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The sulfhydryl oxidase Ero1 oxidizes protein disulfide
isomerase (PDI), which in turn catalyzes disulfide formation in
proteins folding in the endoplasmic reticulum (ER). The extent
to which other members of the PDI family are oxidized by Ero1
and thus contribute to net disulfide formation in the ER has
been an open question. The yeast ER contains four PDI family
proteins with at least one potential redox-active cysteine pair.
We monitored the direct oxidation of each redox-active site in
these proteins by yeast Ero1p in vitro. In this study, we found
that the Pdi1p amino-terminal domain was oxidized most rap-
idly compared with the other oxidoreductase active sites tested,
including the Pdi1p carboxyl-terminal domain. This observa-
tion is consistent with experiments conducted in yeast cells. In
particular, the amino-terminal domain of Pdi1p preferentially
formed mixed disulfides with Ero1p in vivo, and we observed
synthetic lethality between a temperature-sensitive Ero1p vari-
ant and mutant Pdi1p lacking the amino-terminal active-site
disulfide. Thus, the amino-terminal domain of yeast Pdi1p is on
a preferred pathway for oxidizing the ER thiol pool. Overall, our
results provide a rank order for the tendency of yeast ER oxi-
doreductases to acquire disulfides from Ero1p.

The sulfhydryl oxidase Ero1p supports oxidative protein
folding in the yeast endoplasmic reticulum (ER)3 by catalyzing
oxidation of thiol pairs to disulfides (1, 2). Ero1p directly oxi-
dizes protein disulfide isomerase (PDI; Pdi1p in yeast), which
then oxidizes newly synthesized substrate proteins (3). The bal-
ance between reduced and oxidized glutathione in the ER may
also be altered as a consequence of Ero1p activity, because glu-
tathione contributes to the reduction of mis-paired disulfides,
either directly or via reduction of Pdi1p (4, 5). Pdi1p is com-

posed of four thioredoxin fold (trx) domains, of which the ami-
no-terminal (a domain) and carboxyl-terminal (a� domain)
contain redox-active Cys-X-X-Cys motifs (6, 7) (Fig. 1). These
two redox-active domains have been proposed to play comple-
mentary roles in catalysis of proper disulfide formation in
downstream substrate proteins (8, 9).
Three other ERproteins related to Pdi1p and containingCys-

X-X-Cysmotifs are found in yeast, namelyMdp1p,Mpd2p, and
Eps1p (Fig. 1). Mpd1p andMpd2p each contain a single redox-
active trx domain, whereas Eps1p has two predicted trx
domains that contain the Cys-X-X-Cys motif. In principle,
these other PDI family proteins could, like Pdi1p, be targets of
Ero1p oxidase activity. Mpd1p,Mpd2p, and Eps1p are encoded
by non-essential genes in yeast, whereas the gene for Pdi1p is
essential (10). Furthermore, Pdi1p is expressed at higher levels
than the other family members (10, 11). Nevertheless, bio-
chemical and genetic experiments suggest that other members
of the family can indeed interact with, and perhaps function
downstream of, the Ero1p sulfhydryl oxidase. First, Mpd2p was
trapped in amixed disulfide with Ero1p (3), suggesting the pos-
sibility of electron transfer between these two proteins. Second,
overexpression of Mpd1p rescued cells bearing the otherwise
lethal deletion of the genes encoding Pdi1p and its ERhomologs
(10, 12). This finding indicates that, when present at higher
than normal levels, Mpd1p can perform the essential functions
of Pdi1p, one of whichmay be to transfer disulfides from Ero1p
to substrate proteins folding in the ER. However, the extent to
which Ero1p discriminates between Pdi1p and these other ER
oxidoreductases is unknown.
The ability of Ero1p to oxidize a PDI family oxidoreductase is

likely to influence the extent to which the latter oxidizes down-
stream substrates in the ER. However, re-reduction of the oxi-
doreductase by glutathione after oxidation by Ero1pwould pro-
duce a futile cycle (13). Therefore, both a sufficient rate of
oxidation by Ero1p and an appropriate reduction potential rel-
ative to the reduced and oxidized glutathione couple are impor-
tant for an oxidoreductase to function on the protein thiol oxi-
dation pathway of the ER. We compared the suitability of each
yeast PDI-family redox-active Cys-X-X-Cys motif to serve
downstream of Ero1p by measuring its equilibrium reduction
potential and rate of oxidation by Ero1p. Importantly, in vitro
results were supported by physical and genetic interactions in
vivo. We provide a new perspective on the two active sites of
Pdi1p by showing that yeast Ero1p preferentially oxidizes the a
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domain of Pdi1p, which should consequently function as the
primary oxidant of protein thiols in the yeast ER. Furthermore,
our study provides a broad view of the interactions between
Ero1p and PDI family proteins and better defines the physio-
logical pathways for disulfide bond formation in yeast.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—The sequence coding
for Saccharomyces cerevisiae Mpd1p (residues 23–310) and a
His6 tag at the carboxyl terminuswas inserted into the pET-15b
vector (Novagen) between the NcoI and BamHI restriction
sites. The coding sequence for S. cerevisiae Eps1p (residues
28–645) was inserted into pET-15b as described (14), and the
Eps1p(CCAA) and Eps1p(AACC) mutants were produced by
introducing the site-specific mutations C200A/C203A or C60A/
C63A, respectively, using the QuikChange kit (Stratagene). The
Pdi1p(CCAA) and Pdi1p(AACC) mutants were constructed by
site-directed mutagenesis of the pVW828 plasmid (15). Thiore-
doxin mutants were generated by site-directed mutagenesis, and
protein was prepared as described for wild type (16).
Mpd1p, Pdi1p, and their variantswere produced in theE. coli

strain BL21 (DE3) plysS (Novagen). Eps1p and its variants were
produced inOrigamiB(DE3) pLysS (Novagen) cells. In all cases,
cells were grown to an A595 nm of 0.4–0.6 at 37 °C, at which
point isopropyl-1-thio-�-D-galactopyranoside was added to a
final concentration of 1 mM. Mpd1p and Eps1p wild-type and
mutant cultures were grown for a further 12 h at 25 °C before
harvesting, whereas Pdi1p and itsmutantswere grown for 3 h at
30 °C. The supernatants of the cell lysates were applied to an
Ni-NTA-Sepharose column, and proteins were eluted with a
step gradient of imidazole. Eps1p and variants were dialyzed
against 300 mM NaCl, 10 mM Tris, pH 8. The N-terminal His6
tag of Eps1p was cleaved using thrombin (Sigma) and removed
using Ni-NTA-Sepharose (except for protein used in reduction
potential measurements, for which the His6 tag was not
removed). Thrombin activity was inhibited by phenylmethane-
sulfonyl fluoride.
A glutathione S-transferase-tagged version of Ero1p (residues

10–424) and the corresponding mutant Ero1p(C150A/C295A)
were produced from the pGEX-4T1 vector (Amersham Bio-

sciences) using similar bacterial
growth and induction conditions as
previously described (17). The fusion
proteins were loaded onto a glutathi-
one-Sepharose column and subse-
quently cleaved by thrombin on the
column as described (17). Enzyme
released from the column by cleavage
was further purified using size-exclu-
sion chromatography.
Mpd2p produced in bacteria gave

low yields and unstable protein.
Mpd2p was instead produced by
transient transfection of human
HEK293T cells. The Mpd2p coding
sequence (residues 20–272) was
inserted into the pHLsec plasmid
between a signal sequence and a

His6 tag (18), and the resulting pHLsec-Mpd2p plasmid was
purified using the Qiagen Plasmid Mega Kit. HEK293T cells
were split onto 30 tissue culture plates of diameter 15 cm. The
following measures are given per plate. After 24 h, when cells
were at �80% confluence, 40 �g of plasmid DNA was added to
4.5 ml of serum-free medium, and mixing was followed by the
addition of 90 �l of 1 mg/ml polyethyleneimine (25-kDa
branched) and brief vortexing. The solution was incubated for
15 min at room temperature to allow DNA-polyethyleneimine
complex formation.Meanwhile, cells were washedwith serum-
free medium, and 14 ml of fresh medium was added to each
plate. DNA-polyethyleneimine complex was then added. After
5 h, cells were washed once, and 22 ml of serum-free medium
was added to each plate. Cell culture supernatants were col-
lected after 3 days, filtered, dialyzed against 20 mM Tris pH 8,
200 mM NaCl, 10 mM imidazole, and applied to an Ni-NTA
column. Eluted fractions containing Mpd2p were pooled and
concentrated. The protein appeared less prone to degradation
than the bacterially expressedmaterial, but yields were still low
(�1 mg/liter of culture medium).
Protein Reduction—Mpd1p, Eps1p, and Pdi1p(AACC) at

�500 �Mwere reduced by incubation with 10mM reduced glu-
tathione (GSH) for 1 h at room temperature, whereas Pdi1p and
Pdi1p(CCAA) were incubated with 20 mM GSH. These condi-
tions do not reduce the CX6C disulfide present in the a domain
of Pdi1p. Mpd2p was reduced at a concentration of �50 �M

with 23mMGSH for 1 h at room temperature. Thioredoxin and
its mutants at �2 mM were reduced with 50 mM dithiothreitol
(DTT) for 1 h at room temperature. GSH or DTTwas removed
using a PD-10 desalting column equilibrated in 50 mM phos-
phate buffer, pH 7.5, 300 mM NaCl, 0.5 mM EDTA (buffer A).
For the experiment in Fig. 2B, the Eps1p(AACC) mutant at

�25 �M was incubated for approximately 0.5 h either with 100
mM DTT or with 1 mM DTT in the presence or absence of 2%
SDS. After incubation, reactions with 1 mM DTT were mixed
with an equal volume of 5 mM PEG-maleimideMW5000 (mal-
PEG5K, Nektar Therapeutics, San Carlos, CA) in 2% SDS, 50
mM Tris, pH 6.8, 0.1% bromphenol blue, 20% glycerol (loading
buffer). The reaction with 100mMDTTwas applied to a PD-10
desalting column equilibrated in 300mMNaCl, 10mMTris, pH

FIGURE 1. Domain organization of yeast PDI family proteins and location of Cys-X-X-Cys motifs. Standard
nomenclature for Pdi1p domains (a, b, b�, and a� domains) is indicated. Boxes correspond to trx domains. Gray
boxes distinguish wild-type proteins from mutants used in this study, which are shown with white boxes.
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8, concentrated in �20 min back to �25 �M using a Vivaspin
centrifugal concentrator (Vivascience), and then mixed with
mal-PEG5K in loading buffer. All samples were then treated
with 10mMDTTand applied to a 10%polyacrylamide gel. After
separation, proteins were visualized by Coomassie Blue
staining.
Oxidation Assays—For gel analysis of Ero1p oxidative activ-

ity, reactions were performed in buffer A. Each experiment,
with the exception of Mpd2p oxidation, contained 150 �M thi-
ols from the PDI family protein and 2 �M Ero1p or
Ero1p(C150A/C295A). Due to the limited material obtained
from transient transfection of mammalian cells, the starting
Mpd2p thiol concentration was 50 �M. The somatostatin pep-
tide, when present, was at a concentration of 150 �M. At each
time point, 10 �l were removed and mixed with 10 �l 5 mM

mal-PEG5K in loading buffer. After 20 min, remaining mal-
PEG5K was quenched by addition of DTT, and samples
were subjected to SDS-PAGE on a 12% acrylamide gel. Pro-
teins were visualized with Coomassie Blue stain. Band intensi-
ties were determined using the ImageQuant 5.0 program. Frac-
tion reduced was calculated as follows: the intensity of the band
corresponding to the oxidized, unmodified material in each lane
wasdividedby the intensityofabandcorresponding toanoxidized

sample not treated with mal-PEG5K
run on the same gel, and this value
was subtracted from 1.
Oxygen consumption was mea-

sured in 0.8 ml of buffer A using an
Oxygraph Clark-type oxygen elec-
trode (Hansatech Instruments). For
PDI family protein substrates, as-
sayswere performed in the presence
of 10 mM GSH. Each experiment
initially contained 100 �M protein
thiols as determined using Ellman’s
assay (19), which corresponded to
�50 �M protein as determined by
absorbance at 280 nm in guanidine
solution. The only exception was
Pdi1p(CCAA), in which thiols (100
�M) were obtained from 70 �M pro-
tein, indicating incomplete reduc-
tion. More vigorous reduction pro-
tocols reduced the Pdi1p CX6C
disulfide and thus were not used.
Oxygen levels in the substrate solu-
tion were monitored until a linear
baseline was established, at which
time the reaction was initiated by
injection of 20 �l of 40 �M Ero1p or
Ero1p(C150A/C295A) in buffer A
to achieve a final enzyme concentra-
tion of 1 �M. To confirm that re-re-
duction of protein substrate byGSH
was not rate-limiting, oxygen con-
sumption was measured in solu-
tions containing Pdi1p(CCAA),
GSH, and either 1 or 2 �M

Ero1p(C150A/C295A). After halving the time axis of the reac-
tion at 2 �M enzyme concentration, the two curves were super-
posable (data not shown). This observation indicates that, even
at double the concentration of the fastest Ero1pmutant and the
best substrate used in the experiments, the rate of oxidationwas
limited by the quantity of enzyme and not by substrate re-re-
duction. For thioredoxin variants, oxygen consumption exper-
iments were done at a starting protein thiol content of 200 �M

and an enzyme concentration of 1 �M, without GSH.
Reduction Potential Measurements—Proteins were diluted

to�9�M into 300mMNaCl, 100mM sodium phosphate buffer,
pH 7.0, 1 mM EDTA containing different ratios of reduced to
oxidized glutathione (GSH/GSSG) and incubated at room tem-
perature for 1 h. The stock solutions of GSH and GSSG were
titrated to pH 7 using 10 N NaOH. The GSH/GSSG redox
potential was calculated according to the Nernst equation
(Eh � E0 � 2.3*RT/nF*log([GSSG]/[GSH]2), where E0 � �240
mV, pH7.0 (20), and n� 2 for the two-electron oxidation. After
the 1-h incubation, protein was precipitated by addition of ice-
cold trichloroacetic acid to a final concentration of 25%, and the
pellet waswashedwith ice-cold acetone. The proteinwas resus-
pended in a solution containing 5 mM mal-PEG5K in loading
buffer. Samples were resolved by SDS-PAGE on a 10% gel and

FIGURE 2. Redox characteristics of yeast PDI family Cys-X-X-Cys motifs. A, redox potential of the samples
was adjusted by varying the GSH/GSSG ratio at pH 7.0. After equilibration in redox buffer, the proteins were
precipitated and reacted with mal-PEG5K, separated by SDS-PAGE, and visualized using fluorescent stain. The
intensities of the bands were quantified and plotted as fraction oxidized. Data for the five Cys-X-X-Cys motifs
are shown on two graphs for clarity. Each titration was fitted to the Nernst equation for a two-electron transfer
to give reduction potential values of Pdi1p(CCAA): �194 mV, Pdi1p(AACC): �164 mV, Mpd1p: �174 mV, and
the Eps1p amino-terminal domain: �149 mV. The Mpd2p reduction potential is estimated to be �210 mV.
B, the Cys-X-X-Cys of the second Eps1p trx domain is not fully reduced by high concentrations of DTT in the
folded state. Alkylation of free thiols with mal-PEG5K was used to distinguish oxidized from reduced fractions
after the indicated treatments. The Eps1p(AACC) mutant was incubated with low (1 mM) or high (100 mM) DTT
concentrations in the folded state or with 1 mM DTT after denaturing the protein with detergent. In the folded
state, the protein was highly resistant to reduction. Only in the denatured state did substantial reduction occur,
as indicated by the disappearance of the unmodified protein (labeled Eps1p(AACC) to the side of the gel) and
the appearance of species of higher apparent molecular weights (indicated by arrowheads). Eps1p(AACC)
contains six cysteines, so the various higher molecular weight species may have different subsets of these
cysteines reduced and modified by mal-PEG5K.
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visualized using InVisionTM His tag In-gel Stain (Invitrogen).
Band intensities were determined using the ImageQuant 5.0
program. We assumed that the His tag stain labeled the oxi-
dized and mal-PEG5K modified proteins equally, so fraction
oxidized is given as the ratio of the intensity of the unmodified
band to the sum of the intensities of the mal-PEG5K modified
and unmodified bands.
S. cerevisiae Strains and Plasmids—PDI1 plasmids for

expression in yeast contain the PDI1 coding region and �875
and �150 bp of the 5�- and 3�-untranslated regions, respec-
tively. To allow for purification of Pdi1p from yeast, DNA
sequence encoding a tandem FLAG-His6 (FLAG-H6) tag was
inserted at a NheI site introduced after the signal peptide cod-
ing region. To add a thrombin recognition sitewithin Pdi1p, the
coding sequence for amino acids 370–373 (Ile-Val-Arg-Ser)
was replaced with the sequence Leu-Val-Pro-Arg-Gly-Ser. An
LEU2-marked, CEN plasmid encoding MPD1 was created by
PCR amplification of theMPD1 coding region plus 1 kb and 200
bp of the 5�- and 3�-untranslated regions, respectively. To cre-
ate pCS205 (MPD1-myc), a myc tag was added by ligation of a
triple-myc epitope fragment into a NotI site created by site-
directed mutagenesis prior to residue 300. Two copies of the
triple-myc fragment inserted during the ligation yielded six tan-
dem copies of the myc tag. Cysteine amino acid replacement
alleles of Pdi1p andMpd1p (pCS619 [mpd1-C59A-C62A-myc])
were created using QuikChange or by subcloning from previ-
ously constructed plasmids using standard techniques. ERO1
coding URA3 CEN plasmids pCS483 (ero1-C100A-C105A-
C150A-C295A-myc), pCS452 (PGAL1-ERO1-C150A-C295A-
myc), and pCS504 (PGAL1-ero1-C100A-C105A-C150A-C295A-
myc) have been described previously (21). Plasmid pCS456
(ero1-C150A-C295A-myc) is the URA3-marked equivalent of
the LEU2 plasmid pCS524 described in (21).
To generate a chromosomal PDI1 deletion strain, the PDI1

coding sequence was replaced with KanMX in a homozygous
GAL2 ura3–52 leu2–3,112 diploid background. The resultant
heterozygous diploid was transformed with pCS213 (URA3
CEN PDI1), and viableMATa andMAT� URA� KanMX� seg-
regants were recovered after sporulation (CKY1044 and
CKY1045, respectively). The viability of CKY1044 and
CKY1045 depends on the episomal PDI1 allele, as demon-
strated by the failure of these strains to grow on medium con-
taining 5-fluoroorotic acid (Toronto Research Laboratories,
Downsview, Ontario, Canada). Strains CKY1046–1056 were
generated by transformation of CKY1044 with the CEN LEU2-
marked plasmids pCS463 (PDI1), pCS465 (pdi1-C61S-C64S),
pCS464 (pdi1-C406S-C409S), pCS462 (pdi1-C64S-C409S),
pSK45 (pdi1-C64S), pSK46 (pdi1-C409S), pSK32 (FLAG-H6-
PDI1), pSK49 (FLAG-H6-pdi1-C406S-C409S), pSK50 (FLAG-
H6-pdi1-C61S-C64S), pSK42 (FLAG-H6-pdi1-C64S-throm-
bin-C409S), or pSK47 (FLAG-H6-pdi1-C64S-C409S),
respectively, followed by selection against pCS213 by plating
on syntheticminimalmedium (SMM)with 5-fluoroorotic acid.
To allow for purification of a cysteine-less Pdi1p, CKY1044 was
transformed with pSK36 (FLAG-H6-pdi1-C61S-C64S-throm-
bin-C406S-C409S), and the wild-type PDI1 plasmid was main-
tained (strain CKY1057). To create the pdi1� ero1–1 double
mutant (CKY1058), the yeast strains CKY1045 (pdi1�) and

CKY598 (ero1–1) were mated, and a MATa temperature-sen-
sitive URA�KanMX� segregant was selected after sporulation.
Thempd1� yeast strain (CKY1059) wasmade by one-step gene
replacement of the coding region of MPD1 with KanMX in a
MATa GAL2 ura3–52 leu2–3,112 background.
CPY Radiolabeling and Immunoprecipitation—CKY1046,

CKY1047, andCKY1048 cellswere grown to exponential phase,
and cells were harvested and suspended at 5 A600 units/ml in
SMM lacking methionine. Cells were labeled at 30 °C for
7 min with [35S]methionine and [35S]cysteine (EXPRESS,
PerkinElmer Life Sciences) and chased for 0–15 min with cold
methionine and cysteine. Cells lysis and immunoprecipitation
of carboxypeptidase Y (CPY) were completed as described
before (22).
In Vivo Oxidation State of Pdi1p—To analyze the redox state

of Pdi1p, cells encoding FLAG-H6-Pdi1p or FLAG-H6-Pdi1p
mutants (CKY1052, CKY1053, CKY1054, and CKY1057) were
grown to exponential phase in SMMand lysed by agitationwith
glass beads in 10% ice-cold trichloroacetic acid at 4 °C. Proteins
were collected by centrifugation, washed once with chilled ace-
tone, and resuspended in 0.2 M Tris-HCl, 2% SDS, pH 7.8, with
50 mM N-ethylmaleimide (NEM). After 30-min incubation at
room temperature, NEM-modified cell lysates were clarified by
centrifugation. SDS was removed by treating with SDS-out
(Pierce) and replaced with 1% Triton X-100. Lysates were
diluted into binding buffer (50 mM phosphate buffer, pH 7.8,
500 mM NaCl, 1% Triton X-100) and incubated with Ni-NTA-
agarose beads (Qiagen) for 2 h at room temperature. Beads
were washed with binding buffer, and Pdi1p was eluted with
250mM imidazole containing 1%Triton X-100. Eluted proteins
were reduced by boiling for 5 min in the presence of 50 mM

DTT and 1% SDS. DTT was removed by trichloroacetic acid
precipitation of the protein, and proteins were treated with 5
mM PEG-maleimide MW 2000 (mal-PEG2K, NOF Corp.,
Japan) in modified loading buffer (0.2 M Tris-HCl, pH 8, 3%
SDS, 10% glycerol, 0.1% bromphenol blue) for 30 min at 30 °C.
Freemal-PEG2Kwas quenchedwithDTT.To prepare oxidized
and reduced Pdi1p controls, cells were lysed and incubated in
phosphate-buffered saline with 10 mM diamide or 50 mMDTT,
respectively, prior to the initial trichloroacetic acid-NEM treat-
ment. All sampleswere deglycosylatedwith endoglycosidaseHf
(New England Biolabs) and analyzed by SDS-PAGE andWest-
ern blotting with anti-Pdi1p antibody.
In Vivo Oxidation State of Mpd1p—To analyze the redox

state of Mpd1p-Myc, cells were grown to exponential phase in
SMM lacking leucine. Cells (2 A600 units) were harvested by
centrifugation, resuspended in 50 �l of 20% (w/v) trichloroace-
tic acid, and disrupted by agitation with glass beads. Proteins
were collected by centrifugation,washedwith cold acetone, and
resuspended in 40 �l of modified loading buffer with 5 mM

mal-PEG2K and protease inhibitors. Samples were incubated
for 30 min at 30 °C and quenched with 10 �l of 0.25 M DTT in
loading buffer. Insoluble material was removed by centrifuga-
tion, samples were resolved by 10% SDS-PAGE and transferred
to nitrocellulose, and Mpd1p was detected with anti-Myc anti-
body (9E10). For reduced and oxidized control samples, cells
were suspended inmodified loading buffer containing protease
inhibitors and 10mMDTTor 10mMdiamide, lysed by agitation
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with glass beads, and incubated for 30 min at 30 °C. Proteins
were precipitated with trichloroacetic acid and subsequently
treated with mal-PEG2K.
Detection ofMixed-disulfide Intermediate betweenPdi1p and

Ero1p in Vivo—To analyze the requirements for capture of the
Pdi1p-Ero1p mixed-disulfide intermediate in yeast, the Ero1p
plasmids pCS452 and pCS504 were transformed into the Pdi1p
mutant strains CKY1049, CKY1050, and CKY1051. Cells were
grown in SMM lacking leucine and uracil with 1% galactose and
1.5% raffinose. Cell lysates were prepared and modified by
NEM as described above for the in vivo oxidation studies with
Pdi1p. NEM-treated lysates were subsequently deglycosylated
with endoglycosidase Hf, and Pdi1p and Ero1p-Myc were
detected by immunoblotting with anti-Pdi1p or anti-Myc
antibody.
For purification and subsequent thrombin cleavage of the

mixed-disulfide intermediate between Ero1p and Pdi1p vari-
ants, the Ero1p plasmid pCS456 was transformed into the
Pdi1p(CSCS) mutant strains CKY1055 and CKY1056. Cell
lysates were prepared, modified with NEM, and treated with
SDS-out using the methods described under “Experimental
Procedures” subheading “In Vivo Oxidation State of Pdi1p.”
Cell lysates were diluted into TBS/Triton (50 mM Tris, pH 7.6,
150mMNaCl, 1%TritonX-100) and incubatedwith anti-FLAG
affinity beads (Sigma) for 4 h at room temperature. Beads were
washed with TBS/Triton, and Pdi1p was eluted with 0.2 mg/ml
FLAG peptide (Sigma) in TBS/Triton. Eluants were incubated
with 0.5 or 3 units of thrombin (Sigma) for 3 h at 37 °C, and
proteinswere detected by immunoblottingwith anti-Ero1p and
anti-FLAG antibody.

RESULTS

ReductionPotentials of Yeast PDIFamilyCys-X-X-CysMotifs—
We first measured the equilibrium reduction potentials of the
yeast PDI family proteinsMpd1p,Mpd2p, and Eps1p, as well as
of the two redox-active domains of Pdi1p (Fig. 2A). The values
we obtained for the a and a� domains of Pdi1p were �194 and
�164 mV, respectively, compared with previously published
values of �188 and �154mV (23, 24). Mpd1p gave a reduction
potential of �174 mV, and Eps1p gave a value of �149 mV.
Eps1p has twoCys-X-X-Cysmotifs. The lack of reduction of the
carboxyl-terminal trx domain even after incubation with 100
mMDTT (Fig. 2B) suggests that themeasured reduction poten-
tial for Eps1p corresponds to the amino-terminal trx domain.
Although the Mdp2p measurements were not performed as
rigorously as the others due to insufficientmaterial, the approx-
imate reduction potential obtained for this protein was �210
mV. Thus, the order of yeast ERCys-X-X-Cysmotifs frommost
to least oxidizing is: Eps1p first domain (�149 mV), Pdi1p a�
domain (�164 mV), Mpd1p (�174 mV), Pdi1p a domain
(�194 mV), Mpd2p (�210 mV), followed presumably by the
second domain of Eps1p (not determined).
Oxidation Rates of EROxidoreductases by Ero1p in Vitro—In

the first set of kinetics experiments, enzymatic reactions were
performed in a simple system monitoring direct transfer of
electrons from reduced Cys-X-X-Cys motifs of PDI family pro-
teins to Ero1p under multiple turnover conditions. Rates of
oxidation were measured by mixing the reduced PDI family

member with recombinant Ero1p and blocking the reaction
after various times using mal-PEG5K (9, 23). The remaining
reduced substrate, containing mal-PEG5K at each unpaired
cysteine residue, was separated by SDS-PAGE from the oxi-
dized fraction, in which cysteines are protected from reaction
with mal-PEG5K by participating in disulfide bonds. It should
be noted that kinetic parameters such as maximum rates and
Michaelis constants may not be obtainable for the oxidation of
PDI family proteins by Ero1p. Ero1p activation and deactiva-
tion processes result in lag phase kinetics (16, 21) and other
complexities that interfere with measurement of initial rates or
mathematical modeling of enzyme progress curves. Further-
more, we were not able to produce PDI family protein sub-
strates with high enough yields or to concentrate them suffi-
ciently to achieve the maximal oxidation rate. Therefore,
qualitative comparisons were made by performing oxidation
reactions at the same initial reduced substrate concentration.
Comparing the direct oxidation rates of the Cys-X-X-Cys

motifs in the four proteins under study revealed that the amino-
terminal domain (a domain) of Pdi1p is oxidized most rapidly
by recombinant yeast Ero1p (Fig. 3A).Mdp2pwas also oxidized
relatively rapidly (Fig. 3B), but the results cannot be compared
quantitatively with the other proteins due to the lower starting
Mpd2p concentration in the reaction. In comparison to the a
domain, the carboxyl-terminal domain (a� domain) of Pdi1p
was oxidized at a slower but measurable rate (Fig. 3A). The rate
of oxidation of Mpd1p was similar or slightly greater than that
observed for the Pdi1p a� domain. Oxidation of the amino-
terminal domain of Eps1p was virtually undetectable. In all
cases, amutant version of Ero1p, Ero1p(C150A/C295A), which
was previously shown to have enhanced activity in oxidation of
the non-natural substrate thioredoxin (21), also oxidized the set
of potentially native ER substrates more rapidly than did wild-
type Ero1p (Fig. 3A). For example, the Ero1p(C150A/C295A)
mutant at 2 �M concentration oxidized 75 �M Pdi1p(CCAA)
completely within the first minute of the reaction, whereas
wild-type Ero1p oxidized half the Pdi1p(CCAA) in approxi-
mately 5 min. In general, the order of substrate preference seen
for wild-type Ero1p was maintained by the hyperactive
Ero1p(C150A/C295A) mutant. As observed previously using
thioredoxin as a substrate (21), the Ero1p(C90A/C349A)
mutant of Ero1p oxidized ER substrates slightly faster than did
wild-type Ero1p, and again the order of substrate preference
was maintained (data not shown).
In addition to monitoring oxidation of each Cys-X-X-Cys

alone, we tested whether the simultaneous presence of the two
redox-active centers of Pdi1p affects the reactivity of either site.
The disappearance of the wild-type Pdi1p species containing
four reduced and modified cysteines (Fig. 3C, top band in top
gels) correlates with the relatively rapid disappearance of
reduced Pdi1p(CCAA) (Fig. 3C,upper band inmiddle gels). Full
oxidation of Pdi1p then correlates with the slow disappearance
of reduced Pdi1p(AACC) (Fig. 3C, upper band of bottom gels).
In short, the rates of the two oxidation events observed in wild-
type Pdi1p are consistent with the rates observed for
Pdi1p(CCAA) and Pdi1p(AACC) separately. We also tested
whether the presence of a potential Pdi1p-binding peptide
influenced the absolute or relative reactivity of the two domains
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of Pdi1p with Ero1p; a somatostatin-derived peptide lacking
cysteine residues (25) did not affect the rate of oxidation of
Pdi1p(CCAA) or Pdi1p(AACC) (data not shown).
In the second set of experiments, oxidation rates of PDI fam-

ily proteins by Ero1p were monitored by oxygen consumption
in the presence of 10 mM GSH (Fig. 4A). These conditions
mimic an overly reducing ER, enabling us to test whether Ero1p
substrate selectivity changes or expands under these condi-
tions. Oxidized protein substrate generated by Ero1p activity in
these reactions is re-reduced byGSH, providingmore substrate
for oxidation. The reaction continues until the oxygen in the
chamber is consumed. These experiments showed a similar

order of substrate preference as
observed in the SDS-PAGE assays
conducted without GSH, with the
a domain of Pdi1p remaining the
most highly favored substrate for
Ero1p. Mpd1p and the a� domain of
Pdi1p showed similar rates of reac-
tion to one another, when oxidized
either by wild-type Ero1p or by the
Ero1p(C150A/C295A) mutant. Ad-
dition of glutathione did not
improve the relative reactivity of
Eps1p.
The rough correlation observed

between rate of oxidation by
Ero1p and reduction potential for
the Cys-X-X-Cys motifs in yeast
PDI family proteins prompted us
to test whether changes in reduc-
tion potential affect reactivity with
Ero1p. To do this, we measured
Ero1p oxidation rates on a series of
mutants derived from the non-na-
tive substrate E. coli thioredoxin
(Fig. 4B). Changing the two resi-
dues between the cysteines in the
Cys-X-X-Cys motif in thioredoxin
was previously reported to affect the
reduction potential of the di-cys-
teinemotif (26, 27). Although all the
thioredoxin mutants tested had
reduction potentials below that of
the Pdi1p a domain, suggesting that
they should be good electron
donors, most of them were not oxi-
dized by Ero1p at significant rates.
Exceptions were wild-type thiore-
doxin and a mutant containing a
Cys-Gly-His-Cys motif, the same
motif as found in both active sites of
Pdi1p and in Mpd1p. Interestingly,
thioredoxin containing a Cys-Trp-
Gly-Cys motif was also oxidized by
Ero1p, despite having a higher
reduction potential than some of
the mutants that were not apprecia-

bly oxidized. This mutant was previously shown to functionally
replace Pdi1p in vivo to a limited extent (28). Our results indi-
cate that amino acid changes that alter reduction potential can
dramatically affect reactivity with Ero1p, but that there is no
absolute correlation between reduction potential and rate of
oxidation.
Redox States of ER Oxidoreductases in Vivo—We next tested

the hypothesis that rates of oxidation by Ero1p will determine
the steady-state condition of the di-cysteine motifs of PDI fam-
ily oxidoreductases in yeast cells. The redox states of the two
active sites of Pdi1p were compared with each other and with
Mpd1p. Pdi1p and its active-site mutants were purified from

FIGURE 3. Direct oxidation rates of PDI family proteins by Ero1p monitored by gel assays. A, reduced PDI
family proteins (150 �M thiols) were mixed with 2 �M Ero1p or Ero1p(C150A/C295A). Loss of reactivity with
mal-PEG5K upon disulfide bond formation was monitored by quantification of the accumulating unmodified
protein after separation by SDS-PAGE. Lag phases are less evident in this experiment than in Fig. 4, because of
the poor time resolution of gel-based assays. Furthermore, due to the relatively low substrate/enzyme ratio in
this experiment (37.5:1), a significant fraction (estimated 5–10%) of substrate is oxidized by dithiol/disulfide
exchange with the Ero1p shuttle and regulatory disulfides prior to oxygen consumption and enzyme turnover.
B, except for a lower Mpd2p concentration, the experiment was conducted as in A, but the gels, rather than
results of quantification, are shown. Mpd2p was partially reduced by incubation with 23 mM GSH for 1 h.
Following removal of GSH, Mpd2p (50 �M thiols) was mixed with 2 �M Ero1p or Ero1p(C150A/C295A). The
Mpd2p protein lacking its signal sequence has seven cysteine residues. One unpaired cysteine reacts with
mal-PEG5K regardless of the redox status of the Cys-X-X-Cys motif. C, the two Pdi1p active sites appear to
function independently during oxidation by Ero1p, because the two oxidation events seen for wild-type Pdi1p
(top panel) occur at similar rates as the oxidation of the Pdi1p(CCAA) (middle panel) and Pdi1p(AACC) (bottom
panel) mutants. This observation holds for both wild-type Ero1p and the C150A/C295A mutant. Bands are
labeled according to the state of each Cys-X-X-Cys motif present (subscript “red” indicates reduced and “ox”
oxidized) and the number of mal-PEG5K additions present. The gels shown here, which are similar to those
used to obtain the data in A, further demonstrate that only a single disulfide was reduced initially in
Pdi1p(AACC) and Pdi1p(CCAA), and two disulfides in wild-type Pdi1p, indicating that the Cys-X6-Cys motif
remained oxidized as intended.
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cell lysates after blocking reduced cysteines with NEM, and
then oxidized Pdi1p disulfides were completely reduced and
modified with mal-PEG2K (29). The number of mal-PEG2K
modifications therefore indicates the number of cysteines that
were oxidized in vivo. Wild-type Pdi1p appeared mostly in the
fully oxidized formbased on the co-migration of themajority of
wild-type Pdi1pwith Pdi1p fully oxidized by treatment with the
small molecule oxidant diamide (Fig. 5A, top open arrowhead).
However, a small but reproducible portion of wild-type Pdi1p
migrated more quickly than the completely oxidized form and
thus evidently contained a single reduced disulfide (Fig. 5A,
bottom open arrowhead). The two Pdi1p active-site mutants
allowed us to identify the reduced site; Pdi1p(CCSS) was
observed in the fully oxidized form co-migrating with diamide-
treated Pdi1p(CCSS) (Fig. 5A, filled arrowhead), whereas
Pdi1p(SSCC), like wild-type Pdi1p, showed a mixture of oxi-
dized and reduced forms,with�10–20%of its remaining active

site in the reduced form (Fig. 5A, open arrowheads). Therefore,
the Pdi1p a domain is fully oxidized, but the a� domain is par-
tially reduced in yeast cells.
For comparison, the redox state ofMpd1pwas assessed in vivo.

Here cell lysates were treated directly with mal-PEG2K, and thus
the slowermigrating forms ofMpd1p contain cysteines that were
reduced in thecell.Themajorityofwild-typeMpd1pwasobserved
to contain a single reduced cysteinepair (Fig. 5B).Mpd1pcontains
two pairs of cysteines: a Cys-X-X-Cys active site and aCys-X8-Cys
pair. An Mpd1p mutant lacking the active-site cysteines co-mi-
grated with fully oxidized Mpd1p (Fig. 5B), indicating that the
active-site cysteines are the ones reduced in vivo. In contrast to the
current findings for Mpd1p, the active-site di-cysteine motif of
Mpd2pwas foundpreviously to be oxidized in vivo (3). The in vivo
redox states of these three proteins are thus roughly consistent
with thepreferenceof Ero1p in vitro for theadomainof Pdi1p and
Mpd2p relative toMpd1p and the a� domain of Pdi1p.
Ero1p Interacts Preferentially with the N-terminal Domain of

Pdi1p in Vivo—Because the a domain redox-active site of Pdi1p
wasmore completely oxidized than the a� domain in yeast cells,
we investigated whether this difference was caused by Ero1p
preference in vivo. As mixed disulfides are obligatory interme-
diates in dithiol-disulfide transfer events, trapping of transient
complexes between Ero1p and ER oxidoreductases suggests
preferred disulfide transfer pathways. Trichloroacetic acid-

FIGURE 4. Oxidation rates measured by oxygen consumption. A, reduced
Pdi1p(CCAA), Pdi1p(AACC), Mpd1p, or Eps1p at an initial thiol concentration
of 100 �M were mixed with 10 mM GSH. At time zero, Ero1p or Ero1p(C150A/
C295A) was added to a concentration of 1 �M. Representative progress curves
are shown, but in some experiments, oxidation of Mpd1p was slightly slower.
Lag phases are evident in this experiment. B, oxidation of E. coli thioredoxin
and mutant series. Reduced thioredoxin or active-site mutants (the two letters
indicate the identity of the X-X amino acids in the Cys-X-X-Cys motif) at 200 �M

thiol concentration were oxidized by 1 �M Ero1p.

FIGURE 5. Redox states of Pdi1p and Mpd1p in vivo. A, wild-type Pdi1p and
mutants Pdi1p(CCSS), Pdi1p(SSCC), and Pdi1p(SSSS) were purified from yeast
cell lysates that had been reacted with NEM to block free thiols. Purified pro-
teins were subsequently reduced with DTT and modified by mal-PEG2K.
Pdi1p was visualized by Western blotting with anti-Pdi1p serum. With this
protocol, the presence of a disulfide bond in the original cell lysate is reflected
by mal-PEG2K modification and a corresponding decreased migration during
SDS-PAGE. Fully oxidized Pdi1p controls (e.g. three disulfide bonds for wild-
type Pdi1p (3 ox)) were prepared by lysis of cells in the presence of 10 mM

diamide (DIA). Reduced migration controls were prepared by cell lysis in the
presence of DTT; note that these lysis conditions did not result in reduction of
the structural disulfide in Pdi1p as evident by the co-migration of the DTT and
diamide-treated samples for Pdi1p(SSSS). The filled arrowhead indicates the
single band representing a species with an oxidized a domain in the mutant
lacking the active-site cysteines of the a� domain. The open arrowheads indi-
cate the two bands corresponding to the oxidized and reduced forms of the
a� domain in the mutant lacking the active-site cysteines of the a domain.
B, yeast mpd1� cells containing plasmids encoding Myc-tagged Mpd1p or an
Mpd1p active-site mutant, Mpd1p(C59A/C62A), were grown in SMM at 30 °C.
The oxidation state of Mpd1p was assessed after resolving mal-PEG2K-mod-
ified cellular proteins by reducing SDS-PAGE and immunoblotting with anti-
Myc. Using this protocol, free cysteine thiols within Mpd1p in the original cell
lysate result in mal-PEG2K modification and a corresponding decrease in
migration. Oxidized and reduced controls were prepared by treatment of cell
lysates with diamide or DTT prior to mal-PEG2K.
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treated, NEM-modified lysates of cells expressing the Ero1p
mutant Ero1p(C150A/C295A) and either Pdi1p(CSCS),
Pdi1p(CSCC), or Pdi1p(CCCS) were examined by Western
blot. The presence of a serine in place of the second cysteine in
either Pdi1p Cys-X-X-Cys motif prevents the formation of an
active-site disulfide bond and thus stabilizes the mixed-disul-
fide complex formed by the corresponding N-terminal inter-
change cysteine. Importantly, mixed disulfides were observed
for the Pdi1p(CSCS) and Pdi1p(CSCC) variants, but not for
Pdi1p(CCCS) (Fig. 6A), indicating that the first cysteine of the a
domain Cys-X-X-Cys motif is used more frequently as the
interchange thiol with Ero1p than is the first cysteine of the a�
domain di-cysteine motif. Absolute recovery of mixed disul-
fides was greater with the Ero1p(C150A/C295A) mutant,
although the relative preference for the Pdi1p a and a� domains
was the samewhenwild-type Ero1p was used (data not shown).
To exclude the possibility that the Pdi1p-Ero1p mixed disul-
fides are formed during other processes, such as catalysis of
Ero1p folding by Pdi1p, catalytically inactive Ero1p(C100A/
C105A/C150A/C295A) was examined as a negative control.
Ero1p(C100A/C105A/C150A/C295A) did not form a mixed-
disulfide intermediate, suggesting that the mixed disulfide
between Ero1p(C150A/C295A) and Pdi1p(CSCS) was formed
by attack of a Pdi1p cysteine on the catalytically relevant Ero1p
disulfide, namely C100-C105.
To support these results, a thrombin cleavage site was intro-

duced into Pdi1p(CSCS), allowing the two Pdi1p active sites to
be separated by thrombin digestion after formation of
the trapped complex between Ero1p(C150A/C295A) and
Pdi1p(CSCS). The Pdi1p domain responsible for covalent associ-
ationwith Ero1p could then be identified by the size of themixed-

disulfidecomplexremainingafterpro-
teolysis and its immunoreactivity,
because the thrombin cleavage site
was closer to the carboxyl terminus of
Pdi1p(CSCS), and a FLAG tag was
present near the amino terminus (Fig.
6B). As for Fig. 6A, the Ero1p(C150A/
C295A) mutant was used to enhance
recovery. Pdi1p(CSCS), with or with-
out a thrombin cleavage site, was
purified from trichloroacetic acid-
and NEM-treated yeast lysates using
anti-FLAG affinity beads. Purified
samples were treated with throm-
bin, and complexes of the Pdi1p
and Ero1p variants were analyzed
under non-reducing conditions by
Western blot. The presence of a
thrombin site within Pdi1p(CSCS)
did not affect the recovery of com-
plex with the Ero1p mutant; cleav-
able Pdi1p(CSCS) showed the
same amount of complex with
Ero1p(C150A/C295A) as Pdi1p-
(CSCS) without a thrombin site
(Fig. 6B). After thrombin addition,
the complex behaved as a single

faster-migrating species, suggesting that Ero1p was associ-
ated with a single fragment of Pdi1p (Fig. 6B, lane 7). The
major thrombin-cleaved Pdi1p(CSCS) fragment bound to
Ero1p(C150A/C295A) reacted with the anti-FLAG antibody,
which recognizes only amino-terminal fragments of the
Pdi1p construct, suggesting a complex between Ero1p and
the Pdi1p a domain (Fig. 6B, lane 14). Furthermore, the
Ero1p-associated thrombin-cleaved fragment was only slightly
smaller than the uncleaved complex, consistent with the pres-
ence of the larger abb� fragment andwith the loss of the smaller
a� domain from the complex after cleavage. Together these data
suggest that the a domain rather than the a� domain was most
often responsible for the complex between Ero1p(C150A/
C295A) and thrombin-cleavable Pdi1p(CSCS).
Phenotypic Effects of Disrupting the Interaction between

Ero1p and the Pdi1p a Domain—It was previously shown that
yeast cells containing a Pdi1p mutant lacking a functional a
domain are more sensitive to DTT treatment than cells
expressing Pdi1p lacking the a� domain cysteines (30). We
observed a similar sensitivity to DTT treatment with our
Pdi1p mutant strains; Pdi1p(SSCC) yeast strains showed a
more pronounced growth delay in the presence of 1 mMDTT
than wild-type or Pdi1p(CCSS) containing yeast (Fig. 7A,
first column).
We next examined the importance of the Pdi1p a and a�

domains in other tests of a functional Ero1p-Pdi1p oxidation
pathway. Ectopic expression of hyperactive Ero1p(C150A/
C295A) confers resistance to DTT and alleviates the growth
defect observedwhenwild-type yeast are grown in the presence
of DTT (Fig. 7A, top row). DTT resistance conferred by
Ero1p(C150A/C295A) requires Ero1p catalytic activity as

FIGURE 6. Ero1p preferentially forms a mixed-disulfide intermediate with the a domain of Pdi1p. A, for-
mation of mixed-disulfide intermediates between Ero1p(C150A/C295A) (with a Myc epitope tag) and Pdi1p
mutants Pdi1p(CSCS), Pdi1p(CSCC), and Pdi1p(CCCS). NEM-modified yeast cell lysates were resolved by non-
reducing SDS-PAGE, and mixed-disulfide intermediates between Ero1p and Pdi1p were identified by Western
blotting with either anti-Pdi1p or anti-Myc. Catalytically inactive Ero1p(C100A/C105A/C150A/C295A) was used
as a negative control. An arrow denotes the mixed-disulfide complexes between mutant Ero1p and a subset of
Pdi1p variants. Other bands in the leftmost (�-Pdi1p) lane are mixed-disulfide complexes between Pdi1p(CSCS)
and other proteins (high molecular weight bands) or free Pdi1p(CSCS) (intense lower band). The asterisk indi-
cates a nonspecific background band that does not disappear upon reduction (not shown). B, thrombin diges-
tion of the Pdi1p(CSCS)-Ero1p(C150A/C295A) mixed-disulfide intermediate. To enable dissection of
Pdi1p(CSCS), a thrombin site was introduced into the segment linking the b� and a� domains to generate the
construct Pdi1p(CSthCS). Mixed-disulfide intermediates were isolated under non-reducing conditions from
cells expressing a FLAG-epitope-tagged Pdi1p by affinity to anti-FLAG beads. Purified Pdi1p(CSCS)- and
Pdi1p(CSthCS)-Ero1p(C150A/C295A) mixed-disulfide complexes were digested by thrombin, and association
of the Pdi1p fragments with Ero1p was analyzed by immunoblotting with either anti-Ero1p or anti-FLAG.
Arrows highlight the major Pdi1p-Ero1p mixed-disulfide complexes observed before (top) and after (bottom)
thrombin cleavage.

Oxidative Activity of Yeast Ero1p on PDI

18162 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 24 • JUNE 11, 2010



shown by the lack of resistance with ectopic expression of the
Ero1p(C100A/C105A/C150A/C295A) catalytically inactive
mutant (Fig. 7A). We have extended these observations by
demonstrating that the resistance to DTT treatment conferred
by hyperactive Ero1p(C150A/C295A) requires a functional
Pdi1p a domain, but not a Pdi1p a� domain; expression of
Ero1p(C150A/C295A) confers resistance to DTT in a
Pdi1p(CCSS) strain, but not in a Pdi1p(SSCC) strain (Fig. 7A).
Overexpressed Ero1p(C150A/C295A) is toxic to yeast

cells (21). Here we show that the decrease in yeast cell via-
bility observed after 12 h of Ero1p(C150A/C295A) overex-
pression can be alleviated by mutation of the Pdi1p a domain
redox-active cysteines (Fig. 7B). This observation supports
the idea that the a domain of Pdi1p is the primary domain
that Ero1p(C150A/C295A) uses to hyperoxidize the ER. A
slight loss in viability was observed in the Pdi1p(SSCC) back-
ground upon overexpression of Ero1p(C150A/C295A), but
this toxicity did not appear to depend on Ero1p catalytic
activity, because the same toxicity was observed upon over-
expression of catalytically inactive Ero1p(C100A/C105A/
C150A/C295A) (Fig. 7B). Toxicity from overexpression of
catalytically inactive Ero1p may reflect an increased burden
on the ER folding machinery due to increased protein
expression levels. Despite the ability of Ero1p to form a
mixed-disulfide intermediate with a Pdi1p(CSCC) mutant
(Fig. 6A), expression of Ero1p(C150A/C295A) in a

Pdi1p(CSCC) mutant strain did not confer resistance to
DTT treatment, nor did overexpression of Ero1p(C150A/
C295A) in a Pdi1p(CSCC) mutant strain result in a loss of
cell viability (data not shown). Thus, mixed disulfide forma-
tion alone is not sufficient to confer these Ero1p-mediated
phenotypes. Rather, a functional Pdi1p a domain active site
is necessary for Ero1p-mediated hyperoxidation of the ER.
These results suggest that the a domain is the major conduit
of oxidizing equivalents from Ero1p to the ER.
Phenotypes for Pdi1p a Domain Mutant in S. cerevisiae

Mimic Loss of Ero1p Function—Decreased Ero1p function in
vivo leads to a defect in the processing of CPY and to increased
sensitivity of yeast cells to DTT (1). Consistent with preferen-
tial electron flow between Ero1p and the a domain of Pdi1p,
similar phenotypes to those seen with an Ero1p loss-of-func-
tion mutant are observed in cells bearing a domain mutants
of Pdi1p (Fig. 8, A and B). In addition, a Pdi1p mutant with a
non-functional a domain redox center shows synthetic
lethality with Ero1p (Fig. 8C), consistent with disruption of
electron flow via a pathway containing Ero1p and the a
domain of Pdi1p. Loss of Ero1p function and Pdi1p a�
domain function also showed some synthetic defects, lower-
ing the temperature sensitivity of the ero1-1 strain to 30 °C,
suggesting that there is some cooperation between Ero1p
and the a� domain as well.

FIGURE 7. Disulfide relay system between Ero1p and the a domain of Pdi1p. A, the de-regulated Ero1p(C150A/C295A) mutant requires a functional Pdi1p
a domain to suppress growth defects observed upon addition of 1 mM DTT. Yeast strains CKY1046 –1049 were transformed with Ero1p(C150A/C295A) (pCS456)
or the catalytically inactive Ero1p(C100A/C105A/C150A/C295A) (pCS483). Yeast strains were cultured in SMM at 30 °C, and growth was followed by light
scattering (at 600 nm). At 2 h, DTT was added to half the cultures to a final concentration of 1 mM. B, cellular toxicity by overexpressed Ero1p(C150A/C295A) is
alleviated by disruption of the Pdi1p a domain. CKY1046 –1049 were transformed with a plasmid encoding Ero1p(C150A/C295A) (pCS452) or catalytically
inactive Ero1p(C100A/C105A/C150A/C295A) (pCS504) under the control of the GAL promoter. After 2 and 12 h of growth in SMM with 3% galactose, 10�4 A600
unit of cells were spread onto SMM plates and incubated for 2 days at 30 °C. Cell viability was calculated by comparing colony forming units between cells
expressing Ero1p(C150A/C295A) and cells expressing Ero1p(C100A/C105A/C150A/C295A) 12 h after induction.
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DISCUSSION

Oxidoreductases in the ER are responsible for net oxidation
of protein cysteines with proper connectivity. To achieve cor-
rect cysteine pairing, disulfide isomerization or cycles of reduc-
tion and reoxidationmay be necessary (31, 32). Furthermore, to
maintain the quality of proteins oxidized and transported
through the secretory pathway, the ER performs reduction and
retrotranslocation of misfolded proteins (33). A major out-
standing question related to biosynthetic disulfide bond forma-
tion in the ER is how the physiological functions of oxidation,
rearrangement, and reduction of disulfide bonds are distrib-
uted among PDI family proteins. If the different oxidoreducta-
ses exist to carry out different functions, on what structural or
biochemical basis do they partition into those that physiologi-
cally oxidize, reduce, or rearrange cysteines in their target
proteins?
For comparison, elegant models have been developed to

explain how a balance between oxidation and reduction is
maintained to allow for native disulfide formation the E. coli
periplasm. The proteins DsbB and DsbA cooperate to catalyze
oxidation of substrate thiols, whereas DsbD and DsbC accom-
plish reduction and isomerization (reviewed in Ref. 34). These
counteracting pathways are kept separate by kinetic barriers
that prevent mis-reduction of functional oxidants (i.e. DsbA)
(35) or mis-oxidation of reductants (i.e. DsbC) (36). For exam-
ple, the kinetic barrier preventing oxidation of DsbC by DsbB
arises from dimerization of DsbC (36, 37), which sterically lim-
its access of DsbB to the DsbC active site (36, 38). Our results
suggest that, analogous to DsbB, Ero1p selectivity toward ER
oxidoreductases allows the ER to maintain both oxidation and
reduction pathways. However, the mechanism by which selec-

tivity is achieved in the ER is distinct from in the periplasm,
because many ER oxidoreductases (e.g. Pdi1p, Mpd1p, and
Eps1p) are predominantly monomeric (see however Ref. 39),
and the redox-active domains are structurally very similar (40).
Here we show that the yeast ER oxidoreductases are oxidized

at dramatically different rates by Ero1p.Within a single protein,
different domains also showed differential reactivity. For exam-
ple, the two trx domains of Eps1p were the most different from
one another. The amino-terminal Eps1p domain remained in
the reduced form even upon prolonged incubation with Ero1p,
whereas the second Eps1p trx domain remained in oxidized
form even upon incubation with high concentrations of the
strong reducing agent DTT and thus could not be tested as an
Ero1p substrate. The two redox-active domains of Pdi1p also
showed clear differences in behavior; the a domain was oxi-
dized by Ero1p more readily than the a� domain.

In a previous study, the opposite preference was reported for
the two redox-active domains of Pdi1p (8). The reason for the
contradictory findings is unclear, but we note a few differences
between our study and the previous one. First, in Kulp et al.
(23), Pdi1p was reduced under conditions (10mMDTT) known
to reduce a Cys-X6-Cys disulfide in the a domain as well as the
Cys-X-X-Cys motifs, whereas the Cys-X6-Cys disulfide
remained oxidized in our experiments (Fig. 3C). Second, the
previous study compared the a and a� reactivities atmuch lower
starting Pdi1p concentrations than the experiments reported
here, which were done closer (but not yet achieving) the esti-
mated nearmillimolar physiological Pdi1p concentration in the
ER (11, 41). Activation of Ero1p may be less efficient at low
Pdi1p concentrations. Another study that reported greater
Ero1p oxidation of the Pdi1p a� domain compared with the a
domain also used high concentrations of DTT to prepare
reducedPdi1p andused a very low starting Pdi1p concentration
(42); the vast excess of Ero1p disulfides compared with starting
Pdi1p thiols meant that Ero1p turnover was not required to
observe oxidation of the Pdi1p mutants. In any event, in vivo
data reported here and elsewhere support the ranking we
observe. Mutation of the Pdi1p a domain cysteines lowers
resistance to DTT treatment to a greater extent than mutation
of the Pdi1p a� domain cysteines (30) (Fig. 7A), suggesting that
Ero1p predominantly oxidizes the a domain of Pdi1p to coun-
teract excess thiol species in the ER. In addition, a number of
genetic and biochemical experiments (Figs. 6–8) demonstrate
that oxidizing equivalents flow from Ero1p primarily through
the a domain of Pdi1p.
Although we did not observe the same results on which the

model was based, there is logical appeal to the idea that Ero1p
might oxidize the domain of Pdi1p with the higher reduction
potential (i.e. the a� domain), as has been proposed (8). This
model would involve rapid oxidation of a good oxidant by
Ero1p and relatively slow oxidation of a good reductant. This
systemwould be useful for catalysis of oxidative protein folding
in the ER, because it would lead to formation of a pool of strong
oxidant to promote disulfide bonding in substrate proteins,
while at the same time a pool of good reductant would be avail-
able for rearrangement or reduction of erroneously paired dis-
ulfides.One potential problemwith thismodel, however, is that
oxidized Pdi1p a� domain, precisely because it is a better oxi-

FIGURE 8. Pdi1p a domain mutant shows diminished oxidative folding
capacity. A, processing of CPY in pdi1� cells containing PDI1 plasmids. Cells
were pulse labeled for 7 min and chased at 30 °C, and CPY was immunopre-
cipitated and resolved by SDS-PAGE. ER (p1), Golgi (p2), and vacuolar (m)
forms of CPY are indicated. B, yeast strains from panel A were grown for 12 h in
SMM without leucine and spotted onto YPD plates with or without 10 mM

DTT. Strains were grown for 2 days at 24 °C. C, the pdi1� strain CKY1058 cov-
ered by an URA3-marked PDI1 plasmid was transformed with LEU2-marked
plasmids encoding Pdi1p (pCS463), Pdi1p(SSCC) (pCS465), Pdi1p(CCSS)
(pCS464), or empty vector. These strains were spotted onto SMM plates or
SMM plates containing 5-fluoroorotic acid (to select for yeast able to grow in
the absence of the URA3 plasmid). Plates were incubated at 24 °C, 30 °C, or
37 °C for 3 days. All four strains were inviable at 37 °C (not shown), consistent
with the previously characterized lethality of the ero1-1 mutant at 37 °C (1).
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dant, would be re-reducedmore readily than oxidized a domain
by ambient glutathione. Thus, preferential oxidation of the
Pdi1p a� domain by Ero1p would seemingly lead to futile cycles
of oxidation and reduction. In contrast, an oxidized Pdi1p a
domain would be less likely to be reduced by ambient glutathi-
one and would be more specific for structural disulfides in sub-
strate proteins, which presumably have lower reduction poten-
tials than the overall ER environment.
In vitro kinetic assays with isolated components revealed a

clear hierarchy in the interaction of ER oxidoreductases with
Ero1p. However, each of the events we studied in isolation is
potentially coupled in vivo to a number of other redox pro-
cesses. For example, the redox states of PDI family oxidoreduc-
tases in cells will be determined from the relative rates of reduc-
tion by substrate and oxidation by Ero1p. Furthermore, ER
oxidoreductases may react with other redox-active proteins in
the compartment or with glutathione. Finally, complexes of ER
oxidoreductases with other ER factors may modulate their
redox properties. For example, the association of Mpd1p with
the chaperone Cne1p (14) may affect the rate of Mpd1p oxida-
tion by Ero1p. Along these lines, the extremely low reduction
potential of the second trx domain of Eps1p is particularly strik-
ing and raises the question of whether this di-cysteine motif
serves a structural role or whether it becomes redox-active in
the ER as a result of quaternary structural interactions. The
studies presented herein can serve as benchmarks for exploring
the effect on disulfide bond formation pathways of higher order
associations among redox-active ER proteins and their part-
ners. It is important to note, however, that Ero1p substrate
preferences determined by enzyme assays performed in vitro
and reported here correlate well with preferred pathways for
oxidation in the ER assessed in vivo using biochemical and
genetic approaches.
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