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SUMMARY

 

ERp29 was recently characterized biochemically as a novel protein that re-
sides in mammalian endoplasmic reticulum (ER). Here we applied immunochemical proce-
dures at the cellular level to investigate the hypothesized role of ERp29 in secretory pro-
tein production. ERp29 was localized exclusively to the ER/nuclear envelope of MDCK cells
using confocal immunocytochemistry and comparative markers of the ER lumen, ER/Golgi
membrane, nuclei, and mitochondria. A predominant association with rough ER was re-
vealed by sucrose-gradient analysis of rat liver microsomes. Immunohistochemistry showed
ERp29 expression in 35 functionally distinct cell types of rat, establishing ERp29 as a gen-
eral ER marker. The ERp29 expression profile largely paralleled that of protein disulfide
isomerase (PDI), the closest relative of ERp29, consistent with a role in secretory protein
production. However strikingly different ERp29/PDI ratios were observed in various cell
types, suggesting independent regulation and functional roles. Together, these findings
associate ERp29 primarily with the early stages of secretory protein production and impli-
cate ERp29 in a distinct functional role that is utilized in most cells. Our identification of
several ERp29-enriched cell types suggests a potential selectivity of ERp29 for non-collage-
nous substrates and provides a physiological foundation for future investigations.

 

(J Histochem Cytochem 50:557–566, 2002)

 

T

 

he endoplasmic reticulum

 

 (ER) is a multifunc-
tional organelle whose principal roles include produc-
tion of proteins that traverse the secretory pathway,
the mobilizable storage of calcium, and lipid metab-
olism (Gething and Sambrook 1992; Pozzan et al.
1994; Satoh and Hosokawa 1998). The ER contains
complex machinery for the production of secretory pro-
teins (Ellgaard et al. 1999). In the ER lumen, soluble
resident proteins (reticuloplasmins) participate in the
early protein processing events that follow import of
nascent polypeptides from ribosomal sites of synthesis
(i.e., folding, initial glycosylation, and assembly of oli-
gomers). Several reticuloplasmins are expressed ubiqui-
tously in higher animals, the most common of which
are protein disulfide isomerase (PDI) and its relatives

ERp60 and ERp72 (Ferrari and Soling 1999), BiP
(Gething 1999), calreticulin (Michalak et al. 1999), and
endoplasmin (Argon and Simen 1999). These major
reticuloplasmins constitute 

 

�

 

1% of soluble protein in
protein secretory cells and serve a variety of general and
overlapping roles. First, all function as molecular chap-
erones that shield hydrophobic sequences and thereby
foster the proper folding of nascent proteins. Second,
all except ERp60 are calcium-binding proteins consis-
tent with the dependence of protein folding on regu-
lated ER calcium levels (Corbett and Michalak 2000).
Third, PDI-family members act as “foldases” that cata-
lyze disulfide bond formation. Included in a large group
of less common reticuloplasmins are the enzymes that
initiate glycosylation of secretory proteins (Parodi 2000)
and the ER carboxylesterases involved in lipid metabo-
lism (Satoh and Hosokawa 1998).

ERp29 is a recently discovered ER resident that has
been implicated in secretory protein synthesis and ap-
pears to be of similar prevalence to the established
major reticuloplasmins (Demmer et al. 1997; Hub-
bard et al. 2000). ERp29 is encoded by a single gene
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in humans that has been highly conserved during
mammalian evolution (Hubbard and McHugh 2000).
The novel protein sequence of ERp29 exhibits charac-
teristic features of a reticuloplasmin (signal peptide,
ER retention motif), and localization to the ER lumen
was comprehensively supported at the biochemical
level (Demmer et al. 1997; Ferrari et al. 1998; Mkrt-
chian et al. 1998b; Hubbard et al. 2000). At 25.6 kD
(29 kD on SDS-PAGE), ERp29 is considerably smaller
than the major reticuloplasmins (46–95 kD) and com-
prises only two principal folding domains (Demmer et
al. 1997; Liepinsh et al. 2001). The N-terminal do-
main is homologous to thioredoxin-like domains in
PDI, but ERp29 lacks the redox-active Cys-X-X-Cys
motifs common to all PDI family members. Other dis-
tinctive properties of ERp29 are an absence of cal-
cium-binding motifs and the lack of classical (BiP-like)
stress responsiveness (Demmer et al. 1997; Ferrari et
al. 1998). Using immunoblotting analysis, we found
ERp29 to be broadly distributed and particularly abun-
dant in protein secretory tissues. Moreover, the molar
ratios of ERp29, PDI, and BiP varied among tissues,
suggesting a link between the type of secretory prod-
uct and ERp29 abundance (Hubbard et al. 2000). To-
gether, these biochemical findings identified ERp29 as a
new class of reticuloplasmin that potentially has a novel
and major role during secretory protein production.

Despite good progress with biochemical under-
standing, no functional activity has been established
for ERp29 to date (Liepinsh et al. 2001). Little has
been learned about ERp29 at the cellular level and
therefore a variety of functionally informative avenues
remain to be explored. We have now used immu-
nochemical procedures to characterize the subcellular
location and cellular distribution of ERp29 in detail,
aiming to address the hypothesis that ERp29 partici-
pates in early phases of secretory protein synthesis. It
was not clear from preliminary immunolocalization
data (Ferrari et al. 1998; Mkrtchian et al. 1998b) if
ERp29 is present in distal compartments of the secretory
pathway where addition of terminal carbohydrates
and lipids occurs (Parodi 2000) or in mitochondria
and nuclei, as suggested by subcellular fractionation
of liver (Hubbard et al. 2000). Several reticuloplas-
mins are not restricted to the ER (Takemoto et al.
1992; Ellgaard et al. 1999; Michalak et al. 1999;
Honore and Vorum 2000; Holaska et al. 2001), in-
cluding calreticulin, which was used as reference for
ERp29 immunolocalization (Ferrari et al. 1998). Con-
sequently, we used confocal microscopy with a variety
of comparative markers to localize ERp29 in a secre-
tory cell line. It was also unknown whether the broad
tissue expression of ERp29 reflected a ubiquitous cel-
lular distribution or one restricted to a variety of
broadly distributed cells. To evaluate this question
and the postulated link with type of secretory product

(Hubbard et al. 2000), we have done an extensive im-
munohistochemical analysis comparing the expression of
ERp29 with that of its closest structural relative, PDI.

Our results suggest that ERp29 is primarily in-
volved in early protein processing events and that its
role is significant in most cell types and selective for
particular types of secretory protein. We have also
identified a variety of cells in which ERp29 is likely to
have particular functional importance and in which
candidate protein substrates of ERp29 can be pursued.

 

Materials and Methods

 

Proteins and Antibodies

 

Rat liver ERp29 and rabbit antiserum to this protein were
prepared as outlined elsewhere (Hubbard and McHugh
2000). Polyclonal antibodies to ERp29 (anti-ERp29) were
subsequently isolated by microscale affinity purification
(Hubbard 1995) using rat ERp29 conjugated to CNBr–
Sepharose (from Amersham Pharmacia Biotech; Auckland,
NZ) as ligand, and characterized by immunoblotting. PDI
and calreticulin were purified to homogeneity (assessed by
SDS-PAGE and N-terminal sequencing) from side fractions
of the ERp29 preparations, using non-denaturing column
chromatographies over DEAE–Sepharose, heparin–Sepha-
rose, Resource-Q (from Amersham Pharmacia Biotech), and
hydroxyapatite (from BioRad; Hercules, CA). Antisera to
PDI and calreticulin were raised conventionally in New
Zealand White rabbits (Hubbard 1995), and anti-calreticu-
lin was prepared by affinity purification and characterized
as outlined for anti-ERp29. The PDI antiserum exhibited
high avidity (i.e., effective at 

 

�

 

10

 

4

 

-fold and 10

 

3

 

-fold dilu-
tions for immunoblotting and immunolocalization, respec-
tively) and so was used without purification (anti-PDI). An-
tibodies to BiP and endoplasmin (goat polyclonals to peptide
immunogens) were from Santa Cruz Biotechnology (Santa
Cruz, CA), and the anti-mitochondrial cytochrome c oxidase
(mouse monoclonal) was from Molecular Probes (Eugene,
OR). Monospecificity of the commercial antibodies was ver-
ified by immunoblotting.

 

Cell Culture

 

MDCK cells (ATCC CCL-34), derivatives of canine renal tu-
bule epithelium (Meier et al. 1983), were kindly provided by
Dr J. Bedford (Physiology Department, Otago University).
Cells were cultured conventionally in low-glucose DMEM
containing 10% fetal bovine serum and antibiotic/antimy-
cotics (all products of Invitrogen; Auckland, NZ), and pas-
saged biweekly. Just before experiments, growth medium
was removed and the cells washed twice in Tris-saline (10
mM Tris-HCl, pH 7.2, at 20C, 160 mM NaCl) either at
room temperature (RT) or on ice (before fixation and pro-
tein extraction, respectively).

 

Rat Tissues and Extracts

 

All animal procedures were undertaken in accordance with
the ethical requirements of this institution. Wistar-derived
rats were given unlimited access to a standard pellet chow
and maintained conventionally (Hubbard 1995). Dental tis-
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sues (hemimandibles) were excised rapidly from decapitated
neonates (5–15 days old). Other tissues were taken from ju-
veniles (8–10 weeks old) immediately after asphyxiation
with CO

 

2

 

 and decapitation. Isolated tissues were washed
twice in Tris-saline before fixation or storage (

 

�

 

80C).
Triton-soluble proteins were extracted from MDCK cells

and rat tissues by mechanical dispersion in 4 tissue-vol. of
ice-cold Triton homogenization buffer (0.5% Triton X-100
in 10 mM Tris-HCl, pH 7.2, 10 mM EGTA, 5 mM dithio-
threitol, 1 mM aminoethylbenzene sulfonyl fluoride, 1 mM
benzamidine, 5 

 

�

 

g/ml leupeptin, 5 

 

�

 

g/ml pepstatin), fol-
lowed by centrifugation for 5 min at 20,000 

 

�

 

 g (Hubbard
and McHugh 2000). Rat liver microsomes were prepared as
before (Demmer et al. 1997; Hubbard et al. 2000) except, in
the subfractionation experiments (Figure 3), source animals
were fasted for 20 hr before tissue isolation.

 

Immunolocalization in Cells and Tissues

 

All immunolabeling incubations were done at RT in a dark
humidified chamber, and all intermediate washes involved
three exposures to Tris-saline (each 2–5 min at RT). Fixa-
tives were prepared in Sorenson’s PBS, and antibodies and
fluorescently-labeled probes were diluted in Tris-saline, un-
less indicated otherwise. Antibody solutions additionally
contained normal serum (Vector Laboratories; Burlingame,
CA) from a species appropriate to each antibody (i.e., goat,
rabbit, and horse sera were used with antibodies from rab-
bit, goat, and mouse, respectively). Specificity of immunola-
beling was assessed in control experiments in which primary
antibody was omitted or replaced with an equivalent con-
centration of non-immune IgG, as illustrated for immuno-
blotting (Figure 1).

For immunocytochemistry, MDCK cells grown for 24 hr
on uncoated glass coverslips were fixed for 30 min in 4%
paraformaldehyde (EM grade, from ProSciTech; Thurin-
gowa, Australia), washed, and then quenched with antibody
diluent (Tris-saline containing 0.1% Triton and 3% normal
serum) for 15 min. For green channel immunolabeling (488
nm), cells were exposed to anti-ERp29 (4 hr), washed, then
incubated in Oregon Green-labeled secondary antibodies
(goat anti-rabbit; from Molecular Probes) for 30 min. After
washing, the cells were again quenched in antibody diluent
for 10 min. For red channel labeling (568 nm), anti-ERp29-
labeled cells were either (a) incubated in anti-BiP or anti-
cytochrome c oxidase (2 hr), washed, and then exposed to
biotinylated secondary antibody (rabbit anti-goat or horse
anti-mouse, respectively; from Vector Laboratories) for 30
min. After washing, the cells were incubated with Cy3-labeled
streptavidin (from Amersham Pharmacia Biotech) for 30
min; (b) digested with RNase (100 

 

�

 

g/ml in Tris-saline, from
Roche; Auckland NZ) for 10 min, then incubated for 5 min
in propidium iodide (1 

 

�

 

g/ml in deionized water; from Mo-
lecular Probes); (c) incubated for 20 min in Texas Red-
labeled concanavalin A (200 

 

�

 

g/ml in 100 mM NaHCO

 

3

 

,
1 mM MnCl

 

2

 

, 1 mM CaCl

 

2

 

; from Molecular Probes). Dou-
ble-labeled specimens were subsequently washed and
mounted under glass coverslips with DABCO/PVA antifade
medium (3% 1,4-diazabicyclo(2,2,2)octane, 33% glycerol,
15% polyvinyl alcohol, 67 mM Tris-HCl, pH 8.5; products
of Sigma, St Louis, MO). Green and red channel images

were obtained separately with a confocal laser scanning mi-
croscope (BioRad MRC600) and processed using publically
available software (Image, from NIH, Bethesda, MD; Photo-
shop, from Adobe Systems, Mountain View, CA; and Can-
vas, from Deneba, Miami, FL).

For immunohistochemistry (Table 1, Figure 4), freshly
isolated tissues were fixed by immersion in 10% neutral-
buffered formalin and slowly mixed for 24 hr. Immuno-
staining of dental tissues was found to be more homoge-
neous (e.g., Figure 4A) in samples prefixed by transcardiac
perfusion (PBS followed by 4% paraformaldehyde at 80–
100 mm Hg for 5 min). Mineralized tissues were decalcified
by overnight incubation in chelator (7.5% neutralized
EDTA in 10% neutral-buffered formalin) followed by three
microwave treatments (15 sec at medium power, each with
fresh chelator). Paraffin sections (6 

 

�

 

m thick on coated
slides, prepared conventionally by the Otago University His-
tology Service Unit) were dewaxed (xylene, then 100% etha-
nol), treated with peroxide to block endogenous peroxidase
activity (freshly prepared 0.15% H

 

2

 

O

 

2

 

 in 100% methanol
for 30 min) and then rehydrated through an ethanol series.
After quenching in antibody diluent for 20 min, sections
were exposed to primary antibodies (diluted in normal se-
rum) for 16 hr, washed, incubated with biotinylated second-
ary antibody (goat anti-rabbit) for 60 min, and washed
again. For color development, sections were incubated with
the Vectastain ABC–peroxidase (30 min) and diaminobenzi-
dine substrate reagents (Vector Laboratories), then stopped
with water washes. After nuclear counterstaining with
Gurr’s hematoxylin (from BDH; Palmerston North, NZ), the

Figure 1 Monospecific immunodetection of ERp29 in liver and
MDCK cell extracts. Triton-soluble proteins from whole rat liver, rat
liver microsomes, and confluent MDCK cells were immunoblotted
with affinity-purified ERp29 antibodies (anti-ERp29) and non-immune
IgG (Control) as indicated. The 29-kD ERp29 band was predominant
and detected specifically (arrowhead). Minor bands at 120-, 80-,
and 48 kD were detected nonspecifically (asterisks) and corre-
sponded to naturally biotinylated proteins identified earlier (Hub-
bard 1995). The slower migration of canine ERp29 probably reflects
the fivefold higher protein load needed to equate immunoreactiv-
ity with the rat tissue samples. We previously reported that the
electrophoretic mobility of ERp29 is sensitive to protein load varia-
tions (Hubbard and McHugh 2000).
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sections were dehydrated, cleared in xylene, and mounted
(DPX mountant, from BDH) conventionally. Micrographs
were recorded on color transparency film (Agfa Optima,
100 ASA) with a Leitz Orthoplan microscope, then scanned
and processed digitally as above.

 

Other Procedures and Materials

 

Rat liver microsomes were subfractionated by centrifugation
(160,000 

 

�

 

 g, 19 hr) on discontinuous sucrose density gra-
dients as described (Kreibich et al. 1978; Hortsch and Meyer
1985). The separation efficacy was confirmed by UV spec-
trometry and SDS-PAGE (not shown). SDS-PAGE with Coo-

massie staining, and immunoblotting analyses were done
with established procedures (Hubbard 1995; Hubbard et al.
2000). Immunoblots were developed using avidin/biotin am-
plification (Vectastain ABC–peroxidase and diaminobenzi-
dine), and antibody dilutions were optimized so that individ-
ual immunoblots could be probed with multiple antibodies
in parallel. Imaging densitometry was done under linear
conditions established with varied sample loads.

 

Results

 

Preparation of Monospecific Antibodies to ERp29

 

To undertake cellular localization of ERp29, we pre-
pared polyclonal antibodies to ERp29 purified from
rat liver. Anti-ERp29 immunoblot analysis (Figure 1)
showed that ERp29 was recognized with high specific-
ity in a complex protein extract from Triton-solubi-
lized rat liver. Morever, no crossreaction with other
ER proteins was evident in an enriched extract from
rat liver microsomes. Canine ERp29 was also recog-
nized specifically in the Triton-soluble extract from a
dog kidney cell line (MDCK) although fivefold higher
protein loadings were required compared with rat
liver. The reduced immunoreactivity towards canine
ERp29 could reflect a cross-species bias because these
antibodies exhibited a 30-fold lower avidity for hu-
man ERp29 than for the rat orthologue used as immu-
nogen (Hubbard and McHugh 2000). We concluded
that the anti-ERp29 was monospecific and suitable for
immunolocalization studies in rat tissues and MDCK
cells.

 

Immunolocalization of ERp29 to ER Exclusively

 

MDCK cells were selected for investigating the subcel-
lular distribution of ERp29 because the ER and Golgi
apparatus are displayed prominently and a variety of
proteins are constitutively exported to the plasma
membrane and culture medium (Urban et al. 1987).
We anticipated that ERp29 would be readily detected
in this renal epithelium cell line, given the relatively
high expression levels in rat kidney (Hubbard et al.
2000). Difficulty with immunodetection of ERp29
was previously encountered in several other cell lines
(Ferrari et al. 1998; Mkrtchian et al. 1998b). To pro-
vide a more stringent analysis than before, we local-
ized ERp29 in comparison to a variety of established
markers using dual-label confocal fluorescence mi-
croscopy. Finally, our strategy aimed to account for
the finding that, after conventional subcellular frac-
tionation of homogenized rat liver, substantial amounts
of ERp29 partitioned to the nuclear, mitochondrial,
and cytosolic fractions in addition to the expected lo-
calization with microsomes (Hubbard et al. 2000).

First, we found that anti-ERp29 revealed a charac-
teristic reticular pattern that was essentially indistin-
guishable from that of BiP, an archetypal resident of

 

Table 1

 

Comparative immunohistochemical analysis of ERp29 
and PDI expression in rat

 

Immunostaining

 

a

 

Tissue type or organ Cell type ERp29 PDI

Adrenal gland Cortical cells

 

�� ��

 

Medullary cells

 

�� ��

 

Bone (femur) Osteoblasts

 

�� ��

 

Chondrocytes, epiphyseal

 

� ��

 

Marrow

 

�� ��

 

Brain Purkinje cells, cerebellum

 

��� �

 

Granule cells, cerebellum

 

� ��

 

CA1 neurons, hippocampus

 

�� ��

 

Gastrointestinal tract Stomach epithelium

 

�� ��

 

Duodenal epithelium

 

�� �

 

/

 

��

 

Duodenal lymphocytes

 

�� �

 

/

 

��

 

Colon epithelium

 

�� ��

 

Colon lymphocytes, Peyer’s

 

�� �

 

/

 

��

 

Integument Epidermis

 

�� ���

 

Dermal fibroblasts

 

�

 

/

 

�� ���

 

Hair follicle

 

�� ��

 

Sebaceous acini

 

� �

 

Kidney Glomerulus

 

� �

 

Tubules

 

�� ��

 

Capsule adipocytes

 

� �

 

Liver Hepatocytes

 

�

 

/

 

�� ��

 

Endothelial cells

 

� �

 

Lung Type 1 alveolar cells

 

� �

 

Type 2 alveolar cells

 

��� ���

 

Clara cells, bronchiole

 

� ��

 

Mammary (lactating) Alveolar epithelium

 

��� ���

 

Muscle Skeletal striated fibers nd

 

b

 

nd
Cardiac myocytes nd nd
Vascular smooth myocytes

 

�

 

nd
Ovary Follicle cells

 

�� ��

 

Pancreas Endocrine islets

 

�� �

 

Exocrine acini

 

� ��

 

Salivary (parotid) Mucous acini

 

�� ��

 

Serous acini

 

� ��

 

Spleen White cell precursors

 

��� �

 

Red cell precursors

 

� �

 

Testis Spermatogenic epithelium

 

�� ��

 

Tooth Ameloblasts

 

��� ���

 

Odontoblasts

 

� ��

 

Pulp, fibroblasts

 

� ��

 

Uterus Endometrium

 

�� ��

 

a

 

�

 

, weak; 

 

��

 

, moderate; 

 

���

 

, strong.

 

b

 

Not detected substantially above background levels of non-immune controls
and erythrocytes (no ER).
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the ER lumen (Figure 2A). Notably, the immunostain-
ing was most dense in the perinuclear region and de-
creased towards the cell periphery. ERp29 was also
found to co-localize precisely with calreticulin, PDI,
and endoplasmin (not shown), strengthening previous
findings (Ferrari et al. 1998; Mkrtchian et al. 1998b).
Second, when propidium iodide was used to reveal nu-
clei, an exact correspondence was obtained with the
perinuclear boundary of ERp29 staining, which was
clearly demarcated in favorable optical sections (Fig-
ure 2B). This localization to the nuclear envelope is
consistent with other reticuloplasmins (Bole et al. 1989)
and accounts for the previous finding of ERp29 in
crude nuclear fractions (Hubbard et al. 2000). Third,
the immunostaining of mitochondrial cytochrome c
oxidase exhibited a markedly different pattern from
that of ERp29 (i.e., rods vs reticular) and extended to
peripheral regions of cytoplasm where ERp29 was
lacking (Figure 2C). Fourth, concanavalin A, which
labels the ER from nuclear envelope to proximal ele-
ments of the Golgi complex (Wood et al. 1974; Berg-
mann and Fusco 1990), was found to have the same
topographical distribution as ERp29 (Figure 2D). No

Golgi-like labeling (i.e., ERp29-positive, concanava-
lin A-free) was observed. Finally, when the cell perim-
eter was imaged using autofluorescence, we found no
evidence that ERp29 is associated with the plasma
membrane (not shown). Together, these results indi-
cate that ERp29 is exclusively located in the ER/nu-
clear envelope of MDCK cells.

 

Dominant Association with Rough ER

 

To address the hypothesis that ERp29 has a role in the
early phase of secretory protein synthesis, we next in-
vestigated the possibility of a preferential association
with rough ER. Although luminal continuity exists be-
tween rough and smooth ER, protein-centric BiP was
found to predominate in rough microsomes, whereas
reticuloplasmins involved in calcium storage and lipid
metabolism partitioned more strongly to smooth mi-
crosomes (Mentlein et al. 1988; Bole et al. 1989; Villa
et al. 1992,1993; Nori et al. 1993). Previously ERp29
was separated from Golgi-enriched fractions on density
gradients, but the distribution of ERp29 between rough
and smooth ER was not reported (Ferrari et al. 1998).

Figure 2 Comparative immunolocalization of ERp29 to the ER/nuclear envelope in MDCK cells. Canine kidney epithelial cells (MDCK) grow-
ing on glass coverslips were double-labeled with anti-ERp29 (left panels) and four comparative markers (right panels), then examined in
parallel by confocal microscopy. (A) ERp29 exhibited a reticular perinuclear distribution equivalent to that of BiP, an archetypal marker of
the ER lumen. (B) The perinuclear boundary of ERp29 staining coincided with the nuclear envelope delineated by propidium iodide, a DNA
stain. (C) In contrast to the reticular and predominantly perinuclear labeling of ERp29, antibodies to mitochondrial cytochrome c oxidase re-
vealed rod-shaped mitochondria evenly distributed throughout the cells. Arrows indicate ERp29-poor regions that contain mitochondria.
(D) Concanavalin A, a marker of the ER membrane, had the same topographical distribution as ERp29. Although reticular, the concanavalin
A pattern was more uniform than the soluble ER residents (ERp29, BiP). Weak intranuclear labeling was evident in some preparations, both
with anti-ERp29 (e.g., B,C) and in nonimmune controls (not shown), and so was considered nonspecific (Melan and Sluder 1992). All other
immunolabeling referred to in this figure and elsewhere was specific, as judged by comparison with controls (not shown). Bars � 5 �m.
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Rat liver microsomes were subfractionated using a
classical sucrose density gradient procedure and ana-
lyzed by quantitative immunoblotting (Figure 3). When
equal protein loads were compared, ERp29 was de-
tected most strongly in the rough microsomes but sub-
stantial amounts were also found to partition with the
less-dense fractions that contain smooth ER and more
distal elements of the secretory pathway. Densitomet-
ric analysis revealed a 2.4 

 

�

 

 0.2-fold difference (

 

�

 

SEM; 

 

n

 

 

 

�

 

 5 from two preparations) in ERp29 content
between the least- and most-enriched fractions. A sim-
ilar enrichment was observed for BiP, whereas PDI
was more evenly distributed across the gradient (Fig-
ure 3), consistent with previous reports (Ohba et al.
1981; Villa et al. 1992). This result suggested that
ERp29 was predominantly associated with, but not
restricted to, the rough ER of rat liver.

 

ERp29 Is Expressed in Diverse Cell Types

 

We undertook an extensive immunohistochemical anal-
ysis to establish whether the broad tissue distribution
(Hubbard et al. 2000) reflected ERp29 expression in
diverse cell types as opposed to a few cell types that
are broadly distributed (Table 1; Figure 4). ERp29 im-
munostaining was detected specifically in more than
35 functionally different cell types that represented all
major classes of tissue (epithelia, neural, connective
tissue, blood, muscle) in rat. The strongest ERp29 la-
beling was observed in secretory ameloblasts of the
dental enamel organ, Type 2 alveolar cells in lung,
Purkinje neurons in cerebellum, precursor lymphocytes
in spleen (Figure 4), and alveolar cells of the lactating
mammary gland. All these cell types are recognized
to have heavy protein-secretory duties. In contrast,
ERp29 labeling was weaker in cells that primarily se-

crete lipids or carbohydrates (e.g., sebaceous adipo-
cytes, salivary epithelial cells). A good correspondence
existed between the ERp29 expression levels suggested
by immunohistochemistry (Table 1) and the ranking
determined previously at the tissue level by quantita-
tive immunoblotting (Hubbard et al. 2000). In dental
enamel epithelium, the most enriched tissue identified
to date, ERp29 was strongly represented in the elon-
gate ameloblasts that secrete enamel proteins but not
in the overlying accessory cells (Figure 4A). Much lower
levels of ERp29 were detected in the dentine-secreting
cells (odontoblasts) and adjacent dental mesenchyme
(pulp), whereas the extracellular matrices (enamel, den-
tine) were devoid of ERp29 immunoreactivity (Figure
4A), as anticipated from previous immunoblotting data
(Hubbard et al. 2000). Although a minority of cells had
immunostaining close to background and therefore of
uncertain specificity (e.g., striated muscle fibers; Table
1), these results suggested that ERp29 might be ex-
pressed in essentially all types of cell.

 

ERp29 and PDI Have Overlapping but Distinct 
Cellular Expression Patterns

 

We earlier postulated that ERp29 has a unique role in
secretory protein synthesis, based on the novel se-
quence and varied tissue expression patterns relative
to other reticuloplasmins (Demmer et al. 1997; Hub-
bard et al. 2000). To test this idea at the cellular level,
we compared the distributions of ERp29 and PDI
immunohistochemically. The observed PDI immuno-
staining patterns showed a general correspondence to
the distribution of ERp29 (Table 1) and were consis-
tent with previous reports (Kasper et al. 1994; Iida et
al. 1996). However, several striking differences were
observed (Figure 4). In the developing tooth, PDI
staining was strong in ameloblasts and odontoblasts,
unlike ERp29, which was abundant in ameloblasts
only. In lung, the bronchiolar Clara cells were highly
immunopositive for PDI but not for ERp29, whereas
both proteins were detected strongly in type 2 alveolar
cells. In cerebellum, Purkinje neurons were strongly
labeled for ERp29 but not for PDI. In spleen, imma-
ture white cells were highly reactive for ERp29 but
not for PDI. Less obvious differences were observed
elsewhere. In pancreas, for example, ERp29 was de-
tected more strongly in the endocrine islet cells than in
the exocrine acini, whereas the reverse pattern was ob-
served for PDI (Table 1). These findings suggested that
the relative abundances of ERp29 and PDI vary mark-
edly between some cell types, consistent with indepen-
dent regulatory and functional roles.

 

Discussion

 

This study ratifies the broad biological relevance of
ERp29 by revealing a ubiquitous cellular distribution

Figure 3 Predominant localization of ERp29 to rough microsomes
on sucrose gradients. Rat liver microsomes were subfractionated by
sedimentation through a discontinuous sucrose gradient, har-
vested from the 1.3–2 M sucrose region, and then subjected to
parallel immunoblotting analysis with anti-ERp29, anti-BiP, and
anti-PDI as indicated. Protein loads were equated on the basis of
Coomassie-stained gels (not shown). ERp29 was detected most
strongly in the denser fractions, similar to BiP, whereas PDI was
more evenly distributed. All panels are sections of a single blot and
show the regions corresponding to 29 kD (ERp29), 55 kD (PDI), and
78 kD (BiP). The immunodetection was specific (cf. Figure 1) and no
other major bands were detected outside the regions shown.
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in rat. A principal localization to protein secretory
cells and to rough ER supports the hypothesis that
ERp29 functions primarily in the early stages of secre-
tory protein production. The notion that ERp29 has a
different role from that of its closest structural rela-
tive, PDI, is also supported by evidence of divergent
cellular expression profiles in several tissues. Collec-
tively, these results establish ERp29 as a general ER
marker and suggest that it has a distinct role with po-
tential selectivity for non-collagenous polypeptides.

The widespread cellular distribution established in
this study indicates that ERp29 has a functional role
of general utility rather than a specialist one used by a
minority of cells. ERp29 can be considered ubiquitous
because it has now been detected in over 30 different
tissues from human and rat (Hubbard and McHugh
2000; Hubbard et al. 2000; and this study). However,
it remains to be established whether ERp29 is ex-
pressed in all ER-containing cells. Previously, we found
that the specific abundance of ERp29 varied over

Figure 4 Comparative immunolocal-
ization of ERp29 and PDI in rat tissues.
Consecutive paraffin sections of various
rat tissues were probed in parallel with
anti-ERp29 and anti-PDI as indicated.
ERp29/PDI immunolabeling is green–
brown–black and unlabeled nuclei ap-
pear blue due to hematoxylin counter-
staining. (A) Developing rat tooth (sec-
ond mandibular molar from a 14-day-
old pup), showing exceptionally strong
ERp29 labeling of secretory ameloblasts
(Amelo). ERp29 was detected more
weakly in the stellate cells of the
enamel organ (top of field), the pulp fi-
broblasts, and odontoblasts (Odonto),
and was absent from enamel and den-
tinal extracellular matrices (ECM). In
contrast, PDI was detected at moderate
levels in all these cell types. (B) Lung, in-
cluding alveolar sacs and a terminal
bronchiole (top right of field). ERp29 la-
beling was strong in cuboidal Type 2 al-
veolar cells (arrows) and weak in other
cells of the alveolus and bronchiole. PDI
exhibited an equivalent pattern except
that bronchiolar Clara cells were labeled
strongly (arrowheads). The localization
of ERp29 to Type 2 alveolar cells was
confirmed with isolated cells (D. War-
burton and MJH, unpublished results).
(C) Cerebellum, with the large Purkinje
cells (arrows) interposed between gran-
ule cell and molecular layers (upper and
lower half of field, respectively). ERp29
was detected strongly in Purkinje cells
but not elsewhere. In contrast, PDI la-
beling was weak in Purkinje cells and
moderate in granule cells. (D) Spleen,
showing white pulp largely populated
by lymphocyte precursors undergoing
development from larger immature
forms (top left of field) to more mature
cells (bottom right). ERp29 was detected
more strongly in immature cells, unlike
PDI, which exhibited relatively low and
homogeneous labeling. The ERp29 and
PDI fields were aligned with reference
to blood vessels (bv). The green color
balance was increased to enhance con-
trast between immunolabel and the
dense nuclear background. All the
noted differences between ERp29 and
PDI (A–D) were verified in other experi-
ments in which different antibody con-
centrations and development times
were used. Bar � 50 �m.
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quite a narrow range in most rat tissues (about four-
fold vs 

 

�

 

30-fold for BiP) (Hubbard et al. 2000). Con-
cordantly, in this study muscle was one of only a few
cell types found to have minimal ERp29 immuno-
staining (Table 1). The low ERp29 signal in muscle is
consistent with low levels of transcript and protein ob-
served previously by Northern and immunoblotting
analyses (Demmer et al. 1997; Hubbard et al. 2000)
and parallels the low abundance of other reticuloplas-
mins (Khanna and Waisman 1986; Iida et al. 1996).
Our findings are likely to apply more broadly in the
animal kingdom because we have recently confirmed
the presence of ERp29 in chicken liver (Swiss Protein
database, accession P81628). However, yeasts appear
to lack ERp29 (like calreticulin, endoplasmin, ERp60,
and ERp72) and to date there is no evidence of an
ERp29 homologue in plants.

ERp29 can now be considered a general ER marker,
given the evidence here of an exclusive ER location
and ubiquitous cellular distribution. Comparison with
a variety of ER markers (both luminal and membrane)
consistently localized ERp29 to the ER/nuclear enve-
lope and, together with sucrose gradient analysis (Fig-
ures 2 and 3), indicated that ERp29 resides through-
out the rough/smooth-ER continuum like other major
reticuloplasmins (Bole et al. 1989; Bergmann and
Fusco 1990; Villa et al. 1993). Likewise, ERp29 ap-
peared to be substantially excluded from the Golgi
complex (Figure 2D), in agreement with earlier subcel-
lular fractionation results (Ferrari et al. 1998). The
lack of ERp29 immunolocalization to mitochondria
and cytosol of fixed MDCK cells corroborates our
earlier proteomic finding with semi-intact enamel cells
(Hubbard et al. 2000). Consequently, it appears likely
that the conflicting finding of ERp29 in a crude mito-
chondrial fraction of homogenized liver reflected in-
complete resolution from nuclei and microsomes, both
of which had much higher ERp29 contents (Hubbard
et al. 2000). Although the immunolocalization and
biochemical data are collectively consistent with ERp29
being located in the ER only, it would be premature to
dismiss minor representations in other locations as ap-
pears likely for some reticuloplasmins (Takemoto et
al. 1992; Michalak et al. 1999; Holaska et al. 2001).

Our results associate ERp29 with early production
events of secretory proteins through a PDI-like cellular
expression profile and a BiP-like predominance in
rough ER. Conversely, dominant roles in lipogenesis,
glycosylation, or calcium storage were opposed by the
finding of ERp29 at generally lower levels in lipid- and
carbohydrate-oriented cells (adipocytes, hepatocytes,
salivary epithelium) and in smooth ER (Table 1; Figure
3). It is now apparent that ERp29 is one of the most
abundant reticuloplasmins in a variety of cells, includ-
ing ameloblasts, Type 2 alveolar cells, and Purkinje
neurons, because near-equimolarity with PDI and BiP

was found at the corresponding tissue level (Hubbard
et al. 2000). It follows that in such cells ERp29 will be
sufficiently abundant to participate in stoichiometric
interactions with principal secretory proteins, as is
characteristic of chaperones and foldases. Preliminary
evidence of interactions between ERp29 and proteins
in the ER has been obtained using immunoprecipita-
tion and crosslinking approaches (Ferrari et al. 1998;
Mkrtchian et al. 1998a,b) but more detailed investiga-
tions are needed to clarify the functional significance.

Despite the general parallels with other protein-
centric reticuloplasmins, our data support the notion
that ERp29 is independently regulated and has a dis-
tinct role in secretory protein production, perhaps re-
lated to particular types of nascent polypeptide. The
new finding that PDI and ERp29 have different cellu-
lar abundance profiles (Table 1; Figure 4) is consistent
with non-equivalent functions as previously inferred
from the primary structures and tissue expression lev-
els (Demmer et al. 1997; Hubbard et al. 2000). We
can now identify various cell types in which ERp29 is
likely to play a major role (e.g., ameloblasts, Type 2
alveolar cells, Purkinje neurons) and other types of cell
that, although secretory, appear to be less dependent
on ERp29 (e.g., odontoblasts, Clara cells, cerebellar
granule cells). Given this broad dependence on cell
type, an ensuing question is whether ERp29 expres-
sion levels are linked to particular attributes of the
secretory proteins produced. In the developing tooth,
ameloblasts primarily secrete a hydrophobic non-col-
lagenous protein (amelogenin) that differs markedly
from the major product of odontoblasts, Type 1 col-
lagen (Simmer and Fincham 1995). Importantly, the
resultant extracellular matrices (i.e., pre-enamel and
predentine) are produced in parallel, suggesting that
abundant expression of ERp29 in ameloblasts does
not simply reflect a higher secretory rate. In lung,
Type 2 alveolar cells and Clara cells produce largely
overlapping sets of secretory proteins. However, the
ERp29-deficient Clara cells do not secrete a hydro-
phobic protein (surfactant protein C) that is a major
product of Type 2 alveolar cells, and the alveolar cells
do not secrete the hydrophilic Clara cell-specific pro-
tein that is unique to Clara cells (Khoor et al. 1996;
Zhou et al. 1996). Secretory products of Purkinje and
granule cells are not well characterized to our knowl-
edge but, as one of the largest and most heavily syn-
apsed neurons in brain, Purkinje cells face significant
demands for protein export to the plasma membrane
(e.g., postsynaptic receptors). Neuromodulatory and
trophic factors are also understood to be secreted by
Purkinje cells (Strata and Rossi 1998; Sluck et al.
1999) but, intriguingly, protein-centric reticuloplas-
mins are expressed at relatively low levels in these cells
despite a heavy enrichment with calcium-handling ER
proteins (Villa et al. 1992; Nori et al. 1993; Hubbard
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and McHugh 2000). Consequently, we predict that
ERp29 expression is not crucial for the production of
collagenous proteins (the low ERp29 level evident in
odontoblasts also holds for chondrocytes and dermal
fibroblasts; Table 1) but perhaps is beneficial for hy-
drophobic proteins such as amelogenins, surfactant
proteins, and membrane receptors. Precedents exist
for such selectivity among the major reticuloplasmins,
which are generally regarded as having broad substrate
specificity. For example, PDI expression is linked most
strongly to production of disulfide-bonded and collag-
enous proteins, yet other members of the PDI family
show distinct cellular expression patterns consistent
with different substrate preferences (Freedman 1984;
Iida et al. 1996; Desilva et al. 1997; Ferrari and Soling
1999). Likewise, although BiP can interact with a
broad variety of polypeptides, its highest-affinity inter-
action is with a particular subclass of nascent proteins
defined by hydrophobicity and folding kinetics (Hell-
man et al. 1999; Knarr et al. 1999).

In conclusion, this study has produced novel cellu-
lar evidence that the role of ERp29 is of general util-
ity, primarily involved in early phases of secretory
protein production, and different from that of PDI.
Having now established a fundamental understanding
of ERp29 location and cellular expression patterns, it
should be informative to reappraise functional proper-
ties of isolated ERp29, to refine the localization in ER
subcompartments, and to characterize protein interac-
tions with ERp29. Importantly, this study has identi-
fied a variety of physiologically relevant cellular set-
tings in which to pursue such investigations.
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