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ABSTRACT: Secretion of newly synthesized proteins across the mammalian rough endoplasmic reticulum
(translocation) is supported by the membrane proteins Sec61p and TRAM, but may also include accessory
factors, depending on the particular translocation substrate. Studies designed to investigate the binding of
anti-peptide antibodies to the carboxyl terminus of theR-subunit of Sec61 (Sec61pR) lead us to the isolation
of a complex of proteins that occlude the cytosolic face of Sec61pR in microsomes that have been prepared
by standard protocols used to study translocationin Vitro [Walter, P., and Blobel, G. (1983)Methods
Enzymol. 96, 84-93]. This complex was shown by nanospray tandem mass spectrometry to be composed
of protein disulfide isomerase (PDI), calcium binding protein 1 (CABP1/P5), 72 kDa endoplasmic reticulum
protein (ERp72), and BiP (heat shock protein A5/HSPA5), and has been named TR-PDI for “translocon-
resident protein disulfide isomerase complex”. This constitutes a novel location for these proteins, which
are known to be major constituents of the lumen of the rough endoplasmic reticulum. We have not
established the function of TR-PDI at this location, but did observe that the absence of this complex
results in a relative loss of correct topology of prion protein insertion across RER membranes, indicating
the possibility of a functional rolein ViVo.

In eukaryotes, translocation of newly synthesized integral
membrane and secretory proteins across the rough endo-
plasmic reticulum (RER)1 is facilitated by a protein-conduct-
ing pore in the RER membrane termed the “translocon” (2).
Nascent polypeptides that are destined for extracytoplasmic
compartments or insertion into the membrane are synthesized
on membrane-bound ribosomes (3). Ribosome-nascent
chain complexes are targeted to the RER membrane by the
signal recognition particle (SRP) after detection of signal
sequences in the translocation substrate (4), and a tight
junction is created between the ribosome and the integral
membrane protein complex Sec61p (composed ofR-, â-, and
γ-subunits) (5).

The translocon membrane protein Sec61p forms the actual
pore through which nascent translocating polypeptides pass
(5-7). Sec61pR, -â, and -γ, in combination with the signal

recognition particle (SRP) and the signal recognition particle
receptor (SR), form a functional minimalist translocon that
is sufficient to facilitate the translocation of several nascent
substrate polypeptides across reconstituted lipid bilayers (5).
Additionally, the translocon can include the 37 kDa mem-
brane protein translocating chain-associated membrane pro-
tein (TRAM) (7), which is thought to regulate the interaction
between a subset of nascent polypeptides and the membrane
by preventing inappropriate partitioning into the lipid bilayer
(8).

Optimal rates of translocation for many translocation
substrates may depend on other “accessory” components that
reside either in the lumen, in the cytoplasm, or as part of
the membrane translocation complex itself under various
circumstances (9). These include ribosome-associated mem-
brane protein 4 (RAMP4), the translocon-associated protein
(TRAP), and the oligosaccharyl transferase complex (OST)
(9). Interestingly, the stoichiometric ratios of these assemblies
appear to varyin ViVo, perhaps to fulfill individual maturation
requirements of different substrates. This indicates a highly
dynamic set of component proteins that constitute the trans-
location apparatus, in a manner responsive to the identity of
the particular translocation substrate.

The translocation machinery includes proteins that reside
on the lumenal side of the RER membrane as well, including
BiP, PDI, calnexin, calreticulin, GRP94, and ERp72 (10).
These ensure unidirectionality of the transport process, detect
aberrantly folded intermediates, and maintain the integrity
of the bilayer by sealing the translocon pore (11).

In the studies reported here, anti-peptide antibodies created
to bind to the carboxyl terminus of Sec61pR failed to bind
to the cytosolic face of RER microsomes (the presumed
location of the carboxyl terminus of Sec61pR). This initiated
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a series of experiments that ultimately led to the discovery
of a complex of cytosolic proteins that occlude Sec61pR in
these translocationally active mammalian RER microsomes.
Three members of this protein complex are previously
identified members of the protein disulfide isomerase family;
the fourth is BiP. We have named this complex the
translocon-resident protein disulfide isomerase complex (TR-
PDI).

After screening many translocation substrates for sensitiv-
ity to the presence or absence of TR-PDI, we observed a
noticeable effect of TR-PDI on the translocation of the prion
protein. We found that this substrate displays visibly different
insertion behaviors across RER microsomes that either have
TR-PDI bound to the cytosolic surface or that have been
washed of TR-PDI by very mild detergent treatment (0.01-
0.05% detergent). This behavior was partially or completely
reversed by re-addition of purified TR-PDI.

We propose that TR-PDI may carry out a chaperone-like
role in the translocation process from the cytosolic side of
the translocon.

EXPERIMENTAL PROCEDURES

Anti-Peptide Antibodies.Antiserum against the carboxyl
terminus of Sec61pR (anti-Sec61pRC) has been previously
described (12). Briefly, the NH2-Cys-Lys-Glu-Gln-Ser-Glu-
Val-Gly-Ser-Met-Gly-Ala-Leu-Leu-Phe-COOH peptide was
cross-linked to BSA and used to produce anti-peptide
antibodies in New Zealand white rabbits. This 15mer, with
the exception of the N-terminal cysteine that was incorpo-
rated for cross-linking purposes, reflects the 14-amino acid
carboxyl terminus of Sec61R. The antiserum was used
directly from the supernatant of coagulated blood samples,
without further purification.

The antisera against the 54 kDa subunit of SRP (anti-
SRP54) were generated against the NH2-Cys-Asp-Thr-Ser-
Gly-Arg-His-Lys-Gln-Glu-Asp-Ser-COOH 12mer cross-
linked to keyhole limpet hemacyanin (KLH) and used to
elicit an immune response in New Zealand white rabbits.
This 12mer, except for the N-terminal cysteine residue which
was incorporated for cross-linking to the carrier protein,
corresponds to a region near the GTP binding site in the
SRP54 subunit. This peptide was chosen because it is
predicted to form a loop structure on the surface of the folded
protein, and its high charge content was predicted to be able
to elicit a strong immunogenic response. The antiserum
recognizes SRP in its native, membrane-bound state.

Coupling of IgG to Protein A-Sepharose Beads.Anti-
Sec61pRC and anti-SRP54 antibodies were covalently coupled
to protein A-sepharose CL-4B beads (Sigma, St. Louis, MO)
as described by Harlow (13) to create antibodies that were
physically constrained to the surface of a solid support rather
than free in solution. Briefly, a 50% (v/v) suspension of
protein A-Sepharose CL-4B beads was washed twice with
phosphate-buffered saline. The beads were resuspended in
an equal volume of antisera and were allowed to incubate
for 90 min at room temperature with end over end rotation.
After incubation, the beads were washed twice with 10
volumes of 200 mM sodium borate (pH 8.0), resuspended
in 10 volumes of 20 mM dimethylpimelimidate (Sigma), and
gently agitated for 1 h at room temperature. The reaction
was quenched with two washes in 200 mM triethylamine

(pH 9.0), followed by incubation for 2 h in thesame buffer.
The beads were then washed once with phosphate-buffered
saline, twice with 100 mM glycine (pH 2.8), and twice more
with phosphate-buffered saline to remove the majority of
unbound IgG.

Preparation of NaKRM.Rough microsomes (RM) were
prepared from canine pancreas as described by Walter and
Blobel (1). Where reported, these microsomes were further
stripped with washes with high concentrations of sodium and
potassium as follows. Microsomes (1000 equiv/mL) were
diluted with an equal volume of 250 mM sucrose, 50 mM
triethanolamine acetate (TEA) (pH 7.4), 1 mM DTT, and
50 mM EDTA (pH 7.6) and were incubated on ice for 20
min. Membranes were then pelleted by centrifugation in a
Beckman Ti50.2 rotor for 1 h at 44 000 rpmover a cushion
of 0.5 M sucrose, 50 mM TEA, and 1 mM DTT. Pellets
were washed three times in 500 mM potassium acetate, 5
mM magnesium acetate, 250 mM sucrose, 25 mM TEA, and
1.0 mM DTT followed by centrifugation in a Beckman
Ti50.2 rotor for 1 h at 40 000 rpm over thecushion described
above. These membranes were resuspended to their original
volume in 250 mM sucrose, 50 mM TEA, and 1 mM DTT
and pelleted over a cushion containing 500 mM sucrose and
50 mM TEA for 12 min at 30 psi in an A-100/30 rotor using
a Beckman Airfuge (Beckman Instruments, Inc., Fullerton,
CA). For highly stringent washes, the pellet was resuspended
in 3 M NaCl and 10 mM sodium phosphate (pH 7.6),
incubated on ice for 20 min, and centrifuged for 8 min at
30 psi (without cushion). This extensively washed pellet
contains sealed, right-side-out ER microsomes, and is termed
the NaKRM pellet. It is competent for translocation in a
wheat germ translation system with the addition of exogenous
SRP.

Immunoglobin Binding Assays.The amount of anti-
Sec61pRC that bound to the Sec61pR carboxyl terminus was
determined as follows. Sodium- and potassium-washed RER
microsomes (NaKRM) derived from 50 equiv of RM were
resuspended in 50µL of phosphate-buffered saline containing
various concentrations of the mild ionic detergent sarkosyl
(Calbiochem, La Jolla, CA), as indicated. After incubation
for 30 min at 4°C, each sample was supplemented with 25
µL of antiserum against the Sec61pR carboxyl terminus (anti-
Sec61pRC), and allowed to incubate on ice for 2 h. The tubes
were centrifuged for 12 min at 30 psi in a Beckman A-100/
30 rotor, and the pellets, containing NaKRM and any bound
IgG, were resuspended in their original volume of phosphate-
buffered saline and sarkosyl. The microsomes were centri-
fuged a second time at 30 psi for 12 min to remove
nonspecifically bound proteins.

The bound IgG was then eluted from the microsomal pellet
by washing the microsomes with a 3 MNaCl, 10 mM NaH2-
PO4, pH 7.6 buffer. After recentrifugation, the supernatants
containing the eluted IgGs were collected and incubated with
25 mL of a 50% (v/v) suspension of protein A-Sepharose
CL-4B beads to quantitatively bind the IgG fraction. The
beads were then washed twice in phosphate-buffered saline,
treated with 0.33 M Tris base, 8.3% SDS, and 0.33 M DTT
(SDS-reduction mix) to elute bound IgG, and the eluate was
loaded onto a 12% SDS-PAGE gel for separation.

Measurement of the amount of anti-Se61pRC that was able
to bind cholate-stripped microsomes was accomplished
similarly. NaKRM pellets derived from 50 equiv of RM were
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resuspended in 50µL of sucrose buffer [0.4 M sucrose, 0.4
M potassium acetate, 20 mM Tris-acetate (pH 7.6), 1 mM
EDTA, and 1.5 mM magnesium acetate] containing sodium
cholate at the indicated concentrations. The microsomes were
centrifuged for 12 min at 30 psi in a Beckman A-100/30
rotor and the pellets resuspended in SB without added sodium
cholate. After incubation for 30 min at 4°C, each sample
was supplemented with 10µL of anti-Sec61pRC antiserum,
and the tubes were incubated on ice for 2 h. The microsomes,
with bound IgG, were recentrifuged as described above, and
the pellets were gently rinsed with 200µL of SB, resus-
pended in 50µL of SB, and recentrifuged. The previous
washing, resuspension, and centrifugation step was repeated,
after which the pellet was resuspended in 50µL of SDS-
reduction mix. Ten microliters of each sample was separated
on a 4 to 12%Bis-Tris acrylamide gel (Novex, Frankfurt,
Germany) to allow quantitation of the successfully bound
anti-Sec61pRC IgG.

Microsome Immunoprecipitation Assay.To determine the
level of anti-Sec61pR antibody binding that is restricted to
the cytosolic face of microsomes, an inverse binding assay
was devised. NaKRM pellets derived from 175 equiv of RM
were resuspended in 175µL of either 0, 0.005, 0.01, 0.05,
0.1, or 0.2% (w/v) sarkosyl in phosphate-buffered saline and
incubated for 30 min on ice. A 25µL suspension of either
anti-Sec61pRC-protein A-Sepharose or anti-SRP54-
protein A-Sepharose beads was added to each detergent-
treated NaKRM sample, and the tubes were allowed to
incubate at 4°C for 2 h with end over end rotation, followed
by settling of the IgG-protein A-Sepharose beads at room
temperature for 20 min. The supernatant containing unbound
microsomes was gently removed from the beads using
capillary pipet tips. The beads were then gently washed three
times with phosphate-buffered saline, allowing them to settle
without centrifugation between each wash. Microsomes that
were able to bind to IgG tethered to protein A-Sepharose
beads (thus restricting interactions to the exposed cytosolic
face) were dissolved in SDS-reduction mix and quantitated
after separation of the microsomal proteins on 12 to 20%
acrylamide gels. Microsomes pelleted via their interaction
with either anti-Sec61pRC or anti-SRP54 were quantitated
by Western blotting using polyclonal antisera against the
48 kDa subunit of oligosaccharyl transferase (14) as a
marker protein, allowing quantitation of pelleted, intact RER
microsomes.

SDS-PAGE, Immunoblotting, and Quantitation of Gel
Products.Protein preparations were precipitated with 10%
trichloroacetic acid, resuspended in SDS-reduction mix, and
incubated at 55°C for 30 min. Gel loading buffer (0.3 M
DTT, 50% glycerol, and 0.01% bromophenol blue) was then
added to each sample, followed by incubation at 100°C for
2 min. Proteins were analyzed by SDS-PAGE on either
12%, 12 to 20% Tris-glycine, or 4 to 20% Bis-Tris precast
Novex polyacrylamide gradient gels (Novex, San Diego,
CA), as indicated. The composition of the fractions from
the purification of TR-PDI was determined by silver staining,
using the method of Rabilloud (15).

Immunoblots were performed by transferring SDS-
PAGE-separated proteins onto Immobilon-P PVDF mem-
branes (Millipore, Bedford, MA) using a semidry transfer
apparatus (Bio-Rad, Emeryville, CA). Tris-glycine gels were
transferred using a 25 mM Tris, 192 mM glycine, pH 8.0

buffer at 17 V for 0.6 h; Bis-Tris gels were transferred using
a 25 mM Bicine, 25 mM Bis-Tris, 1 mM EDTA, pH 7.2
buffer at 30 V for 1 h.

For the immunoglobin binding assays, blots were devel-
oped by incubating the PVDF membranes with secondary
antibody alone (horseradish peroxidase-coupled goat anti-
rabbit IgG at a 1:50000 dilution; Sigma) to quantitate bound
IgG. For the inverse microsome immunoprecipitation assays,
the harvested microsomal proteins were transferred from 12%
SDS-PAGE gels to PVDF membranes and incubated with
anti-OST48 antibodies (1:25000 dilution), followed by
incubation with horseradish peroxidase-coupled goat anti-
rabbit IgG secondary antibody. In all cases, peroxidase-
coupled secondary antibodies were detected using enhanced
chemiluminescence (ECL) (Pierce, Rockford, IL) and Kodak
X-Omat film. Densitometry of Western blots was performed
using the Quantity One program (version 2.7) from Protein
+ Dna ImageWare Systems (Huntington Station, NY).

Preparation of ChoRM.To strip membranes of TR-PDI,
rough microsomes were first washed with 10 mM EDTA to
remove bound ribosomes. The 120000g pellet from this wash
was subsequently washed three times with 500 mM KOAc
and then once with 3 M NaCl to remove SRP, remaining
ribosomes, and many other weakly bound membrane-
associated proteins. The resulting pellet was suspended in
0.05% (w/v) cholate in SB buffer [0.4 M sucrose, 0.4 M
potassium acetate, 20 mM Tris-acetate (pH 7.6), 1 mM
EDTA, and 1.5 mM magnesium acetate], incubated on ice
for 30 min, and recentrifuged. The membranes were resus-
pended in SB without added cholate and repelleted, and
the resulting membrane fraction was suspended in SB and
used for subsequent translocation assays as ChoRM micro-
somes.

Reconstitution of TR-PDI onto Cholate-Washed Micro-
somes.Reconstitutions were carried out as follows. First,
0.05% cholate-stripped ChoRM (4 equiv/µL) were mixed
with 2 volumes of purified TR-PDI and 7 volumes of 50
mM TEA (pH 7.6) and 1 mM DTT. The samples were gently
mixed and allowed to incubate at 4°C for 90 min, followed
by centrifugation for 12 min at 22 psi in a Beckman A-100/
30 rotor. Pelleted membranes thus reconstituted with TR-
PDI were resuspended in 50 mM TEA (pH 7.6), 250 mM
sucrose, and 1 mM DTT for use in translation assays.

Purification of the Translocon-Resident Isomerase Com-
plex. A 0.05% cholate extract was prepared from 40 000
equiv of NaKRM by resuspending NaKRM in 40 mL of
sucrose buffer [0.4 M sucrose, 0.4 M potassium acetate, 20
mM Tris-acetate (pH 7.6), 1 mM EDTA, and 1.5 mM
magnesium acetate] containing 0.05% sodium cholate. The
microsomes were sedimented at 120000g, and the pellets
were resuspended in SB without added sodium cholate. The
supernatant was concentrated to 2 mL and exchanged with
10 mL of 20 mM TEA (pH 7.6) and 0.01% (w/v) sodium
cholate using an Amicon microconcentrator equipped with
a YM-10 membrane (Millipore). This concentrated, low-salt
sample was loaded onto a Pharmacia Mono-Q HR-5 ion
exchange column (Pharmacia, Piscataway, NJ). The column
was washed with 4 mL of 0.01% (w/v) sodium cholate and
20 mM TEA (pH 7.6), followed by elution with a 30 mL
linear gradient of sodium chloride (from 0.0 M NaCl, 3 mL
of 350 mM NaCl, 23 mL of 550 mM NaCl, and 30 mL of
1 M NaCl). Fractions (1 mL) were collected and assayed
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for their ability to re-occlude the Sec61pR carboxyl-terminal
epitope. The fraction most highly active in re-occlusion of
the Sec61pR epitope after reconstitution onto detergent-
washed microsomes (eluting at 9 mL) was exchanged
with 10 mL of SB containing 0.01% (w/v) sodium cholate,
and the volume was reduced to 0.5 mL using an Amicon
YM-10 membrane as described above. A portion of the
fraction that was able to re-occlude the Sec61pR epitope
was processed for sequencing, as outlined below. The
remainder was loaded onto a Pharmacia Superose 12 size
exclusion column (Pharmacia) and eluted with SB at a flow
rate of 0.4 mL/min to determine the homogeneity of the
complex.

Cell-Free Translations.Wheat germ cell-free translations
and proteinase K assays were performed as described
previously (16) using [35S]methionine (Amersham) to visual-
ize translation products via fluorography. Transcription and
translation experiments were carried out as described by
Gilmore and co-workers (17) using either PG4BP4, containing
a full-length clone of the bovine prolactin gene (18), or
pG3G, encoding vesicular stomatitis virus glycoprotein
(VSVG) (19) (both courtesy of R. Gilmore, University of
Massachusetts, Worcester, MA), EB17 encoding apolipo-
protein B (20), pAV3 encoding prion protein with mutations
encoding three alanine-to-valine substitutions at positions
113, 115, and 118, and MH2MPrP encoding the native prion
protein (21, 22) (EB17, pAV3, and MH2MPrP courtesy
of V. Lingappa, University of California, San Francisco,
CA). Plasmids were first linearized as described previously
(17), and preparative-scale transcription reactions were
performed following the protocol of Gu¨revich and co-workers
(23).

Total canine kidney messenger RNA was isolated from
flash-frozen kidney tissue using urea extraction and an oligo-
dT column (Sigma) as described in Current Protocols in
Molecular Biology (24).

Translations were supplemented with the various microso-
mal preparations described herein, as well as purified SRP
where indicated. SRP was purified by following the protocol
of Walter and Blobel (1).

Sequencing.Members of the purified complex that were
found to re-occlude the carboxyl terminus of Sec61pR were
separated on a 4 to 12%Bis-Tris SDS-PAGE gel and were
visualized by staining briefly with Coomassie brilliant blue
and destaining with 10% MeOH and 15% acetic acid. Bands
were excised from the gel and sent to the Harvard Micro-
chemistry Facility (Cambridge, MA) where they were
subjected to in-gel trypsin digestion. The resulting proteolytic
peptides were separated by microcapillary reverse-phase
HPLC coupled to a nano-electrospray tandem mass spec-
trometer on a Finnigan LCQ quadropole ion trap mass
spectrometer (25). MS/MS spectra were correlated with
known sequences using the Sequest algorithm (26), and
identities were confirmed by manual analysis of results.

Radiography.For in Vitro translations, [35S]methionine-
labeled gels were visualized by fixation of the SDS-PAGE
gel in acetic acid and impregnation with poly-phenyl-oxazole
(PPO, 10% in acetic acid), followed by drying of the gel
and exposure to Kodak X-Omat AR film at-80 °C.

Densitometry of35S flourographs was performed using the
Quantity One program (version 2.7) from Protein+ Dna
ImageWare Systems.

RESULTS

The Carboxyl Terminus of Sec61pR Is Inaccessible to
Antibodies.These studies began by attempting to accurately
determine the transmembrane orientation and accessibility
of the carboxyl terminus of Sec61pR in sealed, translocation-
competent RER membranes. Anti-Sec61pRC antisera (di-
rected against the carboxyl-terminal sequence of Sec61pR,
NH2-CKEQSEVGSMGALLF-COOH) bind with high affin-
ity to Sec61pR on immunoblots (useful at a 1:40000 dilution).
However, we were unable to bind measurable amounts of
antibody to natively symmetric (cytosolic side out) rough
microsomes (RM), even after co-incubation of RM with a
high concentration of antisera over a period of several hours
(Figure 1A, lane 1). Further, stripping of ribosomes from
the rough endoplasmic reticulum (RER) via treatment with
50 mM EDTA followed by 500 mM potassium acetate did
not measurably improve antibody binding (Figure 1A, lane
2). Even stringent washing of the microsomal membranes
with NaCl did not measurably improve the accessibility of
the IgG antibody pool to the Sec61pR epitope (Figure 1A,
lane 3).

We first explored the possibility that the carboxyl terminus
of mammalian Sec61pR is on the lumenal side of the
membrane, despite previously reported results which indi-
cated the carboxyl terminus of yeast Sec61pR is cytosolic
(27). First, we treated the stringently washed RM (NaKRM)
with increasing amounts of the detergent sarkosyl to per-
meabilize the microsomes, giving antibodies access to both
sides of the membrane. Enhanced binding would indicate

FIGURE 1: Carboxyl terminus of Sec61pR which becomes acces-
sible to antibodies upon treatment with sarkosyl. (A) Western blot
visualizing the amount of anti-Sec61pR carboxyl-terminal IgG that
cosediments with detergent and salt-washed microsomes after
various detergent treatments. The bound IgG-labeled microsomes
were pelleted, solubilized, and separated on 12% SDS-PAGE gels
for quantitation. The amount of bound IgG was measured by
Western blotting with secondary antibody (peroxidase-coupled goat
anti-rabbit IgG) and quantified by scanning densitometry. Lanes
1-3 show relative amounts of the antibody that binds to native
RM, potassium-washed RM (KRM), and potassium- and sodium
chloride-washed RM (NaKRM), respectively. Lanes 4-8 depict
the amount of antibody that binds to NaKRM that have been washed
with varying amounts of sarkosyl, ranging from 0.005 to 0.2% (w/
v). (B) Relative yield of anti-Sec61pR carboxyl-terminal IgG that
pellets with the microsomes in the various detergent solutions as
quantitated by scanning densitometry.
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either that the carboxyl terminus lies on the lumenal side of
the ER membrane or, alternatively, that the detergent perturbs
the accessibility of Sec61pR on the cytosolic side, thereby
exposing a previously hidden epitope.

Native RM, KRM, and NaKRM (all containing Sec61p)
bind nearly undetectable levels of the anti-Sec61pRC IgG
component from the antiserum (Figure 1A, lanes 1-3); in
contrast, even low concentrations of sarkosyl significantly
improve the ability of microsomes to recognize and bind the
anti-Sec61pRC IgG (Figure 1A, compare lanes 1-3 to lanes
4-8).

The Carboxyl Terminus of Sec61pR Is Cytosolic. To
determine whether the newly revealed Sec61pR carboxyl
terminus is on the cytosolic or lumenal face of RER
microsomal membranes, we devised a novel microsome
immunoprecipitation assay, using anti-Sec61pRC antibodies
covalently linked to protein A-Sepharose beads via their
IgG constant region (13). We reasoned that the distance
between the IgG variable region and the Sepharose bead
would be insufficient to span the width of the membrane.
These “tethered” antibodies should be unable to bind to
epitopes that reside on the lumenal face of the ER membrane,
even after membrane permeabilization.

After sarkosyl treatment, entire RER microsomes were
sedimented using these Sepharose-protein A-IgG beads,
and quantitated using antisera directed against the 48 kDa
subunit of the oligosaccharyl transferase complex (ROST48).
OST48 is a ubiquitous integral membrane protein in the RER,
and is used here to measure the relative yield of intact
microsomes pelleted via the Sec61pR antigen-antibody
interaction. As a control, we also carried out microsome
immunoprecipitations using a protein A-Sepharose assembly
linked to antibodies directed against the 54 kDa subunit of
the signal recognition particle (SRP54), which is native to
the cytosolic face of RER microsomes. Note that if the
occlusion phenomenon is an artifact due to redistribution of
chaperone-like occluding factors on the RER microsomal
surface during microsomal preparation, this epitope would
be expected to be occluded as well.

In Figure 2, the amount of OST48 visualized by Western
blotting was used to quantitate the total pelleted microsomal
pool in each sample. Microsomal membranes were pelleted
either via interaction withRSRP54 antibody (Figure 2A) or
with RSec61C antibody (Figure 2B) cross-linked to the
protein A-Sepharose beads. We allowed the chemilumi-
nescent reaction of the horseradish peroxidase-coupled
secondary antibody to overexpose the film (Figure 2A). This
was done to ensure visualization of OST48 across a wide
range of concentrations. Our purpose was to detect even
minimal binding to the Sec61pR epitope, to determine
conditions under which Sec61pR is fully occluded.

In panel B, it can be seen that microsomes are pelleted
via the anti-Sec61pRC IgG-protein A-Sepharose interaction
only after mild detergent washing of the microsomes,
reaching a maximum at∼0.1% (w/v) sarkosyl. In contrast,
microsome pelleting using anti-SRP54 antibodies was maxi-
mal prior to detergent treatment, and exhibited a slow but
steady decrease as the detergent concentration increased. We
conclude that the interaction between IgG and the carboxyl
terminus of Sec61pR occurs on the cytosolic face of the ER,
and is greater as levels of sarkosyl approach 0.1%. Exposure
of the SRP54 epitope required no prior detergent treatment,

indicating that SRP54 resides on the cytosolic face of these
membranes, and is fully accessible prior to detergent
treatment. This further indicates that these membranes are
well-behaved, and there is no general occlusion of the
microsomal surface due to artifactual reorganization during
our microsomal preparation and washing protocols.

Our use of antibodies for two distinct phases of the
immunoprecipitation and detection steps leads to two distinct
antibody bands on the SDS-PAGE gels depicted in Figure
2A. The lower bands are due to primary antibody binding
to the OST48 protein, followed by development with
secondary antibody using standard Western blot procedures.
The upper bands, however, are due to IgG in the microsomal
protein pool itself. This band reflects IgGs used to pellet
the microsomes (via binding to Sec61pR) that do not remain
covalently linked to the protein A-Sepharose beads, because
the cross-linking reaction is less than 100% efficient.

The increasing background IgG level commensurate with
the amount of microsomes successfully pelleted is reflected
by the coordinated yield of background IgG and OST48
(upper vs lower bands, Figure 2A). The unusual nature of
this protocol, along with overexposure of the chemilumi-
nescence reaction, produced the broad banding patterns
visible in Figure 2A.

To establish the relative extent of occlusion of the carboxyl
terminus of Sec61p, we used NaKRM microsomes to bind
the anti-Sec61pR antibody from a 140µL aliquot of antisera.
We compared the amount of IgG that successfully bound to

FIGURE 2: Tethered antibodies bind to the carboxyl terminus of
Sec61pR on the cytosolic face of the ER membrane. The change
in antibody accessibility of Sec61p after detergent washing is
compared with that of the accessibility of the well-characterized
membrane-associated signal recognition particle (SRP). Anti-SRP54
antibodies (A) or Anti-Sec61pR carboxyl-terminal antibodies (B)
were coupled to 0.1 mm polystyrene beads and used to pellet
detergent-washed microsomes via antibody-epitope conjugation.
The pelleted microsomes were then separated on a 12% SDS-
PAGE gel, and the total microsomal yield was quantitated using
anti-OST48 antibodies followed by ECL detection. The relative
yield of OST48 (C), and thus pelleted microsomes, was quantitated
by scanning densitometry of the OST48 band from the Western
blots shown in panels A and B.
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Sec61pR in the membranes from this large pool to the
amount of IgG from a much smaller aliquot (1.5µL) that
was able to bind Sec61pR on a Western blot. The total
amount of IgG that bound to the microsomes from the 140
µL pool produced less than<1% of the IgG binding available
in the much smaller (1.5µL) pool, suggesting that the rough
microsomes bind less than 0.01% of the available Sec61pR
specific antibody prior to mild detergent washing (data not
shown).

The stringent washes prior to this binding assay indicate
that the lack of binding of Sec61pR antisera is not due to a
small subset of microsomes that have been rendered leaky
during the freeze-thaw cycle, as the washes occurred after
thawing; further, the behavior (lack of measurable IgG
binding) is observed for the entire population.

We next tested several other possibilities: (1) that sarkosyl
denatures the carboxyl-terminal region of Sec61pR, creating
a more accessible epitope with greater antibody binding
avidity, (2) that antibody binding is an artifactual phenom-
enon in which the permeabilized membranes trap a fraction
of the antibodies in the now-accessible lumen, or (3) that an
as yet uncharacterized factor covers the antigenic epitope of
Sec61pR, and is removed by mild detergent treatment.

The Carboxyl Terminus of Sec61pR Is Occluded by a
Cytosolic Factor.To rule out the possibility that antibody
binding on the cytosolic face is due to a large increase in
antibody affinity for the denatured form of the Sec61pR
carboxyl terminus, we subjected detergent-washed mi-
crosomes to conditions known to facilitate protein renatur-
ation. Exhaustive dialysis as well as detergent adsorption with
macroporous polystyrene beads did not measurably reduce
the level of binding of antibodies to the Sec61pR C-terminal
epitope (data not shown), suggesting that enhanced exposure
was the result of the removal of an occluding factor rather
than the result of an unfolding event.

We next looked for a mild detergent that would allow
successful re-occlusion of the Sec61pR carboxyl terminus
from the detergent extract, reasoning that if an occluding
factor was responsible, we would need to be able to
specifically reverse this exposure to purify the putative factor-
(s). Of the detergents tested (CHAPs, deoxyBigCHAP,
cholate, andâ-octyl glucoside), only cholate was found to
support reversible exposure of the carboxyl terminus of
Sec61pR.

Maximum binding of IgG to the Sec61pR carboxyl-
terminal epitope was seen after treatment of NaKRM with
an extremely mild (0.01%, w/v) sodium cholate solution
(Figure 3, lane 3). Importantly, we were able to reconstitute
epitope occlusion by adding the cholate extract back to the
detergent-washed microsomes, followed by a 3-fold dilution
with buffer (Figure 3, lane 7), indicating the occluding factor
was in the cholate extract, and binding was reversible. This
behavior allowed us to purify the factor responsible for
occlusion of Sec61pR.

Purification of the Sec61pR Carboxyl-Terminal Occluding
Factor. The supernatants from increasing concentrations of
cholate treatment were analyzed by SDS-PAGE. As seen
in Figure 4, the extracts from salt-washed microsomes at
0.005, 0.01, or 0.05% sodium cholate contain a fairly small
subset of proteins compared to those remaining with the
membrane fraction (10-12 proteins, appearing as the darker
stained bands; Figure 4, lanes 3, 5, and 7). With 0.1% cholate,

the supernatant contains many more proteins (approximately
40-50 visible overlapping bands; Figure 4, lane 9), indicat-
ing that at this higher cholate concentration the integrity of

FIGURE 3: Carboxyl terminus of Sec61pR which becomes acces-
sible to antibodies upon treatment with sodium cholate. (A) Anti-
Sec61pR carboxyl-terminal antibody bound to NaKRM microsomes
after cholate washing. Rebinding of the cholate-extracted factor(s)
responsible for Sec61pR occlusion was realized by reconstituting
the membrane fraction from a 0.05% cholate wash with a 10×,
detergent-depleted extract of the 0.05% cholate supernatant. Lane
7 contained a reconstituted membrane fraction that was exposed
to anti-Sec61R antibodies as in lanes 1-6. Ten equivalents of each
membrane fraction was separated on a 4 to 12%Bis-Tris acrylamide
gel. (B) The relative yields of IgG that bound to the carboxyl
terminus of Sec61R from three such assays were quantitated by
scanning densitometry.

FIGURE 4: Cholate extract (0.05%) contains a select, membrane-
associated set of proteins. Potassium-washed microsomes (3×
KRM) were washed with a solution containing 3 M NaCl and then
sedimented at 120000g. The supernatant (S) and pellet (P) are
shown in lanes 1 and 2, respectively. Pellets were resuspended in
buffer containing 400 mM potassium acetate at various sodium
cholate concentrations. The supernatants and pellets from each
extraction are shown in lanes 3-10. Each pair of lanes represents
the total protein from 2 equiv of membranes, visualized by
Coomassie staining.
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the sealed microsomal membranes is breached. Access to
lumenal proteins in these canine endoplasmic reticulum
microsomes, we conclude, does not occur until treatment with
0.1% cholate, a concentration of cholate 10-fold higher than
that necessary to remove the occluding factor from the
cytosolic face of Sec61pR. This behavior is in agreement
with previous findings, in which lumenal proteins begin to
appear in the supernatant of pelleted ER microsomes treated
with g0.2% cholate (ref28 and personal communication
from C. Nicchitta). The slight difference in cholate concen-
tration (0.1% reported here vs release between 0.13 and 0.2%
cholate in Nicchitta’s hands) is most likely due to slight
differences in buffer, and therefore salt, concentrations. We
also observed that the microsomal pellet from the 0.1%
cholate extract is noticeably smaller than the pellets from
any of the extractions at lower cholate concentrations. Further
evidence supporting the integrity of microsomes washed with
<0.1% cholate includes the protein A-Sepharose microsome
pelleting results (Figure 2), in which OST48 copellets with
Sec61p, indicating an intact microsomal membrane. Treat-
ment of the NaKRM microsomes with cholate concentrations
of e0.01% had no effect on translocation efficiency (as
measured by the proteinase K accessibility of signal peptide-
cleaved, full-length PL), while higher concentrations of deter-
gent (g0.1%) had a drastic effect on translocation efficiency,
with the nearly complete loss of both signal sequence
processing and occlusion in the ER lumen (data not shown).
Treatment of membranes with the other detergents (CHAPs,
deoxyBigCHAP, andâ-octyl glucoside) resulted in the
complete loss of the ability to support translocationin Vitro.

Sec61pR Is Occluded by a Complex of BiP, PDI, and PDI-
like Proteins.To identify the component(s) of the extract
responsible for Sec61pR epitope occlusion, we purified the
occlusion factor from the concentrated extract of the 0.05%
cholate strip (Figure 4, lane 7) by ion exchange chromatog-
raphy on a Mono-Q HR-5 column. Column eluates were
assayed for their ability to re-occlude the Sec61pR epitope
after removal of the cholate detergent. The fractions affording
the highest level of occlusion (panels A and B of Figure 5,
fractions 8 and 9) contain varying amounts of four bands:
two proteins displaying an apparent mass of approximately
72 kDa, a 58 kDa protein, and a 52 kDa protein. The proteins
in fraction 9 from the Mono-Q eluate were further subjected
to size exclusion chromatography on a Superose 12 column
(Figure 6). These four proteins behave as a single species
during size exclusion chromatography, eluting in a single
size exclusion fraction (Figure 6, fraction 12). We therefore
refer to this set of four proteins as a complex, though we
feel the constitution of this complex may be highly dynamic.

The members of the complex were sequenced by the
Harvard Microchemistry Facility using mass spectrometry
of peptides generated from in-gel digestion of the individual
proteins separated by SDS-PAGE. They were identified as
human protein disulfide isomerase-related P5 protein CABP1
(P5, GI:1710248) at 52 kDa, protein disulfide isomerase
(PDI, GI:129726) at 58 kDa, and human 72 kDa protein
disulfide isomerase-related protein (ERp72, GI:4758304) and
BiP (GI:109893) at 72 kDa. The identified sequences from
the 52 kDa CABP1/P5 protein include a peptide from the
amino-terminal putative signal sequence of this protein.

Given that this complex is composed primarily of members
of the protein disulfide isomerase family, we have named

this complex the translocon-resident protein disulfide isomerase
complex (TR-PDI).

ActiVity of TR-PDI.Our data indicate that the anti-Sec61p
epitope, and at least a portion of the TR-PDI occluding
complex, are cytosolic; it follows that this complex is close
to the ribosome-Sec61 junction and the site of translocation.
We wondered, therefore, if TR-PDI may be involved in some
aspect of the translocation process. To test this, we first asked
whether TR-PDI affects basal translocation for a well-
characterized translocation substrate, preprolactin. We also
asked if TR-PDI might be capable of chaperone-like function,

FIGURE 5: Ion exchange separation of the 0.05% cholate wash to
identify factors capable of occluding the Sec61pR carboxyl
terminus. (A) The 0.05% (w/v) cholate extract from salt-washed
rough endoplasmic microsomal membranes was fractionated via
anion exchange chromatography on a Mono-Q column. All fractions
were tested for their ability to reconstitute Sec61pR occlusion when
reconstituted onto cholate-stripped microsomes. Those fractions
displaying the greatest ability to re-occlude Sec61pR were separated
via SDS-PAGE and stained with Coomassie. (B) Occlusion activity
is measured by SDS-PAGE separation and secondary antibody
detection of anti-Sec61pR IgG antibodies that are bound to cholate-
washed microsomes. A portion of each fraction was diluted 3-fold
and added back to microsomes previously extracted with 0.5%
cholate to assess occlusion of Sec61pR. (C) Relative yield of each
sedimentation assay as quantitated by scanning densitometry.
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possibly replacing the signal recognition particle (SRP) by
allowing post-translational translocation (which has been
shown to depend on Kar2/BiP in yeast) (29).

In Vitro translocation assays were carried out using the
secretory hormone protein, preprolactin, as the translocation
substrate (30). These assays were conducted both in the
presence and in the absence of exogenous SRP. Three
different membrane preparations were employed: native
RER (RM), detergent-washed microsomes (ChoRM), and
ChoRM reconstituted with purified TR-PDI. As shown in
Figure 7, preprolactin is negligibly affected by TR-PDI, as
the yield of translocated PL is only slightly higher (<10%)
in the presence of TR-PDI than in its absence (compare the
PK insensitive PL present in lane 6 of Figure 7 to that in
lane 8). Though a negligible amount of protease-protected
prolactin is translocated in the absence of SRP when TR-
PDI is present (Figure 7, lanes 3 and 4), this amount of

protease-protected preprolactin, which is only very slightly
above background, indicates TR-PDI is not a functional
substitute for the signal recognition particle.

We next tested a glycosylated type I membrane protein
[vesicular stomatitis virus glycoprotein (VSVG) (31)] and a
secretory protein that requires reinsertion into the translocon
after translocational pausing, ApoB (20). Both showed little
response to the absence of TR-PDI (data not shown). Further,
the presence of TR-PDI did not increase the overall efficiency
of ApoB translocation or accentuate the TRAM-dependent
pausing of ApoB that has been noted by Hegde and
co-workers (32). These results also show that mild cholate
washes of these microsomal membranes leave the translocon
functional and active, as the ChoRM behavior was nearly
indistinguishable from the behavior of the RM membrane
pool for the translocation substrates preprolactin, VSVG, and
apolipoprotein B.

In the search for evidence of highly TR-PDI sensitive
translocation substrates, we next screened a large pool of
candidates by observing the effect of TR-PDI on the
translocation of proteins derived from total canine kidney
mRNA (data not shown). Because there were only two
proteins from a panel ofg100 protein translation products
that displayed a change in translocation efficiency in the
absence of TR-PDI, we concluded that the effect of TR-
PDI on translocation across the RER is likely to be highly
substrate specific.

The Prion Protein as a Translocation Substrate.Following
this reasoning, we noted that it has been proposed by Hegde
and Lingappa that cytosolic trans-acting factors may com-
prise a set of proteins that are involved in translocation, yet
that only interact with particular subsets of translocation
substrates (33). Termed “translocation accessory factors”
(TrAFs) by Lingappa and Hegde, these proposed cytosolic
factors are suggested to chaperone putative transmembrane
domains of translocation substrates via interaction with select
regions of the protein (33). TRAM displays this type of
substrate specific behavior, though its existence as a mem-
brane protein prevents its inclusion as a TrAF factor,per se
(32). TR-PDI appeared to us to be a candidate as a trans-
acting factor, because of its putative location on the cytosolic
face of the translocon and our knowledge that it appears to
affect a small but detectable subset of translocation substrates.

Translocation of the Prion Protein.In cell-free translo-
cation systems, the human prion protein, PrP, can be
translocated in a manner that results in three distinct
topological forms (22). The native form of the prion protein
in healthy brain tissue is fully translocated into the ER lumen,
and is tethered to the membrane by a glycolipid anchor (34);
this is termed the secretory form and is denotedSecPrP. The
prion protein can also produce two transmembrane isoforms.
Each isoform has been show to span the membrane once,
with either the carboxyl terminus or the amino terminus
exposed to the ER lumen (22). TheCtmPrP isoform has been
found to be highly correlative with the neurodegeneration
that is the hallmark of scrapie and other neurodegenerative
spongiform encephalopathies (22, 35).

We postulated that production of one or more of the prion
protein topologies may be dependent on the presence of TR-
PDI, as proper insertion has been demonstrated to depend
on detergent sensitive factors (33). We first chose to assay
the congenital prion protein mutant AV3, which displays an

FIGURE 6: Size exclusion separation of the Sec61pR carboxyl-
terminal occlusion complex. Fraction 9 from the ion exchange
purification step shown in Figure 5 was further purified via size
exclusion chromatography on a Superose 12 column. The eluates
were visualized by silver staining.

FIGURE 7: TR-PDI only slightly modulates the efficiency of
translocation of preprolactin. Cholate-stripped microsomes were
reconstituted with and without TR-PDI and added to a wheat germ
cell-free translation system programmed with preprolactin mRNA
and [35S]methionine such thatde noVo products of the protein
synthetic machinery will be radioactively labeled and therefore
visualized on radiographic film after separation on an SDS-PAGE
gel. Where indicated, the translations were supplemented with the
signal recognition particle (SRP). Half of each translation reaction
mixture was treated with proteinase K (PK) to assay for successful
translocation, due to its occlusion within the lumen of the
endoplasmic reticulum microsome. The intensities of the prepro-
lactin (pPL) and the signal peptide-cleaved prolactin (PL) bands
were measured by scanning densitometry. The percent protection
is defined as the fraction of the total translated product (pPL+ PL
in the lanes without PK) that undergoes signal processing and
remains inaccessible to protease (PL in the lanes with PK).
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enhanced propensity to misinsert, resulting in an increase in
the CtmPrP topology (22).

We analyzed prion insertion profiles using proteinase K
digestion of the ER microsomes after insertion of the AV3
prion into the membrane, as the limit digestion product for
the unglycosylatedCtmPrP has a mass of 18 kDa, whereas
the limit digestion product forNtmPrP has a mass of 14 kDa.
The secreted form (SecPrP) remains full-length (28-36 kDa,
depending on the glycosylation state) due to full occlusion
in the ER lumen.

In agreement with the results of Hegde and co-workers,
AV3 translated in the presence of KRM and subsequently
treated with proteinase K to reveal the topologies of the PrP
products displayed the glycosylated, fully secretedSecPrP

form, visible as a light banding at∼36 kDa (Figure 8A, lanes
1 and 2). The 14 kDaNtmPrP digestion fragment and the 28
kDa secreted, nonglycosylated forms were negligible in the
presence of KRM (Figure 8A, lanes 1 and 2), but became
visible when cholate-washed RM were used (Figure 8A,
lanes 3-8). Further, when the membranes were washed of
protein components sensitive to 0.05% cholate, including TR-
PDI, the most abundant limit digestion product became the
incorrectly inserted 18 kDaCtmPrP fragment (Figure 8A, lane
4). These membranes produced very little of the fully
translocated prion protein AV3 substrate (seen as a lack of
translation products at 28 and 36 kDa; Figure 8A, lane 4).
We also noted that the cholate wash had a positive overall
effect on the total translation rate for the prion protein (Figure

FIGURE 8: TR-PDI affects the insertion topology of the AV3 prion protein mutant and native prion protein. (A) Prion mutant AV3 was
translated in a wheat germ translation system in the presence of 3 equiv of membranes. After translation and/or translocation, half of each
reaction mixture was treated with 500µg/mL proteinase K (PK) to test for the sequestration of radiolabeled protein or the presence of the
two membrane insertion topologies of PrP. The locations of these 18 kDa (CtmPrP) and 14 kDa (NtmPrP) digestion products are labeled with
asterisks. In lanes 1 and 2, the translation was supplemented with KRM. Lanes 3 and 4 included KRM that had been washed with 3 M
NaCl and then subsequently with 0.05% sodium cholate (without TR-PDI). In lanes 5 and 6, the ChoRM used in lanes 3 and 4 was
reconstituted with an excess of purified TR-PDI. In lanes 7 and 8, the ChoRM used in lanes 3 and 4 was mock-reconstituted with buffer.
The products of these translations were separated on a 12 to 20% SDS gel and visualized via fluorography. The bands labeled+CHO
correspond to the glycosylated form of the full-length protein. (B) The densities of the 14 kDa (NtmPrP) and 18 kDa (CtmPrP) bands
were measured via scanning densitometry of the35S fluorographs; relative densities are shown. The densities of the two proteolytic
products were compared, and are presented asCtmPrP:NtmPrP ratios. The numbers on the left-hand axis refer to the relative ratios ofCtmPrP
to NtmPrP under each of the translocation conditions that is described. (C) The effect of TR-PDI on AV3 translocation is not dependent on
the glycosylation machinery. The densities of the 14 kDa (NtmPrP) and 18 kDa (CtmPrP) bands were measured via scanning densitometry.
The relative density of each and the ratio of the two densities (CtmPrP:NtmPrP) are plotted. (D) The densities of the 14 kDa (NtmPrP) and
18 kDa (CtmPrP) bands were measured via scanning densitometry. The relative density of each is shown, as is the ratio of the two densities
(CtmPrP:NtmPrP).
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8A, lane 3), a behavior we commonly observe when
membranes are subjected to treatments such as high-salt
washes that remove select subsets of membrane-associated
proteins (unreported observations).

To determine if TR-PDI is responsible for the observed
changes in PrP insertion topology, ChoRM membranes were
then reconstituted with the purified TR-PDI component from
the cholate wash (+TR-PDI microsomes; Figure 8A, lanes
5 and 6). This resulted in a direct increase in the yield of
both theCtmPrP andNtmPrP topologies, with the greatest effect
on theNtmPrP topology (Figure 8A, lane 6 vs lane 4; Figure
8B, graph). Readdition of purified TR-PDI to cholate-washed
membranes also resulted in an increase in the overall
translation rate, as the yield for all three prion species
increased when cholate-stripped membranes were supplied
with exogenous TR-PDI.

Though even mock-reconstituted membranes displayed a
measurable decrease in the yield ofCtmPrP versus that seen
for ChoRM, they did not display a concomitant increase in
the yield of NtmPrP; the increase in theNtmPrP topology
required the additional presence of TR-PDI (compare lane
6 to lane 8 in Figure 8A). The additional yield of the 28
kDa PrP translation product generated in the mock-
reconstituted microsomes does not appear to reflect the
successful engagement of the translocation apparatus when
TR-PDI was not present, as the 28 kDa translation product
was not protease-protected (seen as a relative lack of
digestion products at 14, 18, and 28 kDa; Figure 8A, lane 8).

We considered the possibility that the relative increase in
the abundance of theCtmPrP carboxyl-terminal form we
observed in membranes washed of TR-PDI was artifactual,
and due to changes in glycosylation rather than a change in
insertion topology. As a control, the assay shown in panels
A and B of Figure 8 was repeated with and without the
addition of AP, a peptide inhibitor of N-linked glycosylation
(36), to distinguish these two possibilities. This also afforded
much more visible translation products for the full-length
PrP in the control lanes (seen as a lack of clearly visible
products in lanes 1 and 2 of Figure 8A due to diffuse banding
of the variably glycosylated full-length proteins).

The presence of AP resulted in more clearly visible full-
length prion protein, but did not alter the changes in topology
or the overall results (data not shown). As before, we
observed an increase in theCtmPrP topology in the absence
of TR-PDI, and a relative increase in theNtmPrP topology
when TR-PDI was reconstituted onto the microsomal mem-
branes (Figure 8C, graph). As a control, the assay shown in
panels A and B of Figure 8 was repeated with and without
the addition of AP, a peptide inhibitor of N-linked glyco-
sylation (36), to distinguish these two possibilities. This also
afforded much more visible translation products for the full-
length PrP in the control translations (data not shown).

The presence of AP resulted in more clearly visible full-
length prion protein, but did not alter the changes in topology
or the overall results. As before, we observed an increase in
theCtmPrP topology in the absence of TR-PDI, and a relative
increase in theNtmPrP topology when TR-PDI was recon-
stituted onto the microsomal membranes (Figure 8C, graph).
This indicates the bands occurring at 14 and 18 kDa are the
presumedCtmPrP andNtmPrP protease products, respectively,
and not a fortuitous generation of the same molecular weight
products due to a change in glycosylation. In both cases (with

or without the glycosylation inhibitor AP), the reconstitution
of purified TR-PDI onto cholate-stripped microsomes re-
sulted in a relative decrease in theCtmPrP insertion topology
versus theNtmPrP topology for prion protein translocation
(Figure 8B,C).

Translocation of the NatiVe Prion Protein.We next turned
to translocation studies of the native prion protein, to
determine whether the results obtained with the AV3 mutant
are representative of the native translocation of the prion
protein in the presence and absence of TR-PDI (Figure 8D).
Translation of the native prion protein demonstrated the same
trends, with the yield ofCtmPrP increasing in the absence of
TR-PDI, though the overall yield of the misinserted isoforms
was lower, as expected. Reconstitution of the cholate-washed
membranes with TR-PDI failed to successfully restore native
behavior for the ER microsomes, as the production of the
fully secreted form of the prion protein (SecPrP) was not
observed.

Under all circumstances (AV3 or prion translations, with
and without AP glycosylation inhibitor to control for changes
in glycosylation behavior, and native prion protein; Figure
8A-D), membranes that had been washed of TR-PDI along
with a small subset of other proteins displayed a measurable
change in prion protein insertion topologies. The most visible
effect of reintroduction of purified TR-PDI to membranes
subjected to mild cholate washes was a measurable increase
in the relative yield of theNtmPrP insertion topology.

DISCUSSION

Antibodies are unable to recognize and bind to the
carboxyl termini of the membrane protein Sec61pR in sealed,
cytosolic-side-out rough endoplasmic reticulum microsomes
prior to treatment with very low concentrations (0.01-
0.05%) of sarkosyl or cholate. We found that (1) the
concentrations of cholate used to expose the carboxyl
terminus of Sec61pR are lower than those necessary to breach
the integrity of the rough ER membranes, (2) antibodies
tethered against the carboxyl terminus of Sec61pR bind to
the outside of intact microsomes after treatment with
detergent, (3) microsomes that are immunoprecipitated with
the tethered anti-Sec61R antibodies also contain OST48,
indicating the microsomes remain intact, and (4) the cholate
extract has the ability to re-occlude the Sec61R epitope. For
these reasons, we feel the location of the carboxyl terminus
of Sec61pR is indeed cytosolic, yet is occluded in these
stringently washed RER microsomes that are fully active in
translocation (1). This behavior led us to the isolation of a
complex of proteins that are able to re-occlude Sec61pR from
the cytosolic face of cholate-washed RER membranes. We
have named this complex TR-PDI.

The identity of the proteins in this complex (PDI, BiP,
and PDI family members ERp72 and CABP1/P5) was
completely unexpected, as these proteins are primarily known
for their high abundance in the lumen of the rough endo-
plasmic reticulum.

The experiments described in these studies assume that
the composition of our RER microsomes, prepared by the
standard method used in this field of study, accurately
represents the composition of the native RER membrane.
Our data suggest that this complex exists in a near-
stoichiometric ratio with respect to Sec61pR in the mem-
brane, as less than 0.01% of available anti-Sec61pR IgG

12830 Biochemistry, Vol. 42, No. 44, 2003 Stockton et al.



binding is realized in native microsomes, yet mild cholate
washing to remove a select group of proteins, including TR-
PDI, produces Sec61pR epitope exposure that is comparable
to that of the fully accessible SRP54 epitope. The observation
that maximal binding of anti-SRP54 antibodies to these same
RER microsomes occurs in the absence of detergent treat-
ment indicates that these are natively symmetric, right-side-
out microsomes, and that there is no artifactual occlusion of
surface protein complexes such as SRP54.

While it not possible to establish that the process of RER
microsome generation does not result in artifactual redistri-
bution of proteins with respect to sidedness of the microsomal
membrane, these membranes are robust in their ability to
translocate and fully protect translocation products, and do
not release other highly abundant lumenal proteins until
stronger detergent treatments are employed. Further, highly
abundant lumenal chaperones such as calnexin, calreticulin,
and GRP94, which are known to be copurified with PDI,
BiP, CABP1/P5, and ERp72, are notably absent from TR-
PDI, arguing that this complex is not the result of artifactual
isolation of highly abundant chaperones that have leaked
from the lumen of the RER.

The relative intensities of the bands in ion exchange
fractions 7-9 (Figure 5A) are different from one ion
exchange fraction to the next, suggesting that these proteins
do not constitute a complex with a single, fixed composition.
However, all four bands behave as a single oligomeric
complex when separated by size exclusion chromatography
despite their differences in apparent molecular weight (Figure
6). This strongly suggests that this collection of four proteins
remains associated with one another during the chromato-
graphic separation under the conditions that are employed.
We feel that TR-PDI isolated from the cytosolic face of
Sec61pR is physiologically meaningful, as its behavior
(occlusion of Sec61pR) correlated with this specific set of
proteins that comigrated on two different separation profiles.

NoVel Location.Historically, PDI has been identified as
a lumenal protein based largely on the existence of a
carboxyl-terminal ER retention sequence, immunofluorescent
localization studies, latency of activity, and the fact that PDI
is extracted from endoplasmic reticulum-derived microsomes
using mild detergents or alkaline pH (37, 38). However, even
mildly basic wash conditions, such as the pH 9.1 wash
employed by Bulleid and Freedman (39), are capable of
removing >90% of the PDI activity from microsomal
vesicles. A significant amount of PDI can be removed from
sealed pancreatic RER vesicles at pHs as low as 7.5 (40),
and it has been further noted that 40-60% of PDI activity
in dog pancreatic microsomes is accessiblewithout prior
detergent treatment of the sealed vesicles (40).

CABP1/P5, PDI, BiP, and ERp72 all contain consensus
carboxyl-terminal ER retention sequences (H/K-D/E-E-L),
though we cannot determine if the isoforms isolated here
contain these cognate carboxyl termini. However, the pres-
ence of KDEL-type retention sequences would not, in any
case, require that these exist in the lumen, as this ER retrieval
sequence appears to be neither necessary nor sufficient for
ER residency (41, 42).

Several other PDI family members have also been found
in non-RER compartments in the cell, some with and some
without ER retention signals (43, 44). TR-PDI therefore
appears to be the newest member of a growing family of

PDI proteins that do not reside solely in the ER and which
may or may not contain KDEL sequences. It may represent
a subpopulation of BiP and PDI family members that remain
cytosolic throughout their lifetime and possess an activity
specific to this location. Sequence data from the CABP1/P5
protein in purified TR-PDI reveal a peptide corresponding
to an uncleaved putative signal sequence. This suggests that
the CABP1/P5 protein in TR-PDI has never been a substrate
for the translocon itself, and therefore has not been exposed
to the signal peptidase resident on the lumenal side of the
rough ER. Similarly, it has been suggested by others that
ERp60, a protein disulfide isomerase isoform found variously
in the plasma membrane, cytosol, and nucleus (45-47),
carries out different functional roles in the cell related to its
location (48).

In yeast, PDI-1 is the only member of the five PDI-like
proteins that is required for cell survival. Deletion of the
other four PDI family members has been found to affect cells
only under stress conditions, making deletion mutants of
these PDI family members more sensitive to chemical assault
(42). For this reason, we propose that TR-PDI may exhibit
chaperone-like activity that can only be observedin Vitro if
the translocation substrate is highly likely to misfold or
misinsert in its absence.

The Ribosome-Translocon “Gap”.Cryoelectron micros-
copy of actively translocating RER membrane-bound yeast
ribosomes displays a controversial 15-20 Å gap between
the ribosome and the cytosolic surface of the Sec61p “tunnel”
(49, 50). It has been suggested by others that this gap does
not accurately depict ribosome-translocon interactions that
occur in native RER membranes, due to removal of cyto-
solically disposed protein components during the detergent
treatment used to prepare samples for microscopy (51).
Indeed, it is difficult to envision how a regulated, tight
junction can be maintained at the ribosome-translocon
junction if the gap is presentin ViVo. The location of TR-
PDI supports a model in which TR-PDI binds at this
ribosome-Sec61p interface (see Figure 9), filling the intui-
tive need for additional components to create a seal between
the cytosol and the interior of the translocon (2, 52).

TR-PDI as a Dynamic Shuttle.During translocation, the
ribosome is able to elicit large-scale reorganization of the
translocon when it detects a full-length transmembrane
segment of the translocating substrate. This binding results
in sealing of the translocon by BiP, and a change in the
internal diameter of the translocon from a 40-60 Å pore to
a 9-15 Å pore (52). Johnson and co-workers suggest that a
translocon protein extends into the ribosome nascent chain
tunnel, perhaps even far enough to contact the TM segment
directly while it resides within the ribosome. TR-PDI
components may be candidates for accompanying nascent
polypeptides into the translocon pore, which would contribute
to the observed conformational change (53). A similar,
unknown protein is seen inEscherichia colitranslocation
intermediates, as Nissen and co-workers detected an elon-
gated protein adjacent to the nascent chain tunnel in the large
ribosomal subunit of the 50S subunit of bacterial ribosomes
(54).

BehaVior of Specific Members of TR-PDI.BiP, which is
a member of TR-PDI, has been noted as a central component
in translocation, as it coordinates precursor docking, pore
insertion, and release of the nascent chain into the lumen of
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the endoplasmic reticulum (55). In these roles, BiP is
implicated in cytosolic events of the endoplasmic reticulum
(precursor docking). The existence of a cytosolic BiP helps
to make sense of previously reported results that have been
difficult to incorporate into current models of translocation.
In yeast, Sanders and co-workers found that Kar2 (BiP)
functions at an early, undefined step in yeast post-
translational translocation, in addition to its role as a lumenal
chaperone (55). In that study, it was reported that BiP
mediates the ATP-dependent substrate release from a com-
plex consisting of Sec62, Sec71, and Sec72 into the Sec61
translocon pore (55). The ability of a presumed lumenal
protein (BiP) to affect a transport event on the cytosolic side
of the membrane is a confounding result. The physical
presence of a complex that includes BiP on the cytosolic
side of Sec61p, either as a permanent resident or as part of
a dynamic shuttling mechanism, helps makes sense of these
results.

BiP also acts as a permeability barrier for agents that are
introduced on the cytosolic side of RER membranes. Johnson
and co-workers have reported that specific re-addition of BiP
to mammalian RER microsomes results in behaviors exhib-
ited on the cytosolic side of microsomes, as reintroduced
BiP creates a barrier between cytosolic iodide ions and
translocation substrate molecules that occupy the interior of
the translocon (51, 52, 56). The “seal” that BiP creates is
reversible, and changes its position cyclically during the
translocation of elongating substrate molecules; it also seals
in a manner that is dependent on the composition of the
underlying substrate sequence. These behaviors may indicate

that BiP moves in and out of the translocation pore in a
substrate-dependent manner.

BiP bears a striking resemblance to the bacterial translo-
cation protein SecA, a cytosolic bacterial translocation protein
that has no known mammalian counterpart. Both ratchet
segments of nascent polypeptides across the membrane (57),
are ATPases, and reside in the proximity of Sec61 or its
bacterial homologue, SecY (58). If, indeed, BiP accompanies
the translocation substrate as it ratchets the nascent polypep-
tide through the translocon, its existence on both the cytosolic
and lumenal sides of the RER membrane would be expected.
We have incorporated these observations into a proposed
model of the translocon that depicts TR-PDI creating a seal
at the ribosome-Sec61p interface, with at least one com-
ponent (BiP) accompanying the translocation substrate during
egress from the ribosome (see the model in Figure 9).

Are all four members in purified TR-PDI constitutive
members of this cytosolic, Sec61pR occluding factor in the
native cell? The works cited above give a strong indication
that BiP indeed resides on the cytosolic face of the translo-
con. CABP1/P5, with its intact signal sequence, also appears
to exist separate from the native lumenal protein pool, as
the signal sequence would be expected to be cleaved if it
were natively translocated to the RER lumen.

Though the results shown in Figure 4, and from Chris
Nicchitta’s laboratory, indicate that we are 10-20-fold below
the cholate concentration necessary to access the lumenal
compartment when we remove the occluding factor from the
cytosolic face of Sec61pR, TR-PDI was purified from a pool
that is only 2-4-fold lower in cholate concentration than
that necessary to access lumenal components. We therefore
must consider the possibility that PDI and ERp72 typically
reside in the lumen of intact cells, yet have copurified with
BiP and CABP1/P5.

If the complex is highly dynamic and has members on
both sides of the ER membrane and the oligomeric com-
plexation of component proteins is sufficiently strong, it is
possible that ERp72 and PDI have partitioned into the cholate
wash to remain associated with their cognate partners, BiP
and CABP1/P5.

If this is so, we predict that the interactions between
ERp72, PDI, BiP, and CABP1/P5 are physiologically
relevant, yet the interaction may be displaced relative to the
ER membrane. In intact cells, interaction with PDI and
ERp72 may occur only with BiP and/or CABP1/P5 that has
passed through the membrane. Additional experiments will
be necessary to establish the temporal and spatial interactions
of this complexin ViVo.

Translocation of the Prion Protein.The human prion
protein displays compelling differences in translocation
behavior when cytosolic TR-PDI is washed from the RER
membranes. Loss of TR-PDI by mild detergent washing of
the NaKRM membranes resulted, in all cases, in perturbation
of prion protein membrane insertion, with the most pro-
nounced effect appearing as an increase in the yield of the
CtmPrP topology. Reconstitution of these membranes with
purified TR-PDI resulted in a relative increase in yield for
theNtmPrP topology versus theCtmPrP topology. We therefore
believe TR-PDI may constitute the previously reported
cholate-extractable component that is responsible for the
prion protein topology with the amino terminus in the lumen
(33).

FIGURE 9: Model for interaction of BiP and TR-PDI with the
translocon pore. Cross section of canine ribosome image obtained
from cryoelectron spectroscopy (62). The location of the tRNA
binding site is indicated with a yellow star. Cytosolic TR-PDI is
depicted as a protein complex that both seals the ribosome-Sec61p
juncture and occludes the carboxyl terminus of Sec61pR from
exogenous antibody interactions. BiP may behave as a shuttle,
following the translocating nascent polypeptide into the interior of
the translocon pore, resulting in a smaller internal diameter for the
translocon during the translocation event. BiP that resides on the
lumenal side of the translocon may be a result of this shuttling
process, or it may be a separate pool that remains at that location.
Modified, with permission, from Figure 3D of Beckman et al. (62).
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Using the prion protein as a substrate to test the effects of
TR-PDI is especially interesting because theCtmPrP isoform
has been shown to correlate with neurodegeneration in mice
(59). It should be noted, however, that the presence ofCtmPrP
does not itself constitute a prerequisite for cell death (60).
Subsequent ERAD degradation of theCtmPrP involves
removal of the amino and carboxyl termini, followed by
retrograde transport back to the cytosol. It has recently been
shown that this cytosolic form of partially degraded prion
protein (cyPrP) is extremely cytotoxic (60, 61). TR-PDI may
be involved in protection against cytotoxic effects of prion
protein mistranslocation through its ability to decrease the
level of production ofCtmPrP (possibly via involvement of
the ERAD pathway).

CONCLUSIONS

Sepharose bead-tethered antibodies directed against the
carboxyl terminus of anti-Sec61pR are able to pellet sealed,
right-side-out RER microsomes, but only after mild cholate
or sarkosyl treatment has removed a small subset of proteins
from the microsomal surface. We were able to purify a factor
from this subset of proteins that reversibly occludes antibody
binding to Sec61pR. Peptides from the purified components
of the occluding complex were identified by nano-electro-
spray tandem mass spectrometry as PDI, BiP, ERp72, and
CABP1/P5. We have named this complex TR-PDI, due to
the preponderance of PDI family members. The key location
of TR-PDI, at the crux of the ribosome-Sec61pR junction,
and its near-stoichiometric abundance with Sec61pR suggest
that it may have a unique role in the operations of the active
translocon. Changes in translocation behavior for RER
microsomes that have been washed of TR-PDI were observed
for a small subset of translocation substrates. In particular,
changes in interactions between the prion protein and the
translocon were observed when TR-PDI was absent, resulting
in changes in the relative ratios of the various topologies of
PrP across the RER membrane. The nature of this interaction
suggests a chaperone-like behavior for TR-PDI at the
ribosome-membrane junction, and near the carboxyl ter-
minus of Sec61pR.
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