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The human cytomegalovirus glycoprotein US2 induces

dislocation of MHC class I heavy chains from the

endoplasmic reticulum (ER) into the cytosol and targets

them for proteasomal degradation. Signal peptide pepti-

dase (SPP) has been shown to be integral for US2-induced

dislocation of MHC class I heavy chains although its

mechanism of action remains poorly understood. Here,

we show that knockdown of protein disulphide isomerase

(PDI) by RNA-mediated interference inhibited the

degradation of MHC class I molecules catalysed by US2

but not by its functional homolog US11. Overexpression of

the substrate-binding mutant of PDI, but not the catalyti-

cally inactive mutant, dominant-negatively inhibited

US2-mediated dislocation of MHC class I molecules by

preventing their release from US2. Furthermore, PDI

associated with SPP independently of US2 and knockdown

of PDI inhibited SPP-mediated degradation of CD3d but

not Derlin-1-dependent degradation of CFTR DeltaF508.

Together, our data suggest that PDI is a component of the

SPP-mediated ER-associated degradation machinery.
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Introduction

Newly synthesized polypeptides in the endoplasmic reticu-

lum (ER) are monitored by a quality control process that

ensures that only correctly folded or assembled proteins exit

the ER and are trafficked to their destination. Terminally

misfolded or unassembled proteins are transferred from the

ER back to the cytosol (retrotranslocation or dislocation),

where they are degraded by the ubiquitin-proteasome system,

a process known as ER-associated degradation (ERAD) (Tsai

et al, 2002; Ellgaard and Helenius, 2003; McCracken and

Brodsky, 2003; Taxis et al, 2003). Although EDEM (Htm1p in

yeast) and OS-9/XTP3-B (Yos9p in yeast) have been shown to

recognize some ERAD substrates and deliver them to the

dislocation machinery (Oda et al, 2003; Eriksson et al, 2004;

Christianson et al, 2008; Clerc et al, 2009; Cormier et al,

2009), how cells distinguish misfolded proteins from folding

intermediates is not fully understood. Misfolded proteins

delivered to dislocation channels are ubiquitinated by an

ER-associated ubiquitin conjugation system. The ubiquiti-

nated substrates are extracted by the p97/cdc48-Ufd1p-

Np14p complex, which couples ATP hydrolysis with

substrate dislocation (Ye et al, 2001; Rabinovich et al, 2002)

and are subsequently degraded by the 26S proteasome.

MHC class I molecules consist of a heavy chain (HC),

b2 microglobulin, and an 8–10mer peptide, and function on

the cell surface to present antigenic peptides to cytotoxic

T lymphocytes. The human cytomegalovirus (HCMV) evades

cytotoxic T lymphocytes through binding of HCMV glycopro-

teins US2 and US11 to newly synthesized MHC class I HC,

inducing their dislocation into the cytosol for subsequent

degradation (Wiertz et al, 1996a, b; Barel et al, 2006a). As

this process resembles the ERAD pathway, deciphering the

mechanism of MHC class I HC dislocation by US2 and US11

may provide insight into the ERAD pathway. US2 and US11

show similar general modes of action but differ in their

requirements for MHC class I alleles and the folding and

ubiquitination status of MHC class I (Machold et al, 1997;

Gewurz et al, 2001b; Barel et al, 2003, 2006b; Furman et al,

2003; Hassink et al, 2006). Furthermore, US2 and US11 use

different machinery for the dislocation of MHC class I HC.

Signal peptide peptidase (SPP) was identified as a specific

interacting partner of US2, and a decrease in SPP levels by

RNA interference inhibits dislocation of MHC class I HC by

US2 but not by US11 (Loureiro et al, 2006). Sec61a, the main

component of the protein-conducting channel for transloca-

tion into the ER, coimmunoprecipitates with US2 and par-

tially dislocated MHC class I HC (Wiertz et al, 1996b),

suggesting that the Sec61 complex may serve as a dislocation

channel. In contrast, Derlin-1, another candidate channel

protein, is involved in the dislocation of MHC class I HC by

US11 but not by US2 (Lilley and Ploegh, 2004; Ye et al, 2004),

and a dominant-negative mutant of Derlin-1 impedes disloca-

tion of MHC class I HC by US11 but not by US2.

US2 is a short-lived type I membrane protein that exists in

two forms, a cytosolic non-glycosylated form (US2-CHO) and

an ER-inserted glycosylated form (US2þCHO). The non-

glycosylated form of US2 arises from failure of part of the

newly synthesized US2 to insert into the ER (Gewurz et al,

2002; Lilley and Ploegh, 2004). The glycosylated form of US2

has a short half-life and represents one of the ERAD sub-

strates. In cells coexpressing US2 and dominant-negative

Derlin-1, the degradation of MHC class I HC continues but

degradation of glycosylated US2 is inhibited, indicating that

degradation of MHC class I HC by US2 is independent of

Derlin-1, whereas degradation of US2 is dependent on Derlin-

1 (Lilley and Ploegh, 2004). Thus, degradation of MHC class I

HC by US2 and degradation of US2 itself appear to be
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independent processes, and the MHC class I HC must be

dissociated from US2 for dislocation. However, the events of

the US2 pathway leading to dislocation of MHC class I HC are

poorly defined.

In this study, we identified protein disulphide isomerase

(PDI) as an essential player in SPP-mediated degradation of

MHC class I HC by US2. PDI knockdown by siRNA inhibited

degradation of MHC class I HC by US2 but not by US11.

Overexpression of wild-type PDI or catalytic activity mutants

of PDI accelerated the degradation of MHC class I HC by US2,

whereas overexpression of substrate-binding mutants of PDI

dominant-negatively inhibited MHC class I HC dislocation by

preventing the release of MHC class I HC from US2.

Furthermore, we showed that PDI associates with SPP in-

dependent of US2 and that PDI is involved in the SPP-

dependent degradation of CD3d, a well-characterized ERAD

substrate (Fang et al, 2001) but not in the degradation of

CFTR DeltaF508, a Derlin-1-dependent ERAD substrate

(Wang et al, 2008). These findings indicate that the protein

folding catalyst PDI (Goldberger et al, 1964) is a component

of the SPP-mediated ERAD machinery.

Results

PDI is required for degradation of MHC class I HC by US2

PDI has been implicated in the degradation of misfolded

proteins (Gillece et al, 1999; Molinari et al, 2002) and was

identified as an US2-associated protein through large-scale

affinity purification (Loureiro et al, 2006). Therefore, we

hypothesized that PDI might be involved in MHC class I HC

dislocation by US2. To test this possibility, we reduced PDI

levels using an RNA-mediated interference approach. siRNA

targeting GFP (siGFP) was used as a non-specific control. As

prolonged PDI knockdown (43 weeks) induces cell death,

we transiently transfected siRNAs into HeLa cells that stably

expressed US2. After puromycin selection, surface MHC class

I expression levels were analysed.

Consistent with earlier studies (Wiertz et al, 1996b), the

cell surface expression of MHC class I was downregulated in

US2-expressing cells (Figure 1A, left, compare US2 cells and

normal HeLa cells). Expression of siGFP in US2 cells did not

alter MHC class I expression levels (Figure 1A, left, siGFP

panel), whereas depletion of PDI by siPDI restored the sur-

face MHC class I level to closer to that of wild-type HeLa cells

(Figure 1A, siPDI panel), suggesting that PDI might have a

function in US2-mediated downregulation of MHC class I. We

also determined the effect of PDI homologues (ERp29, ERp44,

ERp57, and ERp72) on the degradation of MHC class I by

US2. Knockdown of these proteins did not affect the surface

expression of MHC class I in US2-expressing cells (Figure 1A,

left, middle and bottom panels).

To confirm whether the restoration of cell surface expres-

sion by knockdown of PDI correlates with a failure in

intracellular degradation of MHC class I HC by US2, a parallel

set of cells were analysed by western blot using an anti-MHC

class I antibody (H300). In US2 cells that express siPDI, MHC

class I HCs were markedly stabilized compared with cells

expressing control siGFP or siRNAs against ERp29, ERp44,

ERp57, and ERp72 (Figure 1A, right, top panel). The knock-

down efficiency for each direct siRNA target was 60–90%

(Figure 1A, right, bottom panel). These results imply that PDI

is involved in US2-mediated degradation of MHC class I HC.

To determine whether this effect is linked to degradation

per se, we labelled cells, chased and immunoprecipitated

proteins with the indicated antibodies. As expected, in US2

control cells, most of the labelled MHC class I HC was

degraded after a 30-min chase (Figure 1C, lanes 1 and 2),

whereas B50% of synthesized MHC class I was remained

stable after a 30-min chase in PDI-depleted US2 cells

(Figure 1C, lanes 3 and 4). In contrast, PDI knockdown did

not affect US2 synthesis and stability.

Next, we examined whether PDI is also involved in US11-

mediated degradation of MHC class I HC. Unlike US2 cells,

knockdown of PDI did not affect the cell surface expression of

MHC class I molecules in US11 cells (Figure 1B, left, siPDI

panel) or prevent the degradation of MHC class I HC in the

same cells (Figure 1B, right, top panel and Figure 1C, lanes

5–8). Knockdown of PDI homologues ERp29, ERp44, ERp57,

and ERp72 did not affect the downregulation of MHC class I

by US11 (Figure 1B). Thus, these data confirm that PDI is

essential for the degradation of MHC class I HC by US2, but

not by US11.

Oxidative folding of US2 is required for US2 function

in inducing degradation of MHC class I molecules

US2 and US11 have two conserved cysteine residues that are

predicted to form an intradisulphide bond (Gewurz et al,

2001a). As the major function of PDI is to oxidize or isomer-

ize protein substrates and knockdown of PDI inhibits US2-

mediated degradation of MHC class I HC, we questioned

whether PDI influences disulphide bond formation and fold-

ing of US2. We initially determined whether US2 does indeed

form an intradisulphide linkage. We substituted a cysteine

residue at position 52 of US2 with alanine (US2 C52A) and a

cysteine residue at position 133 with serine (US2 C133S).

Replacement of the cysteine residue at position 52 by alanine

was specifically designed to avoid creation of a new N-linked

glycosylation motif (NX(S/T)X, where X represents any

amino acid other than proline). We also constructed US11

mutants in which each cysteine residue was substituted

by serine.

Under reducing conditions, we detected two different

forms of US2, most likely the glycosylated (slower migrating)

and cytosolic non-glycosylated (faster migrating) forms

(Figure 2A, lane 1). Under non-reducing conditions, we

Figure 1 PDI is essential for the degradation of MHC class I molecules by US2 but not US11. (A) HeLa cells stably expressing US2 were
transfected with control siRNA (siGFP), siPDI, siERp29, siERp44, siERp57, or siERp72. After 24 h, transfectants were enriched by selection with
puromycin for 2 days. The surface expression of MHC class I molecules was analysed by flow cytometry after staining with W6/32 antibody
(left). Gray-filled histogram, isotype control staining; dotted line, HeLa cells; thin line, siGFP-expressing cells; thick line, PDI family member
siRNA-transfected cells. To quantify the total amount of cellular MHC class I HC, a parallel set of cells were lysed, resolved by SDS–PAGE, and
immunoblotted with anti-MHC class I antibody (H300) (right). Knockdown of each endogenous PDI family protein was monitored by
immunoblot analysis. (B) The experimental details were essentially the same as in (A) except that US11-expressing cells were used. (C) PDI
knockdown US2 cells or US11 cells were prepared as in (A). Cells were labelled for 10 min, chased for 30 min, lysed in 1% NP-40, and
immunoprecipitated with antibodies against MHC class I molecules, US2, US11, PDI, or GAPDH.
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detected an additional form of US2 besides the two forms of

US2 observed under the reducing condition (Figure 2A, com-

pare lanes 1 and 3). This additional band was absent in US2

C52A and US2 C133S (Figure 2A, lanes 4 and 5), suggesting

that it represents the oxidized form of US2. The cytosolic

glycosylated US2 showed same mobility shift under reducing

and non-reducing conditions, implying that this form is never

oxidized (Figure 2A, compare lanes 3–5 and 1). Wild-type

US11 displayed both the oxidized and the reduced forms

under the non-reducing condition (Figure 2A, lane 8),

whereas US11 cysteine mutants showed only the reduced

form under the non-reducing condition (Figure 2A, lanes 9

and 10). Thus, we concluded that both US2 and US11 form

intradisulphide bonds through conserved cysteine residues.

We next examined whether intradisulphide bond forma-

tion of US2 is important for its function. We transiently

expressed US2, US11, or their cysteine mutants in cells and

measured the surface expression level of MHC class I mole-

cules by FACS analysis. Whereas US2 and US11 downregu-

lated the surface expression of MHC class I, cysteine mutants

of US2 and US11 did not induce downregulation of MHC class

I at the cell surface (Figure 2B). Pulse-chase experiments

further confirmed that these cysteine mutants failed to induce

degradation of MHC class I molecules (Supplementary

Figure S1). These results indicate that the formation of

intradisulphide bonds in US2 and US11 is essential for their

function.

We further questioned whether PDI is responsible for

catalysing intradisulphide linkage of US2. Knockdown of

PDI did not influence the redox states of US2 and US11

compared with those in control cells (Figure 2C). Under the

non-reducing condition, the ratio of oxidized to reduced
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Figure 2 Oxidative folding of US2 is required for US2 function in inducing degradation of MHC class I molecules. (A) HeLa cells transiently
transfected with wild-type US2, wild-type US11, or different cysteine mutants of US2 and US11 were labelled for 5 min, lysed in 1% NP-40 with
20 mM NEM, and immunoprecipitated with anti-US2 or anti-US11 antibodies. The eluates were resolved by SDS–PAGE under reducing and non-
reducing conditions. (B) HeLa cells were individually transfected with the indicated US2- or US11-plasmids. Cell surface expression of MHC
class I was measured by staining with mAb W6/32, followed by staining with FITC-conjugated goat anti-mouse antibodies. Filled histogram
indicates mock-transfected cells; solid line indicates viral gene-transfected cells. (C) HeLa cells stably expressing US2 or US11 were transfected
with siRNA targeting GFP (siGFP) or PDI (siPDI). After puromycin selection, cells were labelled for 10 min, lysed in 1% NP-40 with 20 mM
NEM, and immunoprecipitated with anti-US2 or anti-US11 antibodies. The eluates were resolved by SDS–PAGE under reducing and non-
reducing conditions.
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forms of US2 in PDI-depleted cells was similar to that in

control cells (Figure 2C, lanes 4 and 5). Similarly, oxidation of

US11 was not affected by PDI knockdown (Figure 2C, lanes 9

and 10). Almost all of the US11 was oxidized under the non-

reducing condition because of the relatively long pulse dura-

tion. These data indicate that PDI is not involved in the

catalysis of intradisulphide bond formation of US2 and US11.

PDI specifically interacts with SPP but not with Derlin-1

To investigate the precise function of PDI in the US2 pathway,

we looked for a physical interaction between PDI and com-

ponents of the ERAD machinery by serial immunoprecipita-

tion and immunoblotting. As immunoprecipitation with

rabbit polyclonal antibodies followed by immunoblotting

with rabbit anti-PDI antibody yielded a high background,

we expressed wild-type PDI conjugated with myc-tag at

a position before the C-terminal KDEL sequence (PDI-myc)

in US2 cells. Aliquots of digitonin lysates were immunopre-

cipitated with the indicated antibodies and immunoblotted

with anti-myc antibody. PDI-myc was coimmunoprecipitated

with SPP (Figure 3A, lane 5), but not with pre-immune serum

or US2 (Figure 3A, lanes 3 and 4). We did not observe an

association of PDI-myc with Derlin-1, an important compo-

nent in the US11 pathway (Figure 3A, lane 6), or with p97 or

BiP, which are known to be involved in the US2 pathway

(Chevalier and Johnson, 2003; Hegde et al, 2006) (Figure 3A,

lanes 7 and 8). Specific precipitation of proteins (SPP, Derlin-

1, p97, and BiP) is shown in the lower panel (Figure 3A).

As a positive control, we confirmed that Derlin-1 was coim-

munoprecipitated with p97, consistent with an earlier report

(Lilley and Ploegh, 2005) (Figure 3A, Derlin-1 panel, lane 7).

Anti-US2 antibody for immunoblotting was not available. On

the basis of these observations, we concluded that PDI

associates with SPP.

As PDI associates with SPP but not with US2, we

proceeded to examine whether US2 is required for the

interaction of PDI with SPP. Analysis of normal HeLa cells

by immunoprecipitation and immunoblotting revealed an

Figure 3 PDI associates with SPP but not with Derlin-1. (A) HeLa cells stably expressing US2 were transfected with myc-tagged PDI and lysed
in 1% digitonin. Equal amounts of cell lysate were immunoprecipitated with the indicated antibodies. The immunoprecipitates were then
analysed by SDS–PAGE, followed by immunoblotting with anti-myc antibody. Immunoblots of the specific precipitates with each antibody are
shown as IP controls. The asterisks represent antibody heavy chain (*, **) or light chain (***). The variation between lanes in the bands for
antibody heavy chain or light chain originates from variation in antibody host. PDI-myc was used as a loading control. (B) The experiment
described in (A) was performed using normal HeLa cells instead of US2-expressing HeLa cells. (C) HeLa cells and US2-expressing HeLa cells
were labelled for 30 min, lysed in 1% digitonin with 20 mM NEM or RIPA buffer, and immunoprecipitated with SPP antiserum or the indicated
antibodies. Immunoprecipitated proteins from digitonin lysates were stripped in 1% SDS and reprecipitated with the indicated antibodies. The
asterisks represent antibody background. (D) HeLa cells stably expressing US2 were transfected with control siRNA (siGFP) or PDI siRNA
(siPDI). The SPP immunoprecipitates from 1% NP-40 lysates of cells were resuspended in reducing sample buffer, boiled for 10 min, and
analysed by SDS–PAGE, followed by immunoblotting with anti-SPP antibody (lanes 3–5). Input lysate samples were incubated at 371C for
10 min and subjected to direct immunoblot analysis (lanes 1 and 2).
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interaction of PDI with SPP (Figure 3B, lane 5), but not with

Derlin-1, p97, or BiP (Figure 3B, lanes 6–8). Endogenous PDI

was also coimmunoprecipitated with SPP in HeLa cells

(Figure 3C, lane 3) and in US2 cells (Figure 3C, lane 5). As

US2 is known to be an interacting protein of SPP (Loureiro

et al, 2006), we used this as a positive control and confirmed

the interaction between SPP and US2 (Figure 3C, lane 6).

These results suggest that physical association of PDI with

SPP occurs independently of US2 and that PDI may be a bona

fide component of the SPP-involving ERAD pathway.

As the majority of SPP exists as a dimeric form in vivo

(Nyborg et al, 2006), we examined whether knockdown of

PDI affects formation of the SPP dimer, even though the

functional implications of dimer formation have not been

clarified. The immunoprecipitates were resuspended in sam-

ple buffer, boiled for 10 min, and analysed by sodium dodecyl

sulphate (SDS)–PAGE. As the SPP dimer is heat labile

(Loureiro et al, 2006), the input lysates were loaded on a

gel without boiling to aid detection of the dimer. Without

boiling, most of the SPP existed in the dimeric form

(Figure 3D, lanes 1 and 2), but dissociated into monomers

on boiling (Figure 3D, lanes 4 and 5). Depletion of PDI did not

influence the steady-state levels of SPP dimer or monomer

(Figure 3D, compare lanes 4 and 5). Our data indicate that

SPP is not a substrate for PDI but rather a binding partner.

Conversely, PDI is probably not a substrate for SPP because

SPP is a member of the presenilin (PS)/SPP-like (SPPL)

superfamily of intramembrane-cleaving aspartic proteases

and PDI is a soluble ER-resident protein.

The substrate binding, but not catalytic, activity

of PDI is essential for US2-mediated degradation of

MHC class I HC

PDI consists of four distinct domains arranged in the order a-

b-b0-a0 with a C-terminal acidic extension. a and a0 are

thioredoxin domains containing active dithiol oxidoreductase

sites (CXXC), whereas b and b0 contain thioredoxin-like

domains but lack the active site motif. The b0 domain is

essential for non-covalent binding of substrate (Pirneskoski

et al, 2004). To determine which functional activity of PDI is

vital for the US2 pathway, we constructed specific PDI

mutants. PDI C36,39,380,383S-myc, in which all four cysteine

residues in the a and a0 catalytic active sites are replaced by

serine, is catalytically inactive. Both a phenylalanine-to-tryp-

tophan substitution at position 258 (F258W) and an isoleu-

cine-to-alanine substitution at position 272 (I272A) in the b0

domain greatly reduce the binding affinity for peptide sub-

strates (Pirneskoski et al, 2004), thus PDI F258W/I272A has

decreased substrate-binding activity. In normal HeLa cells,

the total amount of cellular MHC class I HC did not change

(Figure 4A, left, top panel) despite overexpression of ectopic

PDI-myc constructs to two- to fivefold more than endogenous

levels (Figure 4A, left, middle panel). Analysis of a parallel

set of transfectants showed that overexpression of the PDI

constructs did not affect the surface expression level of MHC

class I molecules (Figure 4A, right).

In US2 cells, however, overexpression of PDI-myc or PDI

C36,39,380,383S-myc facilitated degradation of MHC class I

HC (Figure 4B, left, top panel, compare lanes 1 and 2, 3,

right), suggesting that the catalytic activity of PDI is not

required for US2 function. In contrast, overexpression of

PDI F258W/I272A-myc inhibited degradation of MHC class I

HC by US2 (Figure 4B, compare lanes 1 and 4), indicating

that the substrate-binding activity of PDI is essential for US2

pathway. Accordingly, surface expression of MHC class I was

significantly recovered in US2 cells expressing PDI F258W/

I272A-myc (Figure 4B, right). In US11 cells, overexpression of

PDI-myc constructs did not affect MHC class I expression

level (data not shown).

To confirm the above results, we reduced PDI expression

by siRNA targeting the PDI 30 UTR in US2 cells and trans-

fected these cells with mock or myc-tagged PDI constructs.

Consistent with earlier data (Figure 1A), PDI knockdown

inhibited degradation of MHC class I by US2 (Figure 4C,

compare lanes 1 and 2). Overexpression of PDI-myc or PDI

C36,39,380,383S-myc in PDI knockdown US2 cells promoted

degradation of MHC class I HC (Figure 4C, lanes 3 and 4),

suggesting that PDI-myc or PDI C36,39,380,383S-myc could

replace endogenous PDI in this process. However, overex-

pression of PDI F258W/I272A-myc in PDI knockdown US2

cells did not alter MHC class I HC expression level compared

with the control (Figure 4C, compare lanes 2 and 5), indicat-

ing that PDI F258W/I272A-myc could not replace endogen-

ous PDI. Myc-tagging did not affect ER localization of PDI-

myc (Figure 4D; Supplementary Figure S2A). Overexpression

of PDI-myc is unlikely to perturb redox homeostasis of the ER

as the surface expression of several disulphide-bonded

glycoproteins appeared normal (Supplementary Figure S2B

and C). Collectively, we concluded that PDI F258W/I272A-

myc operates dominant-negatively and substrate-binding

activity of PDI is essential for US2-mediated degradation of

MHC class I HC.

PDI catalyses the release of MHC class I molecules

from US2

We have reported earlier that PDI catalyses oxidation of

MHC class I HC (Park et al, 2006). Although the above

results suggested that US2-mediated degradation of MHC

class I HC does not require the catalytic activity of PDI, we

wanted to investigate whether inhibition of degradation of

MHC class I HC by US2 in PDI-depleted cells was due to an

intrinsic inability of the reduced MHC class I HC to dislocate

into the cytosol. To test this possibility, we constructed the

HLA-A2.1 C101S-myc mutant in which cysteine at position

101 is substituted with serine. This mutant is unable to form

the a2 intradisulphide bond (Bjorkman et al, 2005). Both

wild-type A2.1-myc and A2.1 C101S-myc proteins were effi-

ciently degraded after a 30-min chase (Figure 5A, lanes 1–4),

suggesting that reduced MHC class I species are efficient

targets for the US2 pathway. At the same time, this observa-

tion supports the notion that oxidoreductase activity of PDI is

not involved in US2-mediated degradation of MHC class I.

To gain insight into the mechanism of inhibition of MHC

class I HC degradation by a dominant-negative substrate-

binding mutant of PDI, we examined physical interactions

between participants of the US2 pathway. First, because of

the demonstrated association of PDI with SPP (Figure 3), we

examined the interaction between PDI F258W/I272A-myc

and SPP and observed stronger association between SPP

and PDI F258W/I272A-myc than between SPP and PDI-myc

(Figure 5B, compare lanes 6 and 4). This suggests that PDI

F258W/I272A-myc competes with endogenous PDI for SPP

and remains attached to SPP, leading to a reduced pool of SPP

available for US2-mediated degradation of MHC class I.
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Catalytically inactive PDI C36,39,380,383S-myc was weakly

associated with SPP compared with PDI-myc (Figure 4B,

compare lanes 4 and 5), suggesting that the association of

PDI with SPP is not required for US2-mediated degradation.

Overexpression of PDI-myc constructs did not affect the

interaction between SPP and glycosylated US2 (Figure 5C,

lanes 2–7).

As the dominant-negative PDI F258W/I272A-myc asso-

ciated strongly with SPP but did not affect the association

of US2 and SPP (Figure 5B and C), the PDI F258W/I272A-

myc/SPP complex might exert its effect by binding US2, thus

impeding the association of functional PDI/SPP complex with

US2. To determine how SPP bound PDI functions in US2-

mediated degradation of MHC class I, US2 cells expressing

PDI-myc or its mutants were labelled, chased for 30 min,

lysed in 1% digitonin, and the lysates immunoprecipitated

with either W6/32 antibody or anti-US2 serum. Consistent

with the earlier observation (Figure 4B), MHC class I HC was

efficiently degraded after a 30-min chase in US2 cells over-

expressing PDI-myc or PDI C36,39,380,383S-myc (Figure 5D,
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Figure 4 The peptide binding, but not the catalytic, function of PDI is essential for US2-mediated degradation of MHC class I molecules.
(A) HeLa cells were transfected with mock, PDI-myc, PDI C36,39,380,383C-myc, or PDI F258W/I272A-myc. At 48 h post-transfection, aliquots
of the transfectants were lysed and subjected to immunoblot analysis with anti-MHC class I antibody (H300) and anti-PDI antibody. Anti-PDI
antibody recognizes both endogenous PDI and myc-tagged PDI. GAPDH was used as a loading control. Surface expression of MHC class I
molecules was measured by FACS analysis after staining with MHC class I-specific W6/32 mAb. The filled histogram indicates isotype control
staining; the thin line indicates mock-transfected cells; and the thick line indicates PDI construct-transfected cells. (B) The experiment
described in (A) was performed using US2-expressing HeLa instead of normal HeLa cells. (C) US2-expressing HeLa cells were transfected with
siRNA targeting 30 UTR of PDI, selected with puromycin, and then transfected with mock, PDI-myc, PDI C36,39,380,383C-myc, or PDI F258W/
I272A-myc. The transfectants were lysed and subjected to immunoblot analysis with anti-MHC class I antibody (H300) and anti-PDI antibody.
(D) HeLa cells were transfected with the indicated PDI constructs and stained with the indicated antibodies. Bound antibodies were labelled
with FITC- or Texas red-conjugated secondary antibodies.
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lanes 1–4), whereas overexpression of PDI F258W/I272A-

myc significantly inhibited degradation of MHC class I HC at

the same chase time (Figure 5D, lanes 5 and 6). The two

bands for MHC class I HC observed after a 30-min chase in

cells expressing PDI F258W/I272A-myc represent differen-

tially N-glycosylated forms (Figure 5D, lane 6). The upper

band, which is also detectable in cells expressing PDI-myc or

PDI C36,39,380,383S-myc, presumably represents a form

that escaped the US2 pathway because of an insufficient

expression level of US2. As judged by the EndoH test

(Figure 5E), the lower band detected after chase in cells

overexpressing PDI F258W/I272A-myc indicates an ER-re-

tained MHC class I HC form.

The most notable observation was a strong association

between US2 and MHC class I in US2 cells overexpressing PDI

F258W/I272A-myc (Figure 5D, lanes 5 and 6 and Figure 5E,

lanes 5 and 6). Only a very weak association of US2 with

MHC class I could be observed, even at the 0-min chase time

Figure 5 PDI facilitates the dissociation of MHC class I molecule from US2 for dislocation. (A) US2-expressing cells were transfected with HLA-
A2.1-myc and HLA-A2.1 C101S-myc. At 48 h post-transfection, the cells were labelled and chased. 1% NP-40 lysates were immunoprecipitated
with anti-myc antibody and resolved by SDS–PAGE. (B) US2-expressing cells were transfected with PDI constructs and lysed in 1% digitonin.
The lysates were immunoprecipitated with anti-SPP antibody. The immunoprecipitates were then analysed by SDS–PAGE, followed by
immunoblotting with anti-myc antibody or anti-SPP antibody. (C–E) US2-expressing cells were transfected with mock, PDI-myc, PDI
C36,39,380,383C-myc, or PDI F258W/I272A-myc, pulse labelled, chased for 30 min, and lysed in 1% digitonin. The lysates were immuno-
precipitated with the indicated antibodies. Immunoprecipitated proteins were resolved by SDS–PAGE. Expression of US2 and myc-tagged PDI
proteins were confirmed by immunoprecipitation of aliquots of the lysates with the respective antibodies (bottom panels). (D) MHC class I HC
marked by an asterisk is the ER-exported form and MHC class I HC marked by two asterisks is the ER-retained form. (E) W6/32
immunoprecipitates were digested with Endo H before SDS–PAGE analysis.
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point, in cells overexpressing either PDI-myc or PDI

C36,39,380,383S-myc under the same experimental condi-

tions (Figure 5D, lanes 1 and 3), suggesting that the interac-

tion of US2 with MHC class I is transient and unstable in the

steady state. Considering these results and the requirement

for dissociation of MHC class I from US2 before dislocation

(Lilley and Ploegh, 2004), our data suggest that PDI has an

important function in dissociating MHC class I from US2

before the dislocation of MHC class I HC.

A general function for PDI and SPP in the ERAD

of misfolded proteins

We next determined whether PDI has a general function in

the SPP-dependent ERAD pathway. As it is not known

whether SPP is involved in ERAD for substrates other than

US2-associated MHC class I HC, we initially tested this

possibility using two representative ERAD substrates, CD3d

and CFTR DeltaF508 (a mutant of the cystic fibrosis trans-

membrane conductance regulator). Quantification of band

intensity by densitometry showed that degradation of CD3d-

HA was significantly delayed in SPP-depleted cells compared

with the control knockdown cells (Figure 6B). The

knockdown efficiency of SPP was 80–90% (Figure 6A). As

the effect of SPP knockdown on the degradation of CD3d-HA

was modest but highly reproducible, we concluded that SPP

is involved in the degradation of CD3d-HA. In contrast,

degradation of GFP-CFTR DeltaF508 was not affected by

SPP knockdown (Figure 6C). As Derlin-1 has been reported

to associate with CFTR DeltaF508 and facilitate its degrada-

tion similar to US11-mediated degradation of MHC class I

(Sun et al, 2006; Wang et al, 2008), we concluded that

degradation of CFTR DeltaF508 is independent of SPP.

On the basis of the association of PDI with SPP and its

function in the SPP-dependent degradation of MHC class I HC

Figure 6 PDI and SPP are involved in the degradation of CD3d-HA, a classical ERAD substrate. (A–D) To improve knockdown efficiency, we
used a retroviral infection system. After enrichment of transfectants by selection in puromycine for 2 weeks, cells expressing siRNAs specific for
GFP, SPP, PDI, or PDI 30UTR were used for experiments. (A) Knockdown efficiency of each protein was verified by immunoblotting with anti-
PDI and anti-SPP antibodies. GAPDH was used as a loading control. (B) The above cells were transfected with CD3d-HA, labelled for 30 min,
and chased for the indicated times. Cell lysates of 1% NP-40 were immunoprecipitated with anti-HA antibody. The intensity of CD3d-HA bands
was quantified and plotted. (C) The experimental details are the same as in (B), except that GFP-CFTR DeltaF508 and HeLa transfected with
empty vector were used instead of CD3d-HA and siGFP cells, respectively. (D) The experiment was performed as described in (B) except that
the PDI construct and CD3d-HA were cotransfected. Error bars represent standard deviations of results from triplicate wells (B–D).
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by US2, we tested whether PDI is involved in the degradation

of CD3d-HA. Knockdown of PDI led to a delayed degradation

of CD3d-HA (Figure 6B), suggesting involvement of PDI in

SPP-dependent CD3d-HA degradation. In contrast, knock-

down of PDI did not inhibit degradation of GFP-CFTR

DeltaF508 (Figure 6C).

Next, we investigated whether the oxidoreductase or the

substrate-binding function of PDI is essential for the degrada-

tion of CD3d-HA. We reduced the PDI expression level in

HeLa cells by siRNA targeting the PDI 30 UTR and cotrans-

fected the cells with CD3d-HA and PDI constructs. In HeLa

cells expressing PDI F258W/I272A-myc, CD3d-HA was

degraded significantly more slowly than in cells expressing

PDI-myc or PDI C36,39,380,383S-myc (Figure 6D). These

results indicate that the substrate-binding activity of PDI is

essential for the degradation of CD3d-HA, as shown for the

degradation of MHC class I HC by US2.

Discussion

PDI acts both as an enzyme and as a chaperone (Noiva and

Lennarz, 1992). Several recent studies have implicated a

function of PDI in ERAD through its catalytic and/or chaperone

activity. A mutational study of Pdi1p (a PDI homologue in

yeast) showed that a catalytically inactive mutant, but not a

substrate-binding site-deleted mutant, could fully support dis-

location of a cysteine-free misfolded protein (Gillece et al,

1999). Recently, it has been reported that Htm1p/Mnl1p

(EDEM in mammals, ER degradation enhancing a-mammosi-

dase-like protein) physically associates with Pdi1p (Clerc et al,

2009; Sakoh-Nakatogawa et al, 2009). Htm1p/Mnl1p was

identified as a candidate for lectins that recognize ERAD

substrates with modified mannose moieties (Hosokawa et al,

2001). The interaction between Htm1p and Pdi1p involves

intermolecular disulphide bonds, and stable interaction with

Pdi1p introduces a functionally essential intradisulphide bond

into Htm1p (Sakoh-Nakatogawa et al, 2009). The pro-a factor,

which lacks disulphide bonds, also requires PDI for dislocation

in an in vitro system (Wahlman et al, 2007). Similarly, a

chaperone function for PDI in ERAD has been suggested in

the dislocation of BACE457 (Molinari et al, 2002) and the

unfolding of cholera toxin before dislocation (Tsai et al,

2001). On the basis of in vitro experiments, the oxidoreductase

activity of PDI does not seem to be important in the dislocation

of cholera toxin (Tsai et al, 2001; Forster et al, 2006).

The reduction of disulphide bonds in ERAD substrates has

generally been thought to be required for the unfolding and

dislocation of misfolded proteins. Recently, a PDI homologue,

ERdj5, was identified as a reductase that breaks the

disulphide bonds of misfolded proteins before dislocation

(Ushioda et al, 2008). MHC class I HC contains two

intradisulphide bonds (Park et al, 2006), and it is not

known whether reduction of these disulphide bonds must

precede dislocation of MHC class I HC in the US2 pathway.

Agents that affect intracellular redox potential and/or free

thiol status such as diamide and N-ethylmaleimide inhibit the

dislocation of MHC class I HC by US2 and US11 (Tortorella

et al, 1998), supporting the idea that reduction of MHC class I

HC is a prerequisite for dislocation. However, our results

show that the reductase activities of PDI or its homologues

tested in this study are not essential for the dislocation of MHC

class I HC by the US2 and US11 pathways. Overexpression of

catalytically inactive PDI mutant promoted degradation of

MHC class I HC by the US2 pathway, as did overexpression

of wild-type PDI (Figures 4 and 5). Knockdown of ERp72,

ERp57, or ERp29, which have been implicated in protein

dislocation (Forster et al, 2006) or ER-to-cytosol penetration

of viruses (Magnuson et al, 2005; Schelhaas et al, 2007) and

knockdown of ERp44 required for ER retention of Ero1, which

transfers oxidative equivalents to PDI (Otsu et al, 2006) did not

influence degradation of MHC class I HC.

In this study, we have identified PDI as an important

component for the ER dislocation machinery involving SPP.

We show that knockdown of PDI by RNA interference inhibits

dislocation of MHC class I HC by US2 but not by US11. PDI

coimmunoprecipitated with SPP, an essential component of

the US2 pathway (Loureiro et al, 2006), but not with Derlin-1,

an important component of the US11 pathway (Lilley and

Ploegh, 2004). We also show that PDI is a natural binding

partner for SPP and that both PDI and SPP are vital for

degradation of CD3d but not for degradation of CFTR

DeltaF508, a Derlin-1-dependent ERAD substrate, suggesting

that involvement of PDI in ERAD is not limited to the US2

pathway, but rather that PDI has a general function in

SPP-mediated ERAD of certain misfolded substrates.

There is no SPP in yeast although a PDI homologue has

been shown to have a decisive function in ERAD in yeast as

well (Gillece et al, 1999). It is therefore possible that the

evolutionary expansion of the number and complexity of

secretory and membrane proteins necessitated the simulta-

neous expansion of ERAD pathways in higher eukaryotes.

The multiple functional homologues and ERAD E3 ubiquitin

ligase membrane complexes found in the mammal seem to

support that view (Yoshida, 2007; Christianson et al, 2008;

Wang and Ng, 2008).

SPP is an ER-resident protein and a member of the PS/

SPPL superfamily of intramembrane-cleaving aspartic pro-

teases, identified by cleavage of several type II membrane

signal peptides (Weihofen et al, 2002). Although the original

function assigned to SPP was the removal of signal peptide

remnants from substrates that were cleaved earlier by signal

peptidase in animals and plants, there is no SPP in yeast.

Therefore, another function of SPP in mammals other than

signal peptide processing was suggested and a function for

SPP in protein dislocation from the ER was shown. On the

basis of the interaction of a truncated opsin chain with SPP

in vitro, SPP was implicated in the recognition of misas-

sembled transmembrane domains during membrane protein

quality control in the ER (Crawshaw et al, 2004), and Ploegh

and colleagues provided the first evidence of a functional role

for SPP in ERAD (Loureiro et al, 2006). It is known that SPP

associates with the cytosolic tail of US2, and that knockdown

of SPP inhibits dislocation of MHC class I HC by US2 but not

by US11 (Loureiro et al, 2006), underscoring the specificity of

SPP in the US2 pathway. However, the detailed mechanism of

its involvement remains uncharacterized.

We found that PDI is essential for dislocation of MHC class

I HC by US2 but not by US11. In addition, our data indicate

that both PDI and SPP are essential for degradation of CD3d,

suggesting that PDI and SPP are members of distinct ERAD

machinery. What is the function of PDI in SPP-mediated

ERAD? A clue is provided from observations that overexpres-

sion of a dominant-negative substrate-binding mutant of PDI,

PDI F258W/I272A-myc, inhibits the dislocation of MHC class
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I HC by US2 (Figure 4). The most distinct phenotype on

overexpression of this mutant was accumulation of MHC

class I-US2 complexes (Figure 5D and E). We do not know

how the point mutations at positions 258 and 272 of PDI

inhibit the dissociation of MHC class I HC from US2. These

mutations were recently shown to be in a part of PDI outside

the substrate-binding site and freeze PDI in one particular

conformation that inhibits substrate binding (Nguyen et al,

2008). In US2 cells overexpressing wild-type PDI-myc or PDI

C36,39,380,383S-myc, we could detect only a trace amount of

the MHC class I-US2 complexes.

As the association of SPP with US2 was not affected by

overexpression of the PDI mutants, it is unlikely that PDI is

involved in recruitment of MHC class I-US2 complex to SPP.

Given that US2 is recruited to SPP (Loureiro et al, 2006) and

that dissociation of MHC class I from US2 precedes disloca-

tion of MHC class I HC (Ye et al, 2004), we envisage that the

dissociation of MHC class I from US2 occurs rapidly during

the steady state because of the substrate-binding activity of

PDI bound to SPP. On the basis of an earlier study (Loureiro

et al, 2006) and on our results obtained using US2-modified

MHC class I HC and CD3d as model substrates, we present the

following model for the function of PDI in the SPP-mediated

ERAD pathway: misfolded proteins are recruited to SPP

where PDI bound to SPP unfolds the proteins into a disloca-

tion-competent structure through its substrate-binding func-

tion, allowing the misfolded substrates to be escorted to the

dislocation channel.

Materials and methods

Constructs
GFP-specific siRNA and PDI-specific siRNA were described earlier
(Park et al, 2006). ERp29-specific (50-AAATTTGCAGAATCTACG
GAA-30) siRNA, ERp44-specific (50-AAGTAGTGTTTGCCAGAGTT
G-30) siRNA (Higo et al, 2005), ERp57-specific (50-GGAATTGTCAGC
CACTTGA-30) siRNA (Kienast et al, 2007), ERp72-specific (50-AAGC
GTTCTCCTCCAATTCCC-30) (Forster et al, 2006), SPP-specific (50-
AAGAATGCTTCAGACATGCCT-30) siRNA and PDI 30 UTR-specific
(50-GATGAACTGTAATACGCAA-30) siRNA were synthesized by
Bioneer (Daejeon, Korea). Synthesized siRNA oligomers were
subcloned to pSUPER.retro vector. The cDNAs encoding human
PDI were inserted into the mammalian expression vector pcDNA3.1
(Invitrogen, San Diego, CA, USA) and were myc-tagged at a position
before the C-terminal KDEL sequence. The cysteine-to-serine (C36,
39, 380, 383S) mutation in the a/a0 domain of PDI and isoleucine-to-
alanine (I272A) and phenylalanine-to-tryptophan (F258W) replace-
ment mutations within the b0 domain of PDI were made by site-
directed mutagenesis with Pfu DNA Polymerase and a myc-tag was
added at a position before the C-terminal KDEL sequence.

Cell culture and transfection
To establish stable cell lines expressing US2 or US11, we subcloned
each cDNA into the pcDNA3.1 mammalian expression vector
(Invitrogen, Carlsbad, CA) and transfected the constructs into HeLa
cells using the calcium phosphate precipitation method. Stable
clones were selected by adding 0.5 mg/ml G418 (Life Technologies).

The siRNAs were transfected into cells using lipofectamine2000
(Invitrogen) according to the manufacturer’s protocol. After 24 h,
transfectants were selected by 1mg/ml puromycin for 2 days and
then used for experiments.

Antibodies
The H300 (Santa-cruz) rabbit polyclonal antibody recognizes the
epitope corresponding to amino acids 63–362 of MHC class I of
human origin and monoclonal antibody W6/32 recognizes only the
complex of MHC class I HC and b2m. Polyclonal antiserums for
detecting US2 or US11 were raised against the synthetic peptides
corresponding to the luminal N-terminal portion of the each protein
(Park et al, 2002). Anti-PDI serum was raised against the PDI
protein purified from Escherichia coli. Anti-ERp29 antibody and
anti-SPP antibody were purchased from Abcam and anti-GAPDH
antibody was purchased from LabFrontier (Seoul, Korea). Anti-
ERp57 and anti-BiP antibodies were purchased from Santa Cruz
Biotechnology, Inc. Anti-p97 ATPase antibody was purchased from
Research Diagnostics and anti-Derlin-1 antibody was purchased
from Medical and Biological Laboratories. Anti-ERp44 antibody and
anti-ERp72 antibody were purchased from Cell Signaling and BD
Bioscience. Fluorescein isothiocyanate (FITC)-conjugated goat anti-
mouse immunoglobulin G (IgG) was purchased from the Jackson
ImmunoResearch Laboratories (West Grove, PA).

Pulse-chases, immunoprecipitation, and immunoblotting
Cells were starved for 30 min in medium lacking methionine and
cysteine, labelled with 0.1 mCi/ml [35S]methionine (TranS-label;
NEN Life Science, Boston, MA) and chased in regular medium for
the indicated time. After being washed twice with cold PBS, the
cells were lysed. Immunoprecipitation and immunoblotting were
performed as described earlier. For endoglycosidase H treatment,
the immunoprecipitates were digested with 3 mU endoglycosidase
H (Roche, Indianapolis, IN) for 16 h at 371C in 50 mM NaOAc (pH
5.6), 0.3% SDS, and 150 mM b-mercaptoethanol.

Flow cytometry
Cells were washed twice with PBS containing 1% BSA and
incubated for 1 h at 41C with W6/32. Normal mouse IgG was used
as a negative control. The cells were washed twice with cold PBS
containing 1% BSA and then stained with FITC-conjugated goat
anti-mouse IgG for 1 h. A total of 10 000-gated events were collected
by the FACSCalibur cytometer (BD Biosciences, San Jose, CA) and
analysed with CellQuestPro software (BD Biosciences).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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