cultured cells and mouse tissues
essentially as described (Chirgwin et al., 1979). Typically, 50 mg of
RNA were separated on 1% agarose gels containing 6% formalde-
hyde and transferred to Hybond-N (Amersham) membranes by
capillary blotting. Northern blots with poly(A)1 RNA prepared
from human endocrine tissues and cancer cell lines were purchased
from Clontech (Palo Alto, CA). Blots were hybridized with 32P-
labeled cDNA probes corresponding to the 59 end of the GERp95
cDNA, washed, and subjected to autoradiography as described
(Sambrook et al., 1989).

Expression of Recombinant GERp95 and Polyclonal
Antibody Production
Amino acids 197 to 430 of GERp95 were expressed as a GST fusion
protein in Escherichia coli BL21 using the vector PGEX-3X (Pharma-
cia). Expression was induced with 0.1 mM isopropyl-b-d-thiogalac-
toside for 3 h at 37°C after which inclusion bodies containing the
GST–GERp95 fusion protein were isolated (Harlow and Lane, 1988).
The inclusion bodies were solubilized in SDS gel sample buffer and
separated on 10% acrylamide gels. The gels were stained with
ice-cold 250 mM KCl to visualize proteins, and the GST–GERp95
fusion protein was excised and electroeluted into dialysis mem-
brane (14-kDa exclusion size) for 48 h at 20 mA in 40 mM Tris-
acetate, pH 8.4, 0.02% SDS. The purified protein was dialyzed
against 200 mM sodium bicarbonate/0.01% SDS before it was in-
jected into rabbits (500 mg per animal).

Transcription/Translation
35S-labeled GERp95 was synthesized in vitro using a T7 polymer-
ase/rabbit reticulocyte-coupled kit according to the manufacturer’s
specifications. Where indicated, some reactions contained canine
pancreatic microsomes. After translation, samples were adjusted to
10 mM CaCl2 and held on ice for 10 minutes. Samples were then
incubated with a mixture of trypsin and chymotrypsin in the pres-
ence or absence of Triton X-100 (1%) on ice for 60 min. Reactions
were terminated by the addition of aprotinin. VSV G protein was
used as a positive control to verify the translocational activity of the
microsomes.

Cell Fractionation and Membrane Extractions
NRK52E and NRK49F cells grown to confluence in 1800 cm2 roller-
bottles were harvested by trypsinization and washed sequentially
with ice-cold PBS containing 5%FBS and HME (10 mM HEPES, 250
mM mannitol, 0.5 mM EDTA, pH 7.4). Cells were resuspended in
five volumes of HME containing 0.1 mM PMSF and homogenized
with a ball-bearing style homogenizer (Balch et al., 1984). Homoge-
nates were centrifuged at 1500 3 g for 10 min at 4°C to pellet nuclei
and unbroken cells. The postnuclear supernatant was centrifuged at
10,000 3 g for 10 min at 4°C, and the resulting supernatant was
collected and underlaid with a 20% sucrose/PBS cushion. Micro-
somes were collected by centrifugation at 100,000 3 g average for 60
min at 4°C, resuspended in HME using a ground-glass tissue
grinder, then used immediately for assays, or they were aliquotted,
snap-frozen with liquid nitrogen, and stored at 280°C for further use.

For protease protection assays, microsomes (15–25 ml) were ad-
justed to 10 mM CaCl2 and incubated at 0°C for 40 min with varying
amounts of trypsin and chymotrypsin (up to 40 mg each) with or
without 1% Triton X-100 present. After 40 min, 40 mg of aprotinin
were added to each sample, and incubation was continued for 5 min
on ice. Samples were then analyzed by SDS-PAGE and immuno-
blotting.

Alkaline and high salt extraction of microsomes or 10,000 3 g
centrifugation of cell supernatants was performed as described
(Suomalainen et al., 1990). Briefly, cell fractions (50–100 ml) were
incubated with 10–20 volumes of HME, 50 mM sodium carbonate,
pH 11.5, or 0.5–1.0 M KCl at 0°C for 45 min. Samples were underlaid
with 0.1 volumes of 0.2 M sucrose, 30 mM HEPES, pH 11.5, 150 mM
potassium acetate, 2.5 mM magnesium acetate, 1 mM DTT, and
centrifuged at 50,000 rpm (100,000 3 g average) for 30 min in a TLA
120.2 centrifuge at 4°C. For HME and KCl extractions, the 0.2 M
sucrose cushions were prepared in PBS. The supernatants were then
precipitated with trichloroacetic acid. Supernatant and pellet frac-
tions were resuspended in 23 SDS gel sample buffer followed by
SDS-PAGE and immunoblotting.

Rat liver membrane fractions were prepared as described (Cui et
al., 1993).

Expression of GERp95 in Cultured Cells
For expression in NRK52E and NRK49F cells, it was necessary to
use an alphavirus-mediated gene expression system. The cDNA for
GERp95 was modified by PCR to include a 10 amino acid epitope
tag (TDIEMNRLGK) from the C terminus of VSV G protein. Rabbit
antibodies to the VSV G tag were used to differentiate between
exogenous GERp95 and endogenous GERp95 in transfected cells.
The GERp95 cDNA was excised from pBluescript (Stratagene, La
Jolla, CA) with AvrII and ApaI and ligated into the Sindbis virus
replicon vector pSinRep5 (Invitrogen, San Diego, CA) between the
XbaI and ApaI sites. The resulting pSinRep5-GERp95 plasmid was
linearized with NotI, and capped RNA was synthesized using an
SP6 MessageMachine Kit from Ambion (Austin, TX). The plasmid
DHBB that encodes the structural proteins of Sindbis virus was
linearized with XhoI, and capped RNA was synthesized as above.
BHK21 cells (5 3 106) were electroporated twice with equal molar
amounts of DHBB and SinRep5-GERp95 RNAs (.5 mg each) using
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settings of 1.5 kV, 25 mF, and infinite resistance. Recombinant Sind-
bis viruses were harvested 24 h after electroporation. Cells grown
on coverslips were infected with viruses encoding GERp95 and
examined by indirect immunofluorescence after 16 h. COS cells
were transfected with pCMV5-GERp95 using the calcium phos-
phate method and examined after 24–40 h (Sambrook et al., 1989).

RNA Interference
PCR was used to amplify the 59 end of the C. elegans orthologue
T07D3 (GenBank no. AF016682) on chromosome II from Bristol
strain N2 genomic DNA. Sense and antisense RNA was synthesized
in vitro using the Ambion Megascript kit. Equal volumes of sense
and antisense RNA were combined with an equal volume of 33
injection buffer (20 mM potassium phosphate, 3 mM potassium
citrate, 2% polyethylene glycol 6000, pH 7.5) and heated at 68°C for
10 min and then 37°C for 30 min to facilitate formation of double-
strand RNA (Fire et al., 1998). RNA was injected into the syncytial
cytoplasm of adult hermaphrodite gonads, and the F1 progeny were
collected beginning 7 h after injection. Animals were examined by
differential interference contrast microscopy. For each RNA sample,
a minimum of four separate experiments were conducted using 10
injected animals per experiment. Typically, .80% of the F1 progeny
showed the same RNA-specific phenotypes.

RESULTS

mAb LCH-7 Recognizes a Golgi- or ER-Associated
Antigen
The objective of this study was to identify novel proteins of
the ER and Golgi complex using mAbs prepared against
intracellular membrane fractions. Pancreas membranes were
used as the immunogen because acinar cells, which make up
.90% of the organ tissue, are highly specialized for secretion
and have a poorly developed endocytic system. Conse-
quently, most of the acinar cell membranes are ER- and
Golgi-derived (Bolender, 1974). Mice were immunized with
an intracellular membrane fraction (density 5 1.17 g/cm3)

that consists primarily of smooth vesicles and is enriched in
cis-Golgi elements (Saraste et al., 1987). A panel of hybrid-
oma supernatants was screened by indirect immunofluores-
cence using various cell types. One of the hybridomas,
LCH-7, secreted an antibody that reacted with the Golgi
complex of pancreas (Figure 1, A and B, arrowheads). LCH-7
staining overlapped with Man II in the Golgi region; how-
ever, unlike Man II (Velasco et al., 1993), the LCH-7 antigen
was not detected on the plasma membrane of acinar cells.
We next determined whether the Golgi antigen recognized
by LCH-7 was present in cells other than pancreas. NRK52E
cells, which are an epithelial-type cell line derived from rat
kidney, also exhibited Golgi staining for LCH-7 (Figure 1, C
and D).

In contrast to NRK52E and pancreas acinar cells, LCH-7
did not stain the Golgi of the fibroblast NRK49F cells (Figure
2, A and B, arrows). LCH-7 recognized weakly staining
cytoplasmic structures in NRK49F cells. Staining of other
cultured cells such as BHK-21, CHO, clone 9, and REF-52
with LCH-7 revealed similar punctate cytoplasmic struc-
tures, but no Golgi staining (our unpublished results). The
punctate cytoplasmic LCH-7 staining pattern in these cells is
reminiscent of low-abundance ER proteins that do not dis-
play the classic continuous reticular pattern of ER mem-
brane proteins (Hauri and Schweizer, 1997). When NRK49F
cells were costained with LCH-7 and an antibody to the
lumenal ER protein ERp72 (Urade et al., 1993), the staining
patterns were very similar but not identical (Figure 2, C and
D). Similar results were obtained using BHK cells (our un-
published results). Fractionation of rat liver membranes and
expression of GERp95 in transfected cells confirmed that the
highest concentrations of GERp95 are present in ER mem-
branes (see Figures 7 and 8). These results indicate that the
antigen recognized by LCH-7 is confined to ER-associated
structures in NRK49F cells. Attempts to localize this antigen
to the ER in NRK49F and BHK-21 cells by immunoelectron

Figure 1. LCH-7 recognizes an an-
tigen in the Golgi complex of pan-
creas acinar and epithelial NRK
cells. Rat pancreas sections and
NRK cells were fixed and processed
for double-label indirect immuno-
fluorescence as described. Samples
were incubated with the mAb
LCH-7 (A and C) and the Golgi
marker rabbit anti-Man II (B and D).
Colocalization of LCH-7 and Man II
can be seen in the Golgi of pancreas
acinar and NRK52E cells (A–D). A
limited amount of staining for Man
II is also observed on the plasma
membrane of the acinar cells (B).
Bar in D, ;10 mm.
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microscopy were unsuccessful, possibly because of poor
reactivity of the antibody on fixed specimens.

Purification of a 95-kDa Protein and Cloning of Its
Corresponding cDNA
NRK52E and BHK-21 cells were biosynthetically labeled
with [35S]methionine/cysteine, lysed, and immunoprecipi-
tated with LCH-7 antibody followed by SDS-PAGE and
fluorography. In both cell types, LCH-7 immunoprecipitated
a protein with an apparent molecular mass of ;95 kDa
(Figure 3A, lanes 1 and 2). Similar results were obtained
using NRK49F cells and primary rat hepatocytes (our un-

published results). The 95-kDa protein was immunoaffinity-
purified using LCH-7 from both NRK52E and BHK-21 cells
and prepared for microsequencing. Three internal peptides
generated by lys-C digestion were sequenced (Fernandez et
al., 1994). The peptide sequences were used to screen protein
and nucleic acid data bases with the BLAST algorithm (Alts-
chul et al., 1990). One of the peptides matched the sequence
of a rat EST.

A 32P-labeled 102-bp cDNA probe was produced by PCR
from a rat N1S1 hepatoma cDNA library using primers
derived from the rat EST sequence. The probe was used to
screen rat hepatoma and liver cDNA libraries from which
we obtained a series of overlapping cDNA clones that com-
prised a total of 2743 nucleotides. The overlapping clones
contained a single ORF that encodes a protein of 863 amino
acids with a pI of 9.32 (Figure 4A). If translation occurs from
the first in-frame methionine, the cDNA encodes a protein
with a predicted molecular mass of 97,597 Da, which is in
good agreement with the apparent molecular mass of ;95
kDa (Figure 3A). All three of the peptides obtained from
microsequencing of the purified protein were found in the
translated cDNA sequence and were preceded by lysine
residues as would be expected for lys-C–generated peptide
fragments (Figure 4A, bold and underlined). Hydropathy
analysis (Kyte and Doolittle, 1982) indicated that the protein
does not contain hydrophobic regions that could function as
signal peptides or transmembrane domains (Figure 4B). Ac-
cordingly, this suggested that GERp95 kDa is cytosolic and
that the two consensus sites for addition of asparagine-
linked carbohydrates (Figure 4A) are not used. This was
confirmed by the experiment shown in Figure 3B. Treatment
of the cells with tunicamycin did not affect the relative
mobility of the 95-kDa protein by SDS-PAGE. To demon-
strate that tunicamycin was inhibiting N-linked glycosyla-
tion in NRK52E, cells were infected with VSV, followed by
biosynthetic labeling in the presence and absence of tunica-
mycin. As expected, the mobility of VSV G protein was
increased in the presence of tunicamycin (Figure 3B).

Figure 2. LCH-7 stains ER-associ-
ated structures in fibroblastic NRK
cells. Cells were processed for dou-
ble-label indirect immunofluores-
cence by staining with LCH-7 (A
and C) and rabbit anti-Man II to la-
bel Golgi (B) or rabbit anti-ERp72 to
label ER (D). No colocalization be-
tween LCH-7 and anti-Man II is ev-
ident (A and B, arrowheads), but
some overlap is seen with the an-
ti-ER antibody (C and D). Bar, ;10
mm.

Figure 3. Immunoprecipiation of GERp95 from cultured cells. (A)
NRK52E (N) and BHK-21 (B) cells were biosynthetically labeled
with 35S cysteine/methionine for 6 h before lysis and immunopre-
cipitation with LCH-7 or a mAb to CD8 ((2) Ab). Samples were
subjected to SDS-PAGE on 8% gels followed by fluorography. A
95-kDa protein, GERp95 (arrowhead), is immunoprecipitated from
both cell types with the LCH-7 antibody (lanes 1 and 2) but not the
negative control Ab (lanes 3 and 4). 14C-labeled protein standards
(kDa) are shown lane M. (B) NRK52E cells were biosynthetically
labeled with 35S as above in the presence and absence of tunicamy-
cin (3 mg/ml) before lysis and immunoprecipitation with LCH-7.
Cells were infected with VSV and radiolabeled using the same
conditions, and the VSV G protein was immunoprecipitated and
subjected to SDS-PAGE and fluorography. The mobility of VSV G is
increased in the presence of tunicamycin attributable to inhibition of
N-linked glycosylation.
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Analysis of the GERp95 sequence with the Procite algo-
rithm revealed the presence of numerous potential sites of
phosphorylation for casein kinase II, cCMP, and protein
kinase C (PKC), but metabolic labeling with 32P Pi revealed
that the protein was not stably phosphorylated in NRK cells
(our unpublished results). The amino terminal 123 amino
acids of GERp95 is proline rich (14%) and contains three
potential high-affinity SH3-binding sites represented by the
sequence PxxP (Figure 4A). Finally, a glutamine-rich do-
main (11.2%) is located between amino acids 549 and 682.

A search of the nonredundant protein/nucleic acid data
bases showed that GERp95 homologues were present in
numerous animal and plant species. No homologues were
found in the Saccharomyces cerevisiae or bacterial genome
databases. GERp95 is 93.5% identical to a rabbit protein
named eIF2C protein (Zou et al., 1998). EIF2C is involved in
eukaryotic peptide chain initiation (Chakravarty et al., 1985);
however, in the above paper (Zou et al., 1998), it was not
shown that the cDNA reported actually encodes a protein
with this activity. Over the continuous 813 amino acid
stretch, the two proteins are 99.5% identical, indicating that
they are orthologues. The published sequence of eIF2C is
only 813 amino acids long and is missing the amino terminal

50 amino acids of GERp95. We have constructed deletion
mutants of GERp95, which were expressed in vitro and in
vivo, and the results indicate that GERp95 uses the start site
reported in our sequence (our unpublished results).

The plant Arabidopsis thaliana contains at least four
GERp95 homologues (Bohmert et al., 1998; Moussian et al.,
1998; Lynn et al., 1999). The most well characterized of these
proteins, AGO1 and ZLL, share 65% identity with each
other, and 37.2 and 37.8% identity, respectively, with
GERp95 at the amino acid level. Mutations in AGO1 and
ZLL genes result in specific defects in plant architecture
during early development, but their molecular functions
remain unknown. Two homologues of GERp95, Piwi and
Sting, have been described in Drosophila (Cox et al., 1998;
Schmidt et al., 1999). The C. elegans genome contains at least
20 genes that encode proteins related to AGO1, ZLL, Piwi,
Sting, and GERp95. The most closely related homologue in
C. elegans is 64.8% identical to rat GERp95 at the amino acid
level (Figure 4C). Finally, a hypothetical protein of unknown
function encoded by a gene on S. pombe chromosome III
shares 32.4% identity with GERp95. Sequence conservation
within this family is greatest in the C terminal two-thirds of

Figure 4.
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Figure 4 (cont). Predicted amino acid sequence and hydropathy analysis of GERp95. (A) Predicted amino acid sequence of GERp95. Internal peptide
sequences obtained by microsequencing immunoaffinity-purified protein are underlined and shown in bold. Two consensus sites for N-linked glycosyl-
ation are highlighted in bold. Potential high-affinity SH3-binding sites (PxxP) are boxed. (B) Hydropathy analysis of GERp95 according to the algorithm
of Kyte and Doolittle (1982) using a window size of 19 amino acids for scanning. (C) Sequence alignment of rat GERp95 and related proteins from C.
elegans, A. thaliana, and S. pombe. Identical and conserved amino acids are indicated by shading in black and gray, respectively. The genomes of C. elegans
and A. thaliana each encode multiple GERp95-related proteins, but only the closest relatives are shown in this figure.
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the proteins, whereas the amino terminal regions share
much less homology (Figure 4C).

EST database searches revealed that GERp95 mRNAs are
expressed in a wide variety of mammalian tissues and cell
types such as placenta, fetal liver and spleen, pregnant
uterus, colon and synovial carcinomas, and melanocytes. We
probed total RNA isolated from various mouse tissues with
a 32P-labeled cDNA probe derived from the 59 end of the
GERp95 coding region. GERp95 mRNAs (;3 kb) are ex-
pressed at moderate levels in most tissues except for spleen
(Figure 5). Similar results were obtained using RNA pre-
pared from NRK52E, NRK49F, and BHK21 cells and
poly(A)1 RNA isolated from human tissues and cell lines
(our unpublished results). There were no apparent differ-
ences between GERp95-specific RNAs isolated from fibro-
blastic and epithelial NRK cells.

Production of Antibodies to GERp95
It was necessary to develop a polyclonal antibody to
GERp95 that could be used for subcellular fractionation and
immunoblot analysis. Amino acids 197 to 430 of GERp95
were expressed as a GST–fusion protein in E. coli, purified,
and injected into rabbits. To demonstrate that the rabbit
antibody recognized the same protein as LCH-7, radiola-
beled GERp95 was synthesized using a coupled transcrip-
tion/translation system, and the products were subjected to
immunoprecipitation using LCH-7, rabbit anti-GERp95, or
rabbit preimmune serum. Similar to LCH-7, rabbit anti-
GERp95 precipitated a ;95 kDa doublet, whereas preim-
mune serum did not (Figure 6A). The polyclonal antiserum
immunoprecipitated a 95-kDa protein from radiolabeled
NRK52E and 49F cells (Figure 6B) and also worked well for
immunoblotting (Figure 6C). In addition, the signal from
rabbit anti-GERp95 overlapped with that of LCH-7 in the
Golgi region of NRK52E cells by indirect immunofluores-

cence (Figure 6D, a and b). As with LCH-7, rabbit anti-
GERp95 did not react with the Golgi complex of NRK49F
cells (Figure 6D, c and d). Instead, rabbit anti-GERp95 and
LCH-7 staining were confined to punctate cytoplasmic ele-
ments in these cells. A variable amount of nonspecific cell
border staining was observed in NRK52E cells when the
polyclonal antibody was used for staining, but this was not
the case for NRK49F cells (Figure 6D, a and b). These results
indicate that the rabbit anti-GERp95 antibody recognizes the
same protein as LCH-7.

GERp95 Is a Peripheral Membrane Protein
To determine what proportion of GERp95 was membrane-
associated in NRK52E and NRK49F cells, crude membrane
and cytosolic fractions were prepared for use in immuno-
blotting. In both epithelial- and fibroblast-type NRK cells,
most GERp95 was found to copurify with membranes (Fig-
ure 7A). A small fraction of GERp95 partitioned into the
cytosol of both cell types, whereas calnexin, an integral
membrane protein of the ER (Wada et al., 1991), was found
exclusively in the membrane fraction (Figure 7A). The con-
stitutive form of HSP70 (Welch, 1991) was found mainly in
the soluble fraction of both cell types (Figure 7A). GERp95
was also concentrated in membrane fractions prepared from
rat liver hepatocytes, particularly in membranes of the
rough ER (Figure 7B). Considerably less GERp95 was found
in Golgi-enriched fractions of hepatocytes, which is consis-
tent with indirect immunofluorescent staining of these cells
with LCH-7.

We predicted that GERp95 was bound to the cytosolic side
of membranes on the basis of the following observations. 1)
Hydropathy analysis indicated that it does not contain a
signal peptide that could mediate translocation across the
ER (Figure 4B). 2) GERp95 contains two N-linked glycosyl-
ation sites that are not used (Figure 3B). We tested our
prediction by extraction analysis of membranes isolated
from NRK cells. Membranes were extracted with HME
(physiological buffer), sodium carbonate, pH 11.5, or high
salt (0.5–1.0 M KCl) and separated into membrane pellets
and soluble fractions by centrifugation at 100,000 3 g (Suo-
malainen et al., 1990). Alkaline treatment resulted in com-
plete stripping of GERp95 from microsomes and its subse-
quent partitioning into the soluble phase, whereas calnexin,
an integral membrane protein, remained in association with
the membrane fraction (Figure 7C). Extraction with 0.5 and
1.0 M KCl, but not HME, also resulted in dissociation of the
bulk of GERp95 from membranes (Figure 7C).

As a second means to verify the membrane orientation
of GERp95, the microsomes were subjected to protease
digestion with or without Triton X-100 present. The glu-
cosidase II b-subunit, which is a lumenal ER protein
(Arendt and Ostergaard, 1997), was used as a control for
microsome integrity. Proteolysis of this 80-kDa protein
was observed only when detergent was included in the
assay, whereas b-COP, a peripheral membrane protein
located on the cytosolic side of microsomes (Duden et al.,
1991), was sensitive to protease in the absence of deter-
gent (Figure 7D). Unexpectedly, GERp95 was resistant to
trypsin/chymotrypsin in the absence of detergent and
was digested only at the highest concentrations of pro-
tease when detergent was included (Figure 7D). In con-
ditions where .80% of glucosidase II was proteolyzed

Figure 5. Expression of GERp95-specific RNA in mouse tissues. A
membrane containing 50 mg of total RNA isolated from mouse
tissues was hybridized with a 32P-labeled cDNA probe derived from
the 59 coding region of the rat GERp95 cDNA. The blot was stripped
and probed with a radiolabeled cyclophilin cDNA to show relative
loading and integrity of RNA. The positions the 28S and 18S rRNAs
are indicated.
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(e.g., addition of 20 mg of each protease/detergent), the
amount of intact GERp95 was not affected. This is not
simply the result of this protein being inherently resistant
to trypsin/chymotrypsin, because in vitro synthesized
GERp95 is very sensitive to proteolysis (Figure 7E, lanes 3,
6, and 9). GERp95 that was synthesized in the presence of
canine pancreatic microsomes was partially resistant to
protease whether or not Triton X-100 was included (Fig-
ure 7E, lanes 4, 5, 7, 8, 10, and 11). As a positive control to
show integrity of the microsomes, VSV G was used. VSV
G is a type I glycoprotein of which all but 29 amino acids
are translocated in microsomes (Katz et al., 1977). Conse-
quently, G protein synthesized in the presence of micro-
somes was sensitive to protease when detergent was in-
cluded during the incubation with protease, but not in its
absence (Figure 7E, compare lanes 5, 8, and 11 with 4, 7,
and 10). Unlike VSV G protein, inclusion of microsomes in
the translation reactions did not alter the mobility of
GERp95 attributable to glycosylation and/or signal pep-
tide cleavage (lanes 1 and 2). Together these results are
consistent with the possibility that GERp95 associates
with the cytoplasmic side of membranes and is incorpo-
rated into a protease-resistant complex. The fact that not
all of the GERp95 becomes resistant to protease in vitro
could mean that components needed to assemble this
complex are limiting in the rabbit reticulocyte lysate or
microsome preparations.

Expression of GERp95 in Cultured Cells
As a first step toward understanding how differential distri-
bution of GERp95 in fibroblast and epithelial-type NRK cells
occurs, we constructed recombinant Sindbis viruses contain-
ing cDNAs encoding liver-derived epitope-tagged GERp95
that were then used to infect NRK and BHK cells. It was
necessary to use this type of expression system because
transient transfection of NRK cells was inefficient, and at-
tempts to make stable cell lines expressing the GERp95
cDNA were unsuccessful. NRK49F and NRK52E cells were
infected with recombinant Sindbis viruses and processed for
indirect immunofluorescence. The exogenously expressed
GERp95 did not overlap with the Golgi marker Man II in
NRK52E cells (Figure 8A and B); however, the Sindbis virus-
expressed GERp95 did overlap with the ER marker BiP in
both types of NRK and COS cells (Figure 8, C–H). The
experiments were also conducted with infected BHK cells,
and the results were identical (our unpublished results). A
significant number of cells that were expressing exogenous
GERp95 appeared to contain elevated levels of BiP (Figure 8,
F and H). Overexpression of another peripheral membrane
protein Z0–3 (Haskins et al., 1998) did not result in its
association with the ER in transfected cells (our unpublished
results). These results indicate that the same GERp95 protein
expressed in different cell types exhibits the same intracel-
lular localization (ER) and suggest that cell-dependent dif-
ferential localization is due to the presence of multiple

Figure 6. Characterization of a polyclonal
antibody to recombinant GERp95. (A)
GERp95 was expressed in vitro using a cou-
pled transcription/translation system con-
taining 35S methionine. The samples were
subjected to immunoprecipitation with
LCH-7, rabbit preimmune, or anti-GERp95
sera. Samples were subjected to SDS-PAGE
on 8% gels followed by fluorography. Both
LCH-7 and rabbit anti-GERp95 precipitate a
major band of ;95 kDa. (B) NRK49F and
NRK52E cells were biosynthetically labeled
with 35S cysteine/methionine for 4 h before
lysis and immunoprecipitation with rabbit
preimmune or anti-GERp95 serum. Rabbit
anti-GERp95 serum specifically immuno-
precipitates a protein with an apparent mo-
lecular weight of ;95 kDa from both
NRK49F and NRK52E cells. (C) NRK52E
lysates were separated by SDS-PAGE, trans-
ferred to PVDF membrane, and probed with
rabbit preimmune or anti-GERp95 serum.
(D) NRK52E (a and b) and NRK49F (c and
d) cells fixed with acid-alcohol were incu-
bated with LCH-7 and rabbit anti-GERp95
serum. Both LCH-7 and rabbit anti-GERp95
stain the Golgi complex in NRK52E cells (a
and b) but not in NRK49F cells (c and d).
Bar, 10 mm.
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GERp95 isoforms with different targeting information. The
possibility that GERp95 becomes incorporated into different
protein complexes in different cell types cannot be ruled out
at this point.

A GERp95 Homologue Is Important for Germ Cell
Development in C. elegans
To ascertain whether GERp95-related proteins are important
for development in animals, we used RNA interference to
obtain the probable null phenotype for the C. elegans
GERp95 orthologue, which shares 64.8% identity to rat
GERp95 at the amino acid level. Injection of double-stranded
RNA into germ-line tissues often results in the production of
F1 progeny that are phenocopied for the null phenotype in
that gene and thus allows rapid analysis of gene function in
worms and Drosophila ( Sluder et al., 1997; Cox et al., 1998;
Fire et al., 1998; Kennerdell and Carthew, 1998; Hobert et al.,
1999). Double-stranded uncapped RNA from the 59 coding
region of the GERp95 orthologue on chromosome II was
synthesized in vitro. To minimize the possibility of affecting

the function of more than one gene, we avoided using a
sequence from the 39 end because this region is highly
conserved throughout the gene family. The F1 progeny of
injected hermaphrodites were viable and appeared other-
wise normal except that they were much smaller than con-
trol-injected worms (Figure 9A). On average, the T07D3-
injected worms were 50% smaller than control worms of the
same age when measured for diameter and length. On closer
examination of the animals, it was evident that there was a
defect in the germ cells of the proximal gonad. Oocytes were
formed normally and sperm was visible in the proximal
gonads of control-injected worms (Figure 9B), but the go-
nads of T07D3-injected animals showed defects. Specifically,
oocytes and sperm were never seen in the proximal gonads
(Figure 9C). Consequently, these animals did not produce
fertilized eggs or progeny, although they had germ-line
stem cells in the mitotic zones of their distal gonads. Germ-
line stem cells normally go through meiosis as they migrate
toward the proximal gonad and develop into oocytes and
sperm. There was no evidence of meiosis in the gonads of

Figure 7. Interaction of GERp95
with membranes in vivo and in
vitro. (A) Crude microsomes and
cytosol were prepared from
NRK52E and NRK49F cells, and
equivalent proportions normalized
to starting volumes were separated
by SDS-PAGE and transferred to
PVDF membranes. The membranes
were probed with rabbit antisera to
GERp95, calnexin, and rat anti-
HSP70. The majority of GERp95
and calnexin are found in the mem-
brane fractions, whereas HSP70 is
in the soluble fraction. (B) Fifty mi-
crograms (protein) of rat liver frac-
tions were subjected to SDS-PAGE
and immunoblotting with antibod-
ies to GERp95, and calnexin (ER
marker) and Man II (Golgi). The
highest concentrations of GERp95
are found in rough ER fractions. (C)
NRK52E microsomes were ex-
tracted with HME, 0.5 M KCl, 1.0 M
KCl, or Hi pH buffer (0.1 M sodium
carbonate, pH 11.5), and then cen-
trifuged at 100,000 3 g for 60 min to
obtain pellet (P) and soluble (S)
fractions. Alkaline treatment and
KCl washing resulted in complete
extraction of GERp95 from mem-
branes. (D) Microsomes were incu-
bated at 0°C with increasing
amounts of trypsin/chymotrypsin
with or without 1% Triton X-100
followed by SDS-PAGE and immu-
noblotting with rabbit antiserum to
GERp95, b-COP, and glucosidase II

b-subunit. In the absence of detergent, GERp95 and glucosidase II b are insensitive to protease, but are completely digested when Triton
X-100 is included. In contrast, b-COP, a peripheral membrane protein on the cytosolic side of membranes is completely degraded by the
proteases even in the absence of detergent. (E) 35S-labeled GERp95 was synthesized in vitro in the presence or absence of canine pancreatic
microsomes. Samples were subjected to digestion with varying amounts of trypsin/chymotrypsin in the presence or absence of Triton X-100
before SDS-PAGE and autoradiography. VSV G protein was used as a positive control to show translocational activity of the microsomes.
VSV G is only protected from protease when microsomes are present and detergent is absent.
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T07D3-injected worms as assayed by DAPI staining of fixed
animals (our unpublished results). The germ-line stem cells,
although normal in appearance, were fewer in number in
the affected animals (Figure 9C). It remains to be determined
whether this was simply due to the smaller size of the
gonads in these animals or whether self-renewal of germ-
line stem cells was affected.

To show the specificity of the technique, animals were
injected with doubled-stranded RNAs from genes that have
been shown to have defects either early or late in C. elegans
development. Injection of apx-1 RNA resulted in F1 progeny
that arrested embryonically (Mango et al., 1994), whereas
animals injected with unc-119 produce progeny of normal
size and morphology, but with neurological abnormalities
(Maduro and Pilgrim, 1995) (our unpublished results). In-
terestingly, injection of double-strand RNA corresponding
to the analogous 59 region of two other C. elegans GERp95

homologues did not produce the same phenotype as the
T07D3 (Pilgrim, Cikaluk, Hansen, and Hobman, unpub-
lished observations). This suggests that the GERp95 ortho-
logue is important for differentiation of germ-line stem cells
into sperm and oocytes in C. elegans.

DISCUSSION

GERp95 Belongs to a Highly Conserved Family of
Proteins
In this article we report the identification and character-
ization of GERp95, a membrane-associated protein that
belongs to a family of highly conserved proteins in mul-
ticellular organisms and S. pombe. Sequence conservation
is greatest in the C terminal two-thirds of this protein
family (Figure 4C), indicating that this region may define

Figure 8. Expression of liver-
derived GERp95 cDNA in
NRK and COS cells. Cells were
infected with recombinant
Sindbis viruses encoding liver-
derived GERp95 cDNA, which
includes an epitope tag. Six-
teen hours after infection, cells
were processed for double-la-
bel indirect immunofluores-
cence using rabbit anti-tag (A,
C, E, and G), mouse anti-Man
II (B), and mouse anti-BiP (D,
F, and H). COS cells were
transfected with a mammalian
expression vector encoding
epitope-tagged GERp95 and
processed for indirect immu-
nofluorescence 24 – 40 h later.
Bar, 10 mm.
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Figure 9. The GERp95 orthologue in C. elegans is important for oocyte development. Gonads of young hermaphrodite worms were injected
with double-stranded RNA synthesized from empty pBluescript vector (control) or a C. elegans GERp95-like gene (T07D3) on chromosome
II. A shows the progeny of injected worms that are now adult hermaphrodites of the same age. Two wild-type embryos are shown for
comparison. Bar, ;100 mm. Higher magnifications of the gonad regions of injected worms are shown in B and C. In control worms (B),
germ-line stem cells in the mitotic proliferation zone of the distal gonad are indicated by arrowheads. Brick-shaped oocytes with large nuclei
are indicated by arrows. Sperm (S) and eggs (E) are also visible in the proximal gonads of control worms but not in progeny of T07D3-injected
animals (C). In the progeny of T07D3-injected worms, normal-looking germ-line stem cells are present in the distal gonad (arrowheads), but
oocytes and sperm are absent from the proximal gonad. Bars in B and C, ;25 mm.
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the general functionality of these proteins. In contrast, the
amino terminal regions are not well conserved and may
be involved in isoform-specific functions. Protein data-
base searches did not turn up any matches with known
functional domains, such as kinase or nucleoside-binding
domains, etc.

Articles describing mutations in GERp95 homologues
from A. thaliana and Drosophila have recently been published
(Bohmert et al., 1998; Cox et al., 1998; Moussian et al., 1998;
Lynn et al., 1999; Schmidt et al., 1999). The functions of these
proteins are discussed below. The studies listed above were
limited to genetic and morphological analysis of mutant
plants/animals, and nothing is known about the intracellu-
lar localization of these proteins, including whether they are
membrane-associated. In C. elegans, there are at least 20
homologues of GERp95. T07D3 shares the highest degree of
identity (64.8%) to GERp95 and is assumed to be the worm
orthologue.

Differential Localization of GERp95
One of the most intriguing properties of GERp95 is that it is
differentially localized to the Golgi or ER depending on cell
type. Our data is most consistent with the possibility that
GERp95 exists in a protease-resistant complex on the cyto-
plasmic side of intracellular membranes. In certain types of
epithelial cells (NRK52E and pancreatic acinar cells),
GERp95 is found primarily on Golgi membranes, whereas in
the six other cell types examined (NRK49F, BHK-21, Clone 9,
CHO, REF52, and rat hepatocytes), two of which are epithe-
lial, the protein is confined to ER-associated structures. We
found no evidence to suggest that GERp95 cycles between
the ER and Golgi complex (our unpublished results). Fur-
thermore, unlike coatomer (Klausner et al., 1992), brefeldin A
does not cause rapid dissociation of GERp95 from Golgi
membranes in NRK52E cells.

One obvious possibility to account for the differential
localization of GERp95 is that there are cell-specific isoforms
of this protein. Presumably, GERp95 in pancreas acinar and
NRK52E cells contains a Golgi localization signal, whereas
in NRK49F and other cell types (e.g., hepatocytes), it harbors
an ER-targeting motif. The fact that a liver-specific GERp95
localizes to the ER in NRK52E cells is consistent with this
scenario. Our preliminary work indicates that GERp95 is not
stably phosphorylated or palmitoylated, nor are there any
potential myristoylation sites within the protein (our unpub-
lished results). Therefore it seems unlikely that these types
of posttranslational modifications could mediate the mem-
brane association of this protein.

Differential targeting of protein isoforms can be accom-
plished by various mechanisms. For example, there are two
isoforms of glutamic acid decarboxylase, one of which is
associated with the Golgi (Solimena et al., 1993). The two
isoforms are encoded by separate genes, but they differ
significantly only in their amino terminal regions (Erlander
and Tobin, 1991). Second, there are at least 11 different
isoforms of PKC, most of which are encoded by separate
genes, that localize to various intracellular structures includ-
ing the ER and Golgi complex (Goodnight et al., 1995).
Alternative translation or splicing of mRNA from the same
gene is another means by which cells generate protein iso-
forms that are targeted to different intracellular locations.
For instance, alternative initiation of translation in the syn-

taxin 5 mRNA results in two forms of the protein, one of
which is localized to the ER, the other to the Golgi (Hui et al.,
1997). Alternative splicing of the mRNA for the heterotri-
meric G protein subunit Gai2 results in products that are
targeted to the plasma membrane or the Golgi complex
(Montmayeur and Borelli, 1994). RT-PCR was used to pre-
pare GERp95-specific cDNA from NRK52E cells for se-
quencing. NRK52E and liver GERp95 cDNA sequences were
identical over 2589 nucleotides of coding region (our unpub-
lished results). It is possible, however, that the NRK52E
mRNA differs from liver mRNA in the 59end. These differ-
ences would not have been detected by our RT-PCR analysis
and can only be examined by isolating GERp95-specific
cDNAs from an NRK52E cDNA library.

Functions of GERp95 and Related Proteins
The molecular functions of GERp95 and related proteins are
unknown at this point, but mutations in the genes that
encode these proteins produce drastic phenotypes in plants
and animals, indicating that they have important roles in
development. ZLL and AGO1 are GERp95 homologues in A.
thaliana that were identified by screening for leaf develop-
ment mutants. They share 37.2 and 37.8% identity, respec-
tively, with GERp95 and have overlapping functions in
maintaining stem cells in an undifferentiated state during
the transition from embryo-specific development to repeti-
tive organ formation (Bohmert et al., 1998; Moussian et al.,
1998; Lynn et al., 1999). AGO1 may have additional roles in
development because mutations in this gene result in pleio-
tropic defects, not all of which can be attributed to abnormal
stem cell division. Presumptive null mutations in a GERp95
homologue of Drosophila, Sting, results in male sterility and
lethal maternal effects (Schmidt et al., 1999). A second Dro-
sophila homologue, Piwi, is required for germ-line stem cell
renewal (Cox et al., 1998). Piwi is required for asymmetric
division of germ-line stem cells, and decreased expression of
this protein causes a reduction in the proliferation of these
cells attributable to differentiation of daughter cells. Drosoph-
ila Piwi and Sting proteins are 23.4 and 22.4% identical,
respectively, to rat GERp95 and are therefore paralogues of
GERp95 rather than orthologues. RNA interference in C.
elegans with a Piwi homologue termed PRG-1 indicated that
this protein is required for germ-line stem cell maintenance
in worms too (Cox et al., 1998). The data from this study
suggest a role for the GERp95 orthologue T07D3 in germ-
line stem cell maturation. Affected animals do not produce
progeny, presumably because of failure of germ-line stem
cells to differentiate into oocytes and sperm. In contrast,
PRG-1–injected animals do produce germ cells and progeny,
albeit at reduced levels (Cox et al., 1998). A potentially
important difference between GERp95 (and its C. elegans
orthologue T07D3) and Sting, Piwi, AGO1, and ZLL, is that
the latter four proteins have nuclear localization signals,
whereas GERp95 does not. We have also shown by indirect
immunofluorescence and subcellular fractionation that
GERp95 is associated with cytoplasmic membranes. The
intracellular localizations of Sting, Piwi, AGO1, and ZLL
have not been investigated.

Recently the sequence of a rabbit cDNA encoding a pro-
tein (eIF2C) with 93.5% overall identity to rat GERp95 was
reported (Zou et al., 1998). Our results suggest that the
published sequence of eIF2C is missing the 59 end of the
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cDNA. This protein, which is clearly the rabbit orthologue of
GERp95, has been suggested to play an important role in
eukaryotic peptide chain initiation; however, this activity
was never demonstrated. Furthermore, it seems unlikely
that GERp95 and related proteins would have general roles
in protein translation, given the fact that probable null mu-
tations in a number of A. thaliana and Drosophila homologues
produce very specific developmental phenotypes but are not
lethal (Bohmert et al., 1998; Cox et al., 1998; Moussian et al.,
1998; Lynn et al., 1999). We have also tested two different
polyclonal GERp95 antibodies to determine whether they
could inhibit translation in vitro, and they did not (our
unpublished results). Together, these data are not consistent
with GERp95 and related proteins having general roles in
protein translation.

The fission yeast S. pombe encodes a hypothetical protein
that shares 32.4% amino acid identity with rat GERp95. It is
thought that S. pombe diverged from other ascomycete yeasts
very early, and it is considered to be much more similar to
mammalian cells than S. cerevisiae (Moreno et al., 1991).
Accordingly, fission yeast such as S. pombe are highly polar-
ized structures, and unlike budding yeast, the control of
growth occurs at different times and places within the cell
(Nurse, 1994; Mata and Nurse, 1998). The function of this
yeast protein is unknown, but it is highly probable that it has
functions unrelated to cell differentiation.

GERp95 and many of its homologues contain potential
high-affinity SH3-binding sites (PxxP). SH3 domains are
found on a wide variety of proteins, including cytoskeletal
components and proteins involved in signal transduction
(Mayer and Eck, 1995). For example, the cytoskeletal-asso-
ciated protein spectrin contains a centrally located SH3 do-
main (De Matteis and Morrow, 1998). There are more than
one dozen isoforms of spectrin, some of which are associ-
ated with the Golgi complex and/or ER (Zagon et al., 1986;
Beck et al., 1994; Burkhardt, 1998). These observations come
into perspective when one considers some of the parameters
that affect differentiation of stem cells. Asymmetric division
of germ-line stem cells is thought to be controlled in part by
a cytoplasmic organelle called the fibrous body-membra-
nous organelle or spectrosome/fusome (Deng and Lin, 1997;
L’Hernault, 1997). To our knowledge, the ultrastructural
features of these organelles, which are found in germ-line
stem cells and cytoblasts, have not been described, but it is
thought that they are derived from the ER and/or Golgi.
They are enriched in protein such as spectrin, ankyrin, and
dynein, which may facilitate the interaction of these or-
ganelles with cytoskeletal networks. Given the fact that they
sequester many of the same types of cytoplasmic proteins
that the ER and Golgi do, it is tempting to speculate that
GERp95 may also associate with these structures in stem
cells. If this is true, it would imply that GERp95 has different
functions in differentiated cells than it does in germ-line
stem cells. Interestingly, mutations in ER/Golgi proteins
that function in protein translocation and protein trafficking,
such as Sec61p and presenilins, respectively, cause specific
defects in oocyte and sperm formation, respectively, in C.
elegans (Iwasaki et al., 1996; Arduengo et al., 1998).

In summary, GERp95 and related proteins represent a
diverse family of proteins that may perform similar func-
tions at different intracellular localizations. Analysis of the
20 GERp95-related proteins in C. elegans with the PSORT II

program suggests that members of this family may have
diverse intracellular localization, including the nucleus, mi-
tochondria, cytoplasm, ER, and plasma membrane. In this
respect, the GERp95 family may be analogous to PKC iso-
forms that localize to many different subcellular compart-
ments (Goodnight et al., 1995). Induction of cultured cells to
undergo morphological changes can result in the concomi-
tant recruitment of PKC-a to the ER and translocation of
PKC-g to the Golgi (Goodnight et al., 1995). Some isoforms of
PKC are constitutively associated with specific organelles,
whereas in other cases, similar to GERp95, different intra-
cellular locations for the same PKC isozyme have been de-
scribed in different cell types (Germano et al., 1994; Good-
night et al., 1995). RACKs, the receptors that mediate
localization of PKC, have been shown to interact with other
proteins, including integrins, and may therefore provide the
link for signal transduction from intracellular membranes
where PKC isoforms localize to the cell surface or nucleus,
thereby mediating changes in cell morphology and physiol-
ogy (Liliental and Chang, 1998). We hypothesize that the
localization of GERp95 to distinct intracellular membranes
has functional consequences, similar to PKC. The identifica-
tion of proteins that interact with members of the GERp95
family may provide clues as to how they function and how
differential localization occurs. We are currently engaged in
mapping targeting signals within GERp95 and identifying
potential interacting proteins.
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