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Protein disulfide isomerase (PDI)-like proteins act as oxido-reductases and chaperones in the endoplasmic reticulum (ER).
How oligomerization of the PDI-like proteins control these activities is unknown. Here we show that dimerization of
ERp29, a PDI-like protein, regulates its protein unfolding and escort activities. We have demonstrated previously that
ERp29 induces the local unfolding of polyomavirus in the ER, a step required for viral infection. We now find that, in
contrast to wild-type ERp29, a mutant ERp29 (D42A) that dimerizes inefficiently is unable to unfold polyomavirus or
stimulate infection. A compensatory mutation that partially restores dimerization to the mutant ERp29 (G37D/D42A)
rescues ERp29 activity. These results indicate that dimerization of ERp29 is crucial for its protein unfolding function.
ERp29 was also suggested to act as an escort factor by binding to the secretory protein thyroglobulin (Tg) in the ER,
thereby facilitating its secretion. We show that this escort function likewise depends on ERp29 dimerization. Thus our

data demonstrate that dimerization of a PDI-like protein acts to regulate its diverse ER activities.

INTRODUCTION

Oligomerization of proteins has been described as a regula-
tory mechanism for many cellular processes, including cell
signaling (Hubbard and Till, 2000), gene expression (Warren
and O’Shea, 1998), and cytosolic quality control processes
(Pearl and Prodromou, 2006). Events in the endoplasmic
reticulum (ER) may also be regulated by oligomerization of ER
resident proteins. For instance, the ER chaperones calnexin and
calreticulin form dimers under conditions that enhance their
chaperone activity, although it is not known whether this ac-
tivity requires dimerization per se (Rizvi et al., 2004).

Protein disulfide isomerase (PDI)-like proteins belong to a
large protein family in the ER characterized by the presence
of a thioredoxin domain. They function as oxido-reductases,
isomerases, and chaperones in this compartment (Ellgaard
and Ruddock, 2005). The oxido-reductase activity of mem-
bers of this family including PDI, ERp72, and ERp57 de-
pends on the active site double-cysteine motif, which is
absent in other redox-inactive PDI-like proteins (e.g., ERp27,
ERp29, PDILT, TMX2; Ellgaard and Ruddock, 2005). Under
certain conditions, PDI and ERp29 were shown to form
dimers or higher oligomers (Pace and Dixon, 1979; Yu et al.,
1994; Mkrtchian et al., 1998b). Other studies indicated that
PDI (Solovyov and Gilbert, 2004; Li et al., 2006) and ERp57
(Frickel et al., 2004) exist as monomers. The discrepancy of
PDI's dimerization state is unclear, but may reflect the different
in vitro conditions of the purification procedures.
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Evidence that PDI-like proteins exist as dimers and that
dimerization is required for function has emerged from the
prokaryotic Dsb system (Bader et al., 2001) and from more
recent studies on Drosophila Wind (Ma et al., 2003; Barne-
witz et al., 2004). ERp29, the mammalian homologue of
Wind, consists of an N-terminal domain (NTD) with a thi-
oredoxin fold and a C-terminal domain (CTD) with a novel,
all-helical fold (Mkrtchian et al., 1998b; Liepinsh et al., 2001).
An NMR study of rat ERp29 and a crystal structure of Wind
indicated that the NTD mediates dimerization such that the
C-terminal domains point in opposite directions (Liepinsh et
al., 2001; Ma et al., 2003). Whether dimerization regulates
ERp29 activity is unknown.

We demonstrated previously that the protein unfolding ac-
tivity of ERp29 is hijacked by the murine polyomavirus (Py)
during its entry into cells (Magnuson et al., 2005). To cause
infection, Py is transported from the cell surface to the ER. In
this compartment, the virus penetrates the ER membrane to
reach the cytosol and then the nucleus, where transcription and
replication of the viral DNA ensue, leading to lytic infection
and cell transformation. Our data implicated the ERp29-depen-
dent unfolding of Py as a step necessary for viral penetration
across the ER membrane. Apart from its Py unfolding activity,
the endogenous function of ERp29 is connected with protein
secretion. In the ER, ERp29 binds to the secretory protein
thyroglobulin (Tg) (Sargsyan ef al., 2002) and is required for its
secretion (Baryshev et al., 2006). We have shown that overex-
pression of the ERp29 NTD attenuates Tg secretion and Py
infection (Magnuson ef al., 2005; Baryshev et al., 2006). Such
dominant-negative features of ERp29 NTD led us to suspect
that its inhibitory action may be due to the disruption of the
active ERp29 homodimer. Hence, we asked whether dimeriza-
tion of ERp29 is required for both the viral unfolding and Tg
secretion processes.

Here we provide evidence that homodimerization of
ERp29 is necessary for both of these functions. We demon-
strate that an ERp29 mutant (D42A) that fails to dimerize but
folds properly is unable to induce Py unfolding or to stim-
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ulate Py infection, in contrast to the wild-type ERp29 ho-
modimer. Partial restoration of ERp29 dimerization by the
addition of a second, compensatory mutation (G37D/D42A)
restores the unfolding reaction partially and infection. Fur-
thermore, overexpression of the wild-type ERp29 increases
Tg secretion, whereas overexpression of the D42A mutant
attenuates this process because the mutant D42A ERp29-Tg
complex is trapped in the ER. Collectively, these data dem-
onstrate that dimerization of ERp29, a PDI-like protein,
serves as a general mechanism to regulate its ER activities.

MATERIALS AND METHODS

Materials

Polyclonal antibodies against PDI and Grp94 were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA), and polyclonal antibodies against
ERp72 and calnexin were purchased from StressGen Biotechnologies (San
Diego, CA). Monoclonal antibodies against BiP were purchased from BD
Biosciences (San Jose, CA), and polyclonal antibodies against ERp57 were a
gift from S. High (University of Manchester, Manchester, England). Poly-
clonal VP1 antibodies were a gift from T. Benjamin (Harvard Medical School).
Monoclonal antibodies against rat ERp29 (for immunoprecipitation) were
produced by ASLA BIOTECH (Riga, Latvia), and polyclonal antibodies
against rat ERp29 (for immunoblotting) were obtained as reported earlier
(Mkrtchian et al., 1998a). Polyclonal antibodies against rat thyroglobulin were
a gift from Dr. B. Di Jeso (University of Lecce, Italy).

Heterologous Expression and Purification of His-tagged
Rat ERp29 NTD and CTD

His-ERp29 NTD and His-ERp29 CTD were expressed and purified as de-
scribed previously (Magnuson et al., 2005).

Mutagenesis

Mutagenesis of ERp29 was performed with the Stratagene Quikchange II
Site-directed Mutagenesis Kit (La Jolla, CA), using the pcDNA3.1(+)-ERp29
plasmid construct (cloning described in Baryshev ef al., 2006) as template for
the Asp42 to Ala42 mutation. The resulting pcDNA3.1(+)-D42A ERp29 con-
struct was then used as template to create the pcDNA3.1(+)-G37D/D42A
ERp29 construct. The mutated ERp29 constructs were confirmed by sequencing.

Cell Culture, Transfection, and Cell Extract Preparation

Cells were cultured in DMEM with 10% fetal calf serum (FCS) and penicillin/
streptomycin. The ERp29 expression constructs were transiently transfected
into 293T cells or NIH3T3 cells using Lipofectamine 2000. For the cross-
linking assay, 293T cell were harvested with trypsin 48 h after transfection
and pelleted, and the pellets were lysed with 1% Triton X-100 and protease
inhibitors in a physiological buffer [150 mM KOAc, 250 mM sucrose, 50 mM
HEPES, pH 7.5, 2 mM Mg(Oac),] for 30 min on ice. Cell debris was cleared
from the extracts by centrifugation at 13,000 rpm for 15 min. For the unfolding
assay, 3T3 cell extracts were prepared 48 h after transfection by the same
method as the 293T cell extracts, but excluding the protease inhibitors in the
lysis buffer.

Affinity Pulldown

An ER lumenal extract was prepared from pancreatic microsomes as before
(Tsai et al., 2001). The lumenal extract was incubated with or without His-
ERp29 NTD or CTD for 20 min at 37°C. Ni-NTA beads (Qiagen, Chatsworth,
CA) were added and rotated for 30 min at 4°C. The beads were washed three
times in physiological buffer and then resuspended and boiled in 2% SDS-
containing sample buffer. The eluted samples were analyzed by SDS-PAGE
and immunoblotted with an ERp29 antibody.

Chemical Cross-linking

To demonstrate the formation of a NTD-ERp29 heterodimer, a lumenal extract
and purified His-ERp29 NTD were incubated with a final concentration of 0.5
mM sulfo-succinimidyl 4(N-maleimidomethyl)cyclohexane-1-carboxylate (Sulfo-
SMCC) for 30 min at room temperature. To test the dimerization of wild-type or
mutant ERp29, 293T cell extracts from cells overexpressing wild-type or mutant
ERp29 were incubated with 50 ug/ml Dithiobis(succinimidyl)propionate (DSP)
for 30 min at room temperature. All cross-linking reactions were quenched
following the room temperature incubation with a final concentration of 50 mM
Tris, pH 7.5 on ice for 10 min. The cross-linked samples were analyzed by
reducing SDS-PAGE (for Sulfo-SMCC) or nonreducing SDS-PAGE (for DSP) and
immunoblotted with the corresponding antibody.

Proteolytic Analysis To Detect Gross Misfolding

Extracts harvested from 293T cells overexpressing wild-type or D42A ERp29
were incubated with a physiological buffer or denatured with 8 M urea for 10
min at 37°C, followed by incubation with 100 ug/ml trypsin for 30 min on ice.
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Trypsin was inhibited with TLCK on ice for 10 min. Samples were analyzed
by reducing SDS-PAGE and immunoblotted with an ERp29 antibody.
Coimmunoprecipitation

Extracts harvested from 293T cells overexpressing wild-type or D42A ERp29
were incubated with monoclonal ERp29 antibody overnight at 4°C. Protein A
agarose beads were added for 1 h and then washed three times in a physio-
logical buffer. Complexes were eluted by boiling the beads in a 2% SDS-
containing sample buffer. The eluted samples were analyzed by reducing
SDS-PAGE and immunoblotted with calnexin, Grp94, or ERp29 antibodies.

Trypsin Sensitivity Assay

Extracts from NIH3T3 cells overexpressing wild-type or mutant ERp29 were
used in the trypsin sensitivity assay as described previously (Magnuson et al.,
2005).

Py Infection Assay

NIH3T3 cells transfected with wild-type or mutant ERp29 expression con-
structs were washed and infected with Py at 48 h posttransfection. After 2 h,
the cells were washed to remove extracellular virus and either harvested to
assess ERp29 expression or allowed to incubate for 24 h. At 24 h after
infection, the infected cells were split onto coverslips at a density of 3 X 103
cells/well in a six-well plate. At 48 h after infection, cells were fixed and
prepared for immunofluorescence by incubating with a primary rabbit anti-
body against murine Py large T antigen and an FITC-conjugated donkey
anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA). Each condition
depicted in Figures 4 and 5C represents the average value of four indepen-
dent experiments. In each experiment, 1000 cells/condition were scored for
the absence or presence of large T antigen expression using standard fluores-
cence microscopy, as before (Tsai et al., 2003). A Nikon epifluorescence
microscope (Model Eclipse TS100, Melville, NY) equipped with a Piston GFP
Bandpass emission filter and a 40X objective was used to determine whether
a cell stained positive or negative for the nuclear expression of T antigen.

Thyroglobulin Secretion Assay

Transient transfection, metabolic labeling of FRTL-5 rat thyroid epithelial
cells, and immunoprecipitation of Tg and ERp29 were performed as previ-
ously described (Baryshev ef al., 2006). For analysis of endoglycosidase H
(endo H) sensitivity, immunoprecipitated thyroglobulin was treated with
endo H according to the manufacturer’s direction (Roche, Indianapolis, IN).

RESULTS

ERp29 and ERp29 NTD Form a Heterodimer

ERp29 induces local unfolding of Py, an event required for
Py infection of host cells (Magnuson ef al., 2005). We previ-
ously designed a trypsin sensitivity assay to monitor unfold-
ing of the major viral coat protein, VP1. VP1 forms the outer
surface of the viral capsid and is subject to initial unfolding
events. Based on the crystal structure of Py (Stehle et al.,
1994), disulfide bonds and calcium ions are thought to sta-
bilize the VP1 pentamer; thus, reduction of disulfide bonds
and the removal of calcium ions should partially destabilize
the VP1 coat. Hence, in this assay, Py was first incubated
with the reducing agent dithiothreitol (DTT), the calcium-
chelating agent EGTA, and the control protein bovine serum
albumin (BSA), followed by the addition of trypsin. Under
this condition, a cleavage product derived from VP1 called
VP1a is observed (Figure 1A, lane 1). Incubation of Py with
an extract containing ER lumenal proteins derived from
pancreatic microsomes, henceforth referred to as lumenal
extract (LE), instead of BSA generated a further cleavage
product, called VP1b (Figure 1A, lane 2). This increase in
trypsin sensitivity indicates a further unfolding event that
reveals previously cryptic trypsin cleavage sites in the virus.
Importantly, formation of the VP1b peptide was shown to be
ERp29-dependent (Magnuson ef al., 2005). Therefore gener-
ation of VP1b in the trypsin sensitivity assay serves as a
simple measure of the ERp29-induced unfolding activity.
We have shown that addition of purified His-tagged ERp29
NTD (and not BSA) to the LE decreased the VP1b level
(Magnuson et al., 2005; Figure 1A, cf. lane 5 to 4), indicating that
the NTD acted in a dominant-negative manner to disrupt the
unfolding reaction. This result led us to suspect that, by form-
ing a heterodimer with ERp29, the NTD may thereby disrupt

Molecular Biology of the Cell



A 123 4 5
PR
~—VP1b
BSA| + +
lumenal extract + +|+
ERp29 NTD + +
kDa: 72— N
55— ERp29 dimer
20— ERp29-NTD heterodimer
NTD dimer
ERp29 monomer
ERp29 NTD
Nif—
lumenal extract
ERp29 NTD + |+
crosslinker + +
c Input Pull-down
f 1T !
1 2 3 4 5 6 7 8

~<—ERp29

ERp29 NTD
ERp29 CTD
lumenal extract | + ki ]
ERp29 NTD + + +
ERp29 CTD + + +

Figure 1. ERp29 NTD and full-length ERp29 heterodimerize. (A)
Py (100 ng) was incubated with either a control protein (bovine
serum albumin [BSA], 30 ug), a lumenal extract (30 ug), purified
His-ERp29 NTD (1 ung), or a combination, as well as DTT (3 mM)
and EGTA (10 mM), followed by trypsin addition (0.2 mg/ml).
Samples were analyzed by reducing SDS-PAGE and immunoblot-
ted with a VP1 antibody. (B) Lumenal extract alone, His-ERp29
NTD alone, or lumenal extract plus His-ERp29 NTD were incubated
at 37°C, followed by addition of the cross-linking reagent Sulfo-
SMCC. Samples were analyzed by reducing SDS-PAGE and immu-
noblotted with an ERp29 antibody. (C) Lumenal extract alone, His-
ERp29 NTD alone, His-ERp29 CTD alone, or lumenal extract plus
His-ERp29 NTD or CTD were incubated at 37°C, followed by iso-
lation of His-containing complexes with Ni-NTA beads. The bound
fractions were analyzed by reducing SDS-PAGE and immunoblot-
ted with an ERp29 antibody.

the active ERp29 homodimer. To test whether the NTD forms
a heterodimer with ERp29, a cross-linking experiment was
performed. When the LE was incubated with a cross-linker and
then immunoblotted with an antibody against ERp29 (~30
kDa), a ~60 kDa band appeared, indicating the formation of an
ERp29 homodimer (Figure 1B, cf. lane 2 to 1), consistent with
previous reports (Mkrtchian et al., 1998b; Ferrari et al., 1998;
Lippert et al., 2007). Similarly, when purified ERp29 NTD (~17
kDa) was incubated with a cross-linker, a ~35-kDa species
appeared (Figure 1B, cf. lane 4 to 3), representing NTD dimer.
A low level of SDS-resistant NTD dimer was found in the
absence of the cross-linker (Figure 1B, lane 3). When the NTD
was incubated with LE followed by the addition of the cross-
linker, a ~45-kDa species appeared (Figure 1B, cf. lane 6 to 5).
The size of this species is consistent with the predicted ERp29-
ERp29 NTD heterodimer and suggests that NTD hetero-dimer-
izes with ERp29.
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It is possible that NTD is complexed with a ~30-kDa
protein in the LE other than ERp29. To establish further the
NTD-ERp29 interaction, the His-tagged NTD or CTD (as a
control) was incubated alone or with LE, followed by isola-
tion of the NTD or CTD using Ni-NTA beads. We found that
ERp29 is present in the NTD but not CTD isolates (Figure
1C, cf. lane 7 to 8), indicating that NTD and ERp29 formed
a complex. These results demonstrate that ERp29 NTD can
heterodimerize with ERp29 and suggest that its inhibitory
action in the viral unfolding reaction and in Tg secretion
(Magnuson et al., 2005; Baryshev et al., 2006) may be through
the disruption of the active ERp29 homodimer.

The D42A ERp29 Mutant Dimerizes Inefficiently

The dimer interfaces suggested by the NMR structure of ERp29
(Liepinsh et al., 2001) and the crystal structure of Wind (Ma et
al., 2003) do not agree. This discrepancy may reflect species-
specific difference in dimerization. Therefore, to determine if
ERp29 dimerization regulates its viral unfolding activity, we
rationally designed alanine mutants of ERp29 based on both
the NMR structure of rat ERp29 and the crystal structure of
Wind and Wind mutants (Ma et al., 2003; Sevvana et al., 2006).
We initially generated alanine mutants of rat ERp29 whose
positions, based on the NMR structure, represent the putative
dimerization interface. However, based on chemical cross-link-
ing analysis, all of the point mutants remained a dimer (not
shown). We then examined the crystal structure of Wind,
which identified four residues at the Wind dimerization inter-
face (G26, V28, D31, and R41) that are conserved in ERp29 (Ma
et al., 2003). (The corresponding sequence numbering in ERp29
differs by 11 residues.) Individual and combinatorial mutations
to V28, D31, and R41 have been shown to impair Wind dimer-
ization to differing degrees (Ma et al., 2003; Barnewitz et al.,
2004). The four corresponding residues in ERp29 were individ-
ually mutated to alanine (i.e., G37A, L39A, D42A, and K52A)
and the mutant ERp29 along with wild-type ERp29 expressed
in 293T cells. Dimerization of the ERp29 mutants was com-
pared with that of wild-type ERp29 by incubating whole cell
extracts derived from the 293T cells with a cross-linking re-
agent. As the level of endogenous ERp29 in the 293T extracts
used in this study is below the detection limit of the immu-
noblot analysis (Figure 2B, lane 1), the observed ERp29 is the
overexpressed wild-type or mutant ERp29 (Figure 2B, lanes
2 and 3).

The cross-linking assay revealed that, in contrast to wild-
type ERp29, mutation of aspartic acid 42 to alanine (D42A)
prevented ERp29 dimerization (Figure 2C, cf. lane 4 to lane
2). The other three point mutants displayed no effect on
dimerization (data not shown). Based on information from
the crystal structure of the Wind dimer, the carboxyl group
of D42 contributes to dimerization by forming a hydrogen
bond with the amide backbone of G37 on the opposing
ERp29 molecule (Figure 2A). Mutation of D42 to alanine
presumably disrupted the hydrogen bond, leading conse-
quently to a marked loss of dimer stability. Consistent with
our observation that the D42A rat ERp29 mutant failed to
dimerize, the corresponding D31N mutant in Wind (Ma et
al., 2003) and the D42N mutant of human ERp29 (Lippert et
al., 2007) are also significantly defective in dimerization.

To test whether the D42A mutant is misfolded grossly,
D42A and wild-type ERp29 were subjected to limited pro-
teolysis (Figure 2D). Grossly misfolded proteins are gener-
ally more sensitive to proteolysis due to exposure of internal
proteolytic sites. We found that both wild-type and mutant
ERp29 are largely resistant to trypsin digestion (Figure 2D,
cf. lane 2 to 1 and lane 5 to 4). Under this condition, unfolded
cholera toxin is degraded completely (Tsai et al., 2001;
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Figure 2. D42A ERp29 does not form a dimer. (A) The dimerization
interface of ERp29 is stabilized, in part, by a hydrogen bond formed
between the carboxylic acid group of D42 on one ERp29 molecule and
the backbone amide group of G37 on the opposite ERp29 molecule. (B)
293T cells were transfected with empty vector, a wild-type ERp29
expression construct, or a D42A ERp29 expression construct. Expres-
sion of wild-type and D42A ERp29 were analyzed by reducing SDS-
PAGE and immunoblotted with an ERp29 antibody. (C) Extracts har-
vested from 293T cells overexpressing wild-type or D42A ERp29 were
incubated with the cross-linking reagent DSP. Samples were analyzed
as in B except in non-reducing conditions. (D) Extracts harvested from
293T cells overexpressing wild-type or D42A ERp29 were incubated
with trypsin alone or with urea followed by trypsin. Samples were
analyzed as in B. (E) Extracts harvested from 293T cells overexpressing
wild-type or D42A ERp29 were incubated with mAb against ERp29,
followed by addition of protein A-agarose beads. Immune complexes
were analyzed by reducing SDS-PAGE and immunoblotted with cal-
nexin, Grp94, and ERp29 antibodies.

Forster et al., 2006). When the proteins were denatured arti-
ficially with urea, degradation of both wild-type and D42A
ERp29 was observed (Figure 2D, lanes 3 and 6), although the
wild-type protein was slightly less sensitive to degradation
possibly due to the protective nature of dimerization. We
conclude that the D42A mutant is not grossly misfolded.
To assess its structural integrity further, we asked whether
the D42A ERp29 is able to complex with calnexin and Grp9%4,
established ERp29 binding partners (Park ef al., 2005). We
found that calnexin and Grp94 coimmunoprecipitated with
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Figure 3. Wild-type ERp29, but not D42A ERp?29, triggers local un-
folding of Py VP1. (A) Py (100 ng) was incubated with extracts from
mock-transfected 3T3 cells (30 ug), 3T3 cells overexpressing wild-type
ERp29 (30 pg), or 3T3 cells overexpressing D42A ERp29 (30 ug) in the
presence of DTT and EGTA, followed by trypsin addition (0.05 mg/
ml). Samples were analyzed by reducing SDS-PAGE and immunoblot-
ted with a VP1 antibody. The 3T3 cell extracts were also analyzed for
ERp29 content by reducing SDS-PAGE and immunoblotted with an
ERp29 antibody. (B) As in A, except 0.15 mg/ml trypsin was used. (C)
Extracts were harvested from 3T3 cells mock-transfected or overex-
pressing wild-type or D42A ERp29. These extracts were analyzed for
the levels of ER chaperones by reducing SDS-PAGE and immunoblot-
ted with antibodies against BiP, ERp72, ERp57, and PDI.

both wild-type and mutant ERp29 (Figure 2E, cf. lane 1 to 2
and lane 3 to 4); a higher level of calnexin was bound to the
mutant ERp29. We conclude that introducing an alanine to
residue 42 of ERp29, a predicted site of dimerization inter-
face, perturbed its ability to dimerize without disrupting its
overall structural integrity.

Wild-type ERp29, but Not D42A ERp29, Triggers Local
Unfolding of Py

What is the functional consequence of reduced dimerization
to ERp29 unfolding activity? To address this question, we
compared the Py unfolding activity of D42A ERp29 to wild-
type ERp29 using the trypsin sensitivity assay. We demon-
strated previously that a whole cell extract derived from
mouse 3T6 cells overexpressing wild-type ERp29 stimulated
VP1 unfolding (Magnuson et al., 2005). We now find that a
3T3 cell extract overexpressing wild-type ERp29, but not an
extract overexpressing the D42A mutant (Figure 3A, bottom
panel, cf. lane 3 to 2), triggered the generation of the VP1b
fragment when compared with a mock-transfected extract
(Figure 3A, top panel, cf. lane 2 to lanes 3 and 1), indicating
the mutant ERp29 is unable to induce the VP1 conforma-
tional change. These results are more pronounced when the
digestion is performed with a higher trypsin concentration
(Figure 3B). Under this condition, the wild-type but not the
mock-transfected or the mutant ERp29 extracts stimulated
potent production of VP1b (Figure 3B, top panel, cf. lane 2 to
lanes 1 and 3); partial degradation of the VP1a fragment was
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Figure 4. Overexpression of wild-type ERp29, but not D42A
ERp29, enhances Py infection. 3T3 cells were transfected with empty
vector, a wild-type ERp29 expression construct, or a D42A ERp29
expression construct, followed by infection with Py. Large T antigen
expression was analyzed by standard fluorescence microscopy.

seen using the mock-transfected and the D42A extracts (Fig-
ure 3B, top panel, lanes 1 and 3). The increased unfolding
activity of the wild-type ERp29 extract is not due to nonspe-
cific up-regulation of other ER chaperones, because the lev-
els of BiP, ERp72, ERp57, and PDI are similar in each of the
extracts (Figure 3C, lanes 1-3). The inability of D42A mutant
to generate the VP1b fragment indicates that dimerization of
ERp29 plays a role in its protein unfolding activity.

Overexpression of Wild-Type ERp29, but Not D42A
ERp29, Enhances Py Infection

The ERp29-dependent unfolding reaction enables Py to pen-
etrate the ER membrane to reach the cytosol and then the
nucleus, where the virus initiates infection (Magnuson et al.,
2005). We asked whether the ERp29 dimer is required for
infection by overexpressing wild-type and D42A mutant
ERp29 in 3T3 cells, and subsequently monitored infection by
measuring the expression of large T antigen. Large T antigen
is encoded by the Py genome, and its expression indicates
successful arrival of the virus to the nucleus. Compared with
transfection with an empty vector, overexpression of wild-
type ERp29 increased by ~65% the number of cells express-
ing large T antigen (Figure 4), demonstrating that the un-
folding activity of ERp29 is the rate-limiting step in the Py
infection pathway. By contrast, overexpression of D42A
ERp29 did not stimulate large T antigen expression when
compared with expression of an empty vector (Figure 4).
These results are consistent with the inability of D42A
ERp29 to stimulate Py unfolding. Together, the data indicate
that the ERp29 dimer regulates Py infection.

Partial Restoration of Dimerization to D42A ERp29
Rescues ERp29 Activity

We have shown that the inability of the mutant D42A ERp29
to dimerize is correlated with its inability to trigger Py
unfolding and to stimulate viral infection. To determine if
ERp29 dimerization per se is required for these processes,
we designed a compensatory mutation in an effort to restore
dimerization to D42A ERp29. As discussed above, the Wind
crystal structure suggests that the ERp29 dimer is stabilized
by formation of a hydrogen bond between the carboxyl
group of D42 on one ERp29 molecule and the backbone
amino group of G37 on the other ERp29 molecule (Figure
2A). Mutation of D42 to alanine hence disrupts hydrogen
bond formation between D42 and G37. We predicted that,
by introducing an aspartic acid residue to position 37 in the
D42A mutant, generating the G37D/D42A double mutant, a
hydrogen bond could be established between the carboxyl
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WT ERp29 G37D/D42A ERp29

Figure 5. A compensatory mutation that partially restores dimer-
ization to D42A ERp29 rescues ERp29 activity concomitantly. (A)
Extracts harvested from 293T cells overexpressing wild-type, G37D,
or G37D/D42A ERp29 were incubated with the cross-linking re-
agent DSP. Samples were analyzed by nonreducing SDS-PAGE and
immunoblotted with an ERp29 antibody. (B) Py was incubated with
extracts from 3T3 cells overexpressing wild-type or G37D/D42A
ERp29 in the presence of DTT and EGTA, followed by trypsin
addition (0.15 mg/ml). Samples were analyzed by reducing SDS-
PAGE and immunoblotted with a VP1 antibody. (C) 3T3 cells were
transfected with an empty vector, a wild-type or a G37D/D42A ERp29
expression constructs, followed by infection with Py. Large T antigen
expression was analyzed by standard fluorescence microscopy.

group of the aspartic acid at position 37 on one molecule of
ERp29 and the backbone amide group of alanine at position
42 on the opposing ERp29 molecule.

Accordingly, whole cell extracts were prepared from 293T
cells overexpressing wild-type ERp29, the G37D single mu-
tant, and the G37D/D42A double mutant, and the extracts
were used in a cross-linking assay to examine the dimerization
of the ERp29 mutants. In contrast to the wild-type ERp29,
G37D failed to dimerize (Figure 5A, cf. lane 2 to 1). Because the
G37A mutant dimerized (not shown), introduction of a carbox-
ylic acid side chain, but not a methyl group, at position 37
presumably disrupted hydrogen bonding between the amide
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backbone of residue 37 and the carboxyl group of D42. Impor-
tantly, the G37D/D42A double mutant is able to form the
dimer species, although: its efficiency is reduced compared with
the wild-type ERp29 (Figure 5A, cf. lane 4 to 3). These results
demonstrate that substitution of G37 with aspartic acid can
partially restore the dimerization of D42A ERp29.

To determine if the G37D/D42A mutant unfolds Py, extracts
from 3T3 cells overexpressing wild-type and G37D/D42A
ERp29 were prepared and used in the trypsin sensitivity assay.
Using the higher trypsin concentration shown in Figure 3B, we
found that the G37D/D42A extract generated the VP1b frag-
ment, although the level is lower than that produced by the
wild-type ERp29 extract (Figure 5B, cf. lane 2 to 1). These data
showed that partial restoration of ERp29 dimerization concom-
itantly restored its unfolding activity proportionally.

We next tested the effect of overexpressing the G37D/
D42A ERp29 mutant on viral infection and found that this
double mutant stimulated the expression of large T antigen
to a similar extent as wild-type ERp29 (Figure 5C). As the
compensatory mutation that was able to restore dimeriza-
tion rescued both the viral unfolding and infection pro-
cesses, we conclude that dimerization of ERp29 is essential
for its ER unfolding activity.

Effects of Overexpressing Wild-type and Mutant ERp29 on
Thyroglobulin Secretion

In addition to its role in mediating viral infection, ERp29
interacts with the secretory protein Tg in the ER (Sargsyan et
al., 2002) to facilitate its secretion (Baryshev et al., 2006). As
substantial levels of ERp29 can be detected extracellularly, it
was suggested that ERp29 binds to Tg in the ER escorting it to
the cell exterior (Sargsyan ef al., 2002). To examine how ERp29
guides Tg secretion and whether dimerization of ERp29 is
relevant to this process, wild-type and D42A ERp29 were
transfected into FRTL-5 rat thyrocytes. At 48 h after transfec-
tion, cells were metabolically labeled with 3°S methionine/
cysteine for 1 h, and the medium was removed and replen-
ished with normal medium. After 6 additional hours (to
enable Tg secretion), the medium was collected, and the cells
were harvested and lysed. Total secreted Tg was isolated
from the medium by immunoprecipitation using a Tg anti-
body. A long-exposure autoradiograph of the SDS-PAGE
resolved samples showed a twofold increase in secreted Tg
from medium of cells overexpressing wild-type ERp29 (Fig-
ure 6A, top panel, cf. lane 2 to 1), as shown previously
(Baryshev et al., 2006). Under this exposure, a faint 29-kDa
band coimmunoprecipitated with Tg secreted from the cells
overexpressing wild-type ERp29 (Figure 6A, top panel, lane
2). Immunoblotting with an ERp29 antibody showed that
this band is ERp29 (Figure 6A, bottom panel, lane 2). That
the ERp29-Tg interaction can be found both in the ER and in
the medium suggests a simple mechanism by which ERp29
potentiates Tg secretion: ERp29 complexes with Tg in the
ER, escorting it along the secretory pathway to the extracel-
lular environment. We tested whether ERp29 dimer is cru-
cial for its Tg escort activity and found that in cells overex-
pressing the D42A mutant, the level of extracellular Tg
decreased when compared with mock-transfected cells (Fig-
ure 6A, top panel, cf. lane 3 to 1).

We next ascertained the effect of overexpressing the par-
tially dimerized ERp29 double mutant (G37D/D42A) on Tg
secretion. A short-exposure autoradiograph showed that, in
contrast to overexpression of the D42A ERp29 mutant, over-
expression of the partially dimerized ERp29 double mutant
(G37D/D42A) did not decrease the level of secreted Tg
(Figure 6A, cf. lanes 6 and 7 to 4). This result is consistent
with the idea that dimerization of ERp29 facilitates its exit
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Figure 6. Effects of overexpressing wild-type and mutant ERp29
on thyroglobulin secretion. (A) Cells were transfected with an
empty vector, wild-type ERp29, D42A ERp29, or G37D/D42A
ERp29 expression construct and labeled metabolically. Secreted Tg
was immunoprecipitated from the culture media, and the immune
complexes analyzed by SDS-PAGE, followed by autoradiography to
detect Tg and by immunoblotting with an ERp29 antibody to detect
coprecipitated ERp29. (B) Cells were transfected, labeled, and har-
vested as described above. ERp29 was immunoprecipitated from
the cell lysates, and the immune complexes were analyzed by
SDS-PAGE, followed by autoradiography to detect ERp29 and im-
munoblotting with a Tg antibody to detect coprecipitated Tg (left
panel). Intracellular Tg that coimmunoprecipitated with the D42A
ERp29 mutant was treated with endo H and subjected to SDS-
PAGE, followed by autoradiography to detect Tg (right panel).

out of the ER, enabling ERp29 to escort Tg to the cell exte-
rior. Overexpression of wild-type ERp29 but not the double
mutant increased thyroglobulin secretion (Figure 6A, cf.
lanes 5 and 7 to 4), likely due to the fact that the double
mutant is only dimerized partially. We note that this result
is in contrast to the observation that the double ERp29
mutant restored viral unfolding and infection (Figure 5, B
and C). The simplest explanation is that the expression level
of the double ERp29 mutant is dramatically lower in the
FRTL-5 cells used in the thyroglobulin secretion assay than
in the 3T3 cells used in the viral infection assay (not shown).
Nonetheless, these results indicate that dimerization of
ERp29 facilitates Tg secretion.

How might the D42A mutant exert such dominant-nega-
tive action on Tg secretion? One likely explanation is that the
D42A mutant binds to Tg in a subcellular compartment, but
is unable to exit this compartment because of its improper
assembly (i.e., absence of dimerization). To test whether the
mutant ERp29 traps Tg in the cells, intracellular ERp29 was
immunoprecipitated from mock-, wild-type-, and D42A
ERp29-transfected lysates. The autoradiograph showed the
twofold overexpression of wild-type and D42A ERp29 when
compared with the endogenous ERp29 from the mock-trans-
fected cells (Figure 6B, top panel, cf. lanes 2 and 3 to 1).
Single high- and low-molecular-weight bands were detected
in the ERp29-immunoprecipitate derived from cell lysates
expressing the D42A but not wild-type ERp29 (Figure 6B,
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top panel, cf. lane 3 to 2). Immunoblotting with a Tg anti-
body confirmed that the high-molecular-weight band was
Tg (Figure 6B, bottom panel, lane 3), whereas the low-
molecular-weight band (indicated by *) remains unidenti-
fied. This finding indicates that the D42A ERp29 mutant
binds to Tg but is unable to exit the cell, leading to reduced
Tg secretion. Of note, that the D42A mutant complexes with
Tg further demonstrates that it is not misfolded globally,
consistent with our earlier analysis of this protein (Figure 2).

To identify the subcellular localization of the Tg that
complexed with the D42A mutant, the intracellular Tg that
coimmunoprecipitated with the D42A ERp29 mutant was
treated with endo H and found to be entirely sensitive
(Figure 6B, cf. lane 5 to 4). This finding indicates that the
D42A ERp29 mutant binds to Tg in the ER, becomes trapped
in this compartment, and is unable to reach the Golgi, pre-
sumably because the D42A mutant is not oligomerized
properly. Collectively, our data demonstrate that the escort
activity of ERp29, similar to the viral unfolding activity,
requires its dimerization and suggest a general regulatory
role for dimerization in ERp29 function.

DISCUSSION

Thioredoxin domain-containing ER proteins function in a
wide variety of processes, both physiological and patholog-
ical. The normal processes of protein folding, ER quality
control, and secretion rely on PDI-like proteins that distin-
guish between correctly folded, secretion-competent sub-
strates and misfolded substrates that need to be retained and
then refolded or degraded. Moreover, to cause disease,
pathogens such as Py and cholera toxin traffic from the
plasma membrane to the ER where they hijack PDI-like
proteins (Magnuson et al., 2005; Forster et al., 2006; Gilbert et
al., 2006) in order to gain access to the cytosol. The regula-
tory mechanisms that control the various functions of a
given PDI-like protein have not been well characterized.
To assess whether dimerization could regulate the activi-
ties of a specific PDI-like protein, we elucidated the role of
dimerization of ERp29, a PDI-like protein shown to have at
least two distinct activities, one in mediating the entry of a
viral pathogen and the other in the escorting of secretory
proteins. Our studies revealed that homodimerization of
ERp29 is essential for both its protein unfolding and escort
functions. A single amino acid mutation in the N-terminal
domain of ERp29 (D42A) abrogates dimerization, disrupting
its ability to unfold Py. Why dimerization of ERp29 is re-
quired to stimulate Py unfolding is unclear. Because we
have not observed physical binding between Py and ERp29,
their interaction is assumed to be transient. Whether dimeric
ERp29 is required for this transient interaction is unknown.
After NTD-mediated dimerization, the two C-terminal do-
mains of ERp29 are brought together and may become active
only in close proximity to one another. This idea is sup-
ported by the observation that ERp29 NTD can block un-
folding and infection. In this scenario, NTD acts in a domi-
nant-negative manner by titration of ERp29 monomers,
preventing the two CTD domains from joining together.
Through a rational design approach based on the crystal
structure of the Drosophila ERp29 orthologue, we added a
compensatory mutation to the D42A ERp29 mutant (G37D/
D42A) that partially restored its ability to form dimers and
found the unfolding activity to be rescued partially. Surpris-
ingly, the G37D/D42A mutant is able to stimulate Py infec-
tion to a similar extent as wild-type ERp29. It is known that
only a small fraction of virus taken up by cells during
infection reaches the ER (Gilbert and Benjamin, 2004), and
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even fewer viral particles are transported out of the ER and into
the nucleus to cause infection (Greber and Kasamatsu, 1996).
Therefore, only a small percentage of G37D/D42A ERp29
overexpressed in the cell is needed to dimerize in order to
provide the unfolding activity necessary to stimulate infection
by one or a few viral particles. By contrast, in the in vitro
unfolding assay, the virus:G37D/D42A ERp29 ratio is higher
by necessity due to the detection limit of the immunoblot
analysis. As a consequence, the higher virus:ERp29 ratio results
in the unfolding of only a fraction of the viral particles.

In addition to the role of the ERp29 dimer in viral infection,
our findings also revealed that dimerization of ERp29 is essen-
tial during its normal cellular function. ERp29 was shown
previously to bind to the secretory protein Tg in the ER
(Sargsyan et al., 2002) and facilitate its secretion (Baryshev et al.,
2006). However, the detailed mechanism underlying this
function remains unclear. We found that ERp29 maintains
its interaction with Tg once Tg is secreted, suggesting that
ERp29 aids Tg secretion by serving as an escort factor. This
finding is consistent with the previously shown cosecretion
of ERp29 with Tg despite the presence of the ER-retrieval
signal in its C-terminus that normally facilitates recycling of
ER-resident proteins back to the ER (Sargsyan et al., 2002).
Other ER proteins, such as SCAP (Brown et al., 2002) or RAP
(Bu, 2001), have also been shown to act as escort factors in
guiding the transport of proteins further along the secretory
pathway. Importantly, the dimer of ERp29 was found to be
crucial for this activity as overexpression of wild-type
ERp29, but not the D42A mutant, stimulated Tg secretion. In
fact, D42A overexpression led to a decrease in Tg secretion.
Our evidence suggests that the inhibitory action of the mutant
ERp29 is attributed to its inability to escort the bound Tg out of
the ER. This is consistent with the notion that the ER contains
quality control machineries that can recognize misassembled
proteins (Ellgaard and Helenius, 2003), preventing them from
exiting this compartment. In this context, we observed a ~25-
kDa protein that coimmunoprecipitated with mutant but not
wild-type ERp29 (Figure 6B). This protein may represent either
an additional secretory substrate similar to Tg trapped by the
defective D42A ERp29 in the ER or another helper protein
involved along with ERp29 in the escort of Tg.

It was shown previously, using a gel filtration approach,
that a His-tagged, purified mutant Wind protein, in which
the aspartic acid residue at position 31 was changed to
asparagine (D31IN), is essentially monomeric (Ma et al.,
2003). The D31N Wind protein was shown to be active, as
assessed by its ability to transport Pipe, a substrate of Wind,
from the ER to the Golgi in COS cells (Ma et al., 2003). In a
subsequent chemical crosslinking study, the D31N mutant
expressed in COS cells was impaired in dimerization when
compared to the wild-type protein, although a low level of
dimer can be observed (Barnewitz et al., 2004). In this report,
the D31N mutant displayed activity similar to the wild-type
protein, consistent with the authors” previous observations (Ma
et al., 2003). As suggested by the authors, the residual level of
dimer in the D31N protein may be sufficient for its activity.
However, we found that the D42A ERp29 single mutant (cor-
responding to D31N Wind) failed to dimerize and was func-
tionally compromised in both the Py infection and Tg secretion
processes. The reason for this apparent discrepancy remains
unclear, but may be due to differences in the chosen mutations
(i.e. D mutated to A versus N), subtle structural differences in
the ERp29 and Wind dimers, or differences in substrate con-
centrations in the ER (i.e. Py and Tg versus Pipe).

When a second site mutation (R41S) was introduced to the
D31N Wind single mutant, the D31N/R41S double mutant
was reported to exhibit an even more severe dimerization
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defect than the D31N mutant (Barnewitz et al., 2004). Impor-
tantly, this double mutant was shown to be inactive in
transporting Pipe to the Golgi. The authors reported that a
high expression level of the Wind double mutant in the ER
caused the defect in Pipe transport. Although this raises the
possibility that the high concentration of Wind mutant, but
not the absence of Wind dimerization per se, prevented Pipe
transport, these findings suggest that dimerization of Wind
plays a role in regulating its function, consistent with our
finding that dimerization regulates the activities of ERp29.

PDI and ERp29 have been shown to oligomerize under
certain conditions (Pace and Dixon, 1979; Yu et al., 1994;
Mkrtchian et al., 1998b). In contrast, other studies indicated
that PDI (Solovyov and Gilbert, 2004; Li ef al., 2006) and
ERp57 (Frickel et al., 2004) exist as monomers. The reported
discrepancy in PDI’s dimerization state may reflect a differ-
ence in the purification procedures. It is also possible that
the high-concentration storage of PDI induced oligomeriza-
tion in vitro. Further studies aimed at determining the oli-
gomerization state of PDI (if any), as well as other PDI-
family members, in live cells may help to elucidate the
oligomerization properties of these proteins. Of note, as PDI
was shown previously to participate in Py infection (Gilbert
et al., 2006) and in cholera toxin intoxication (Tsai et al., 2001;
Forster et al., 2006), it is unclear whether oligomerization of
PDI, should it occur, regulates any of these processes.

How do PDI-like proteins possess such tremendous flexibil-
ity in selecting a wide myriad of substrates, ranging from
endogenous secretory proteins to foreign pathogens? Perhaps
the process of oligomerization, which increases the number of
conformations that can be adopted by these proteins, provides
a mechanism by which they may engage their numerous sub-
strates. Alternatively, interactions with other ER-resident fac-
tors may enable the PDI-like proteins to act on a specific
substrate. In this regard, identifying the binding partners of the
PDI-like proteins would help to clarify whether this interaction
regulates the substrate selection process.
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