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Oxidative protein folding in the endoplasmic reticulum is
supported by efficient electron relays driven by enzymatic reac-
tions centering on the ERO1-protein-disulfide isomerase (PDI)
pathway. A controlled in vitro oxygen consumption assay was
carried out to analyze the ERO1-PDI reaction. The results
showed the pH-dependent oxidation of PDI by EROla. Among
several possible disulfide bonds regulating EROla activity,
Cys®*—Cys'3! and Cys?*-Cys'** disulfide bonds are dominant
regulators by excluding the involvement of the Cys®>-Cys®*!
disulfide in the regulation. The fine-tuned species specificity of
the ERO1-PDI pathway was demonstrated by functional in vitro
complementation assays using yeast and mammalian oxi-
doreductases. Finally, the results provide experimental evidence
for the intramolecular electron transfer from the a domain to
the a’ domain within PDI during its oxidation by ERO1la.

Endoplasmic reticulum (ER)* is the primary intracellular
compartment of the secretory pathway (1, 2). Most secretory
and membrane proteins cotranslationally enter the ER and are
subjected to post-translational modifications, including glyco-
sylation and disulfide bond formation. Disulfide bonds are vital
for the correct folding and maintenance of the conformation of
secretory proteins (3). The oxidative environment of the ER is
suitable for efficient disulfide bond formation, and it harbors a
number of oxidoreductases that participate in the oxidation,
isomerization, and reduction of disulfide bonds (4).

Protein disulfide isomerase (PDI) is a representative ER-res-
ident oxidoreductase that catalyzes disulfide formation and
acts as a molecular chaperone (5, 6). PDI has two catalytically
active domains (a and a’), each of which possesses a catalytic
Cys-X-X-Cys motif and two non-catalytic b and b’ domains
(see Fig. 4A). The hydrophobic region of the b’ domain is
known to serve as a substrate-binding domain. ERO1 (Erolp in
yeast), which encodes a flavoprotein oxidase, was identified as
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the primary oxidative source in the ER (7). In conjunction with
the oxidation of the substrate proteins, ERO1 consumes molec-
ular oxygen as the terminal electron acceptor and produces
hydrogen peroxide (H,O,). ERO1 does not transfer oxidizing
equivalents directly to substrate proteins. Instead, ERO1 oxi-
dizes PDI, which oxidizes substrate proteins by the formation of
disulfide bonds (Fig. 14).

Molecular functions and regulatory mechanisms of the yeast
and mammalian ERO1 family members have been clarified
(8—11). To activate the yeast Erolp oxidase, its Cys'*°~Cys***
disulfide bond must be reduced (see Fig. 34) (12). The C150A/
C295A Erolp mutant exhibited a deregulated increase in its
oxidase activity and disturbed redox homeostasis by hyperoxi-
dizing the yeast ER (8, 13). Thus, one or more regulatory intra-
disulfide bonds have an important role in optimizing the ER
redox environment.

Human ERO1le has similar regulatory disulfide bonds; how-
ever, the regulatory mechanism is different from that of yeast
Erolp. Regulatory (non-catalytic) cysteines of EROla form
disulfide bonds with the catalytic cysteines (10, 11). Specifically,
when EROla is under inactivated condition, Cys®*, which is
known to be involved in receiving electrons from PDI, forms a
disulfide bond with Cys'*!. The other cysteine of the outer
active site (Cys”®) forms a disulfide bond with Cys'®*. When
both disulfide bonds are reduced/isomerized, the Cys”*~Cys*®
shuttle disulfide is formed and ERO1« is fully activated (see Fig.
24) (9, 10, 14).

In the present study, a detailed in vitro analysis of the regu-
latory disulfides in mammalian ERO1a was performed using an
oxygen consumption assay that had been optimized for pH,
temperature, and ionic strength. The functional differences
between yeast and mammalian ERO1 proteins were compared
in terms of their specificities for the substrates, PDI/Pdilp pro-
teins. Finally, the study yielded experimental evidence that
EROl« catalyzes the PDI oxidation by way of intramolecular
electron transfer from its a domain to its a’ domain.

EXPERIMENTAL PROCEDURES

Plasmids—Human PDI and EROla cDNAs without the sig-
nal sequence were amplified by PCR from a Matchmaker Pre-
transformed Human HeLa library (Clontech) and subcloned
into the modified pETDuet-1 vector (Novagen) modified with
an N-terminal His, tag and TEV (tobacco etch virus) protease
recognition site called the pETDuet-TEV vector. The C166A
mutation was introduced into all EROla constructs to avoid
formation of disulfide-linked EROla dimers or oligomers as
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mentioned previously, except in supplemental Fig. S4 (11).
Yeast Erolp and Pdilp were amplified from Yeast ORF Collec-
tions (ID, YML130C; Erolp and YCL043C; Pdilp) and sub-
cloned into the pETDuet-TEV vector. All mutations for PDI,
EROlq, and Erolp were created using the QuikChange site-
directed mutagenesis kit (Stratagene). All constructs were ver-
ified by DNA sequencing.

Expression and Purification—The overexpression and puri-
fication of EROla and its mutants that lacked the non-func-
tional cysteine Cys'®® was performed according to the method
of Inaba et al. (11). Briefly, EROla was overexpressed in Esch-
erichia coli strain BL21(DE3). Cells were grown at 37 °C in
Luria-Bertani (LB) medium containing 100 ug/ml ampicillin
and 10 uMm FAD to an optical density (600 nm) of 0.6, and the
expression of the recombinant proteins was induced at 24 °C
for 12—-16 h by adding 200 uM isopropyl-B-p-thiogalactoside.
Cells were collected, and protein purification was performed at
4°C as follows. Harvested cells were sonicated in 20 mMm
HEPES-NaOH (pH 7.4) containing 150 mm NaCl, 20 mm
imidazole, and protease inhibitor mixture without EDTA
(Sigma). The supernatant was loaded onto a HisTrap column
(GE Healthcare) and eluted with 0.5 m imidazole after washing
the column with the lysis buffer. The eluted EROla sample was
oxidized with the addition of potassium ferricyanide at a final
concentration of 20 mm for 20 min on ice, which was followed
by gel-permeation chromatography (HiLoad 16/60 Superdex
200-pg column, GE Healthcare) pre-equilibrated with 20 mm
HEPES-NaOH (pH 7.4) containing 150 mm NaCl, 10% glycerol,
and no imidazole. The fractions containing monomeric EROla
were applied onto the Resource Q column (GE Healthcare) pre-
equilibrated with 20 mm HEPES-NaOH (pH 8). The sample was
eluted with a linear NaCl gradient ranging from 0 to 500 mm.
Yeast Erolp and mutant protein were overexpressed in E. coli
strain Origami B (DE3), and the other procedures were the
same as those for ERO1lq, but without the potassium ferricya-
nide treatment. The overexpression and purification of PDI/
Pdilp and its variants were performed essentially as described
in Ushioda et al. (15).

Oxygen Consumption Assay—Oxygen consumption was
measured using a Clark-type oxygen electrode (YSI 5331).
Experiments were performed in 50 mm HEPES (pH 7.5), 150
mM NaCl, and 2 mm EDTA at 25 °C using a constant tempera-
ture incubator in air-saturated buffer, except for the experi-
ments shown in Figs. 1B, 1C, 2B, and 2C and supplemental Fig.
S1A and S1B as described in each figure. Catalytic oxygen con-
sumption was initiated by the addition of 2 um ERO1«, Erolp,
or their variants in a reaction mixture containing 12.5 mmDTT,
or PDIJ, Pdilp or their variants and 10 mm GSH, as depicted in
each figure. The oxidoreductase concentrations used are also
given in each figure.

SPR Measurements—Association or dissociation rate con-
stants (k,, or k g) for the direct binding of PDI/Pdilp or their
variants to immobilized ERO1a(WT) or its variants were deter-
mined by surface plasmon resonance (SPR) measurements on a
ProteOn XPR36 Protein Interaction Array System (Bio-Rad).
ERO1 was coupled to the GLC sensor chip (Bio-Rad) using
amine coupling chemistry. As a control, one channel was cou-
pled with BSA to exclude background binding. Sensorgrams
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were recorded simultaneously for five concentrations of ana-
lytes ranging from 0.44 uM to 36 uM in triplicate increments at
25 °C for a 2-min association phase, followed by a 10-min dis-
sociation phase by using 20 mm HEPES-NaOH (pH 7.5; except
Fig. 1D), 150 mm NacCl, 0.001% Tween 20 and 2 mMm EDTA as
running and sample buffer. Sensorgrams were analyzed by non-
linear regression analysis according to a two-state model using
ProteOn Manager Version 2.0.1 software (Bio-Rad), except
when PDI(sub) was analyzed. PDI(sub) reached the steady state
promptly, and the equilibrium parameter was extracted by ana-
lyzing a set of sensorgrams of the steady state. Experiments
were replicated at least three times.

RESULTS

pH-dependent EROIa Activity Using the Controlled Oxygen
Consumption Assay— The oxygen consumption assay using the
Clark-type oxygen sensor is a useful technique to analyze the
oxidase activity of the ERO1 protein family (Fig. 14) (16). The
high sensitivity of this assay system causes the results to be
affected by various experimental conditions, including temper-
ature, ionic strength, pH, and stirring rate (17). However, these
factors have not been adequately examined. The amount of
dissolved oxygen is influenced by changes in temperature and
ionic strength of the solvent. As the NaCl concentration and the
temperature increase, the amount of dissolved oxygen de-
creases, which artificially affects the EROla oxygen consump-
tion response curve (supplemental Figs. S1A and S1B).

Alteration of pH affects the protonated or deprotonated
states of the cysteine thiols within proteins depending on their
pK, and directly affects the activity of oxidoreductases (5).
When DTT was used as the electron donor, the higher the pH
value of the reaction buffer, the faster the oxygen consumption
rate (Fig. 1B). This effect may be caused by the increased effi-
ciency of electron transfers between DTT and ERO1 at higher
pH values, which provided an apparent higher specific activity
of EROla at higher pH values. However, when GSH was used as
an electron donor in the presence of PDI, which will be oxidized
by EROla (Fig. 1A4), the oxygen consumption rate decreased as
the pH value increased (Fig. 1C). This pH dependence in the
oxidation reaction could be explained in part by differences in
the binding affinity of PDI with EROle at different pH values.
ERO1a binding affinity to PDI was strong at pH 7 but decreased
to the extent of one-tenth at pH 8 (Fig. 1D). Previously, it was
reported that oxidase and isomerase activities of PDI are pH-
dependent and show maximum activities near pH 7 (18, 19).
Therefore, to obtain accurate results for the oxidoreductase
activity of EROla in the oxygen consumption assay, it is neces-
sary to maintain optimal and fixed conditions for the pH, tem-
perature, and ionic strength of the solvent. Thus, physiologi-
cally relevant conditions for EROla and PDI were chosen, i.e.
pH 7.5, 150 mm NaCl, with constant temperature and stirring
speed in the following study.

Regulatory Disulfide Bonds of ERO1ax—Isomerization of reg-
ulatory disulfide bonds is required for the activation of EROl«
activity (Fig. 2A4). Mutations of both cysteine 104 and 131 to
alanine produce a constitutively active mutant of EROla,
ERO1a(C104A/C131A) (11, 20). We confirmed its increased
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FIGURE 1. pH-dependent oxygen consumption of ERO1«(WT). A, a schematic model of Ero1a-driven electron transfer. During the oxidation of PDI by
ERO1«, EROT« transfers electrons from PDI to O,, which in turn becomes a reactive oxygen species (ROS(H,0,)). GSH supplies electrons to PDI. Oxygen
consumption by 2 um wild-type ERO1« oxidation of 12.5 mm DTT (B), or 5 um human PDI in the presence of 10 mm GSH (C) under different pH conditions (pH
7.0,7.5,and 8.0). D, affinity of human PDI and wild-type ERO1a as measured by SPR spectroscopy under different pH conditions. ERO1« was immobilized on
a biosensor chip, and PDI was injected as an analyte. Blue, red, green, purple, and yellow curves correspond to 36, 12, 4, 1.33, and 0.44 um analyte, respectively.

The lower column shows the calculated kinetic parameters.

enzymatic activity and observed a pH dependence similar to
that of ERO1a(WT) (Fig. 2, Band C).

Some reports suggest the existence of an additional potential
regulatory disulfide between cysteine 85 and 391 (10, 14, 20).
The effect of this disulfide bond Cys**~Cys>*" on the activity of
EROla was examined by constructing alanine mutations of
these cysteines (C85A and C391A) in combination with the
C104A and C131A mutations. C85A or C391A single mutants
of EROla produced a poor yield and were intrinsically
unstable, as reported previously (10).> On the other hand,
ERO1a(C85A/C391A), a double cysteine mutant, was signifi-
cantly more stable compared with the C85A and C391A single
mutants, suggesting that the presence of a free counterpart cys-
teine (Cys®**' in the C85A mutant and Cys®* in the C391A
mutant) might disturb proper disulfide bond formation, result-
ing in structural instability. Oxygen consumption analysis con-
firmed that these mutations did not increase the oxidase activ-

3 K. Araki and K. Nagata, unpublished observation.
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ity of EROla (supplemental Fig. S2). In fact, ERO1a(C85A/
C104A/C131A/C391A) decreased the accelerated activity of
ERO1a(C104A/C131A) (Fig. 2D). These results suggest that its
structure would not be disturbed by these mutations, because
its oxygen consumption rate in the presence of DTT and its
binding affinity for PDI were identical to those of ERO1a(WT)
(Fig. 2, E and F). These results demonstrate that Cys**~Cys'%*
and Cys®?—Cys"'3! disulfide bonds serve a major negative regu-
latory function and that Cys®—-Cys®*! disulfide bond formation
would be necessary for proper oxidative activity of EROlc.
Thereafter, in experiments described below, ERO1a(C104A/
C131A) was used as a constitutively active mutant.

In Vitro Complementation of Human PDI-EROI« and Yeast
Pdilp-Erolp Pathways—Human PDI-EROla and yeast Pdilp-
Erolp pathways might have different characteristics in the reg-
ulation and complementation because of differences in the
organization of their disulfide bonds. A short form of yeast
Erolp (Fig. 3A), hereafter named sErolp, which consisted of
amino acids 56 —424, was used to determine the crystal struc-
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FIGURE 2. Evaluation of regulatory disulfide bonds of ERO1 . A, wild-type and constitutively active (deregulated or hyperactive) mutant of human ERO1«.
Cysteine residues are shown with circles, and the cysteine to alanine mutation sites in ERO1 are represented by an X. Structural, regulatory, and catalytic
disulfides are represented by black, blue, and red lines, respectively (11). Free cysteine Cys'®® of ERO1 was mutated to alanine to purify homogeneous
recombinant proteins (11). Oxygen consumption by the constitutively active ERO1« oxidation of 12.5 mm DTT (B), or 5 um human PDI in the presence of 10 mm
GSH (C), under different pH conditions (pH 7.0, 7.5, and 8.0). D, kinetics of oxygen consumption by ERO1 (2 um) wild-type or mutants, as depicted in the figure,
during a reaction with 5 um PDI in the presence of GSH (10 mm). £, oxygen consumption by 2 um EROTa wild type or mutants in the presence of 12.5 mm DTT.
F, calculated kinetic parameters for affinity measurements between human PDI and ERO1a(WT) or ERO1(C85A/C104A/C131A/C391A) by SPR spectroscopy.

ture and was shown to have oxidase activity as previously
reported (Fig. 3B) (12, 21, 22).

The oxygen consumption assay showed that, when yeast
sErolp was used as an oxidase, yeast Pdilp was oxidized
whereas human PDI was not (Fig. 3C). This effect was also dem-
onstrated when the constitutively active sErolp was used. Next,
when human EROla was used as an oxidase, the yeast Pdilp
was oxidized less efficiently than human PDI (Fig. 3D). The
same result was found for the constitutively active mutant
ERO1a(C104A/C131A). These results indicated that ERO1
oxidizes PDIin a species-specific manner. In addition, we found
that the binding affinity of yeast Pdilp with human EROla was
two orders of magnitude weaker than that of human PDI with
ERO1la (Fig. 3E). Hence, the low catalytic activity of EROl«a
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with yeast Pdilp could be partly explained by this weak binding
affinity.

To confirm the correlation between the binding affinity and
the oxygen consumption rate, a PDI mutant with decreased
substrate-binding activity was constructed. Because both the
F258W and 1272A mutations in the b’ domain reduce the bind-
ing affinity for peptide substrates, we mutated these residues to
obtain PDI(sub) (Fig. 4A4) (23, 24). This mutant showed a
marked decrease in the binding affinity for EROla that was
three orders of magnitude weaker than that of wild-type PDI
(Fig. 4B). The rate of oxidation of PDI(sub) by EROla was
much decreased compared with that of wild-type PDI (Fig. 4C).
Thus, the binding affinity directly affects the ERO1la oxidation
reaction (11, 25).

VOLUME 286+NUMBER 37+-SEPTEMBER 16, 2011



In Vitro Analysis of the ERO1 and PDI Pathway

A o 0
. o S & ™ > o o
Wild-type — sy Ny 4 § 5 .
(Inactived form) M hi M M
| H‘o Q@ ) o | ﬂ@
Constitutively active mutant £ & K W8S N ¥ “?"’Q‘:Q\“‘?
Ero1p(C150A/C295A)" im —- |- ! ¥- 1
56-424 @ @ In this study
Catalytic cysteine Catalytic disulfide bond
| Regulatory cysteine Regulatory disulfide bond
() Other cysteine Other disulfide bond
B
12.5 mM DTT 2 pM sEro1p(WT)/(C150A/C295A) + 10 mM GSH
PDI + 10 mM GSH (-Ero1p)
100 100+ e e ——————
— — PDI + sEro1p(C150A/C295A)
(] ]
3 5 J{aM sErolp(WT) 3 5 Pdi1p + SEro1p(WT)
g g Y Pdi1p + sEro1p(C150A/C295A
g Ero1p(WT) g P e )
> >
< %
o o
N 2 uM SERO1a(WT) o
0 500 1000 1500 2000 0 500 1000 1500 2000
Time (sec) Time (sec)
D E
2 pyM ERO1a(WT)/(C104A/C131A) + 10 mM GSH
Analyte Ky, (M-1s71) ko (s71) KD (M)
PDI(WT) 9.2+2.2x102 2.4+0.5x10° 3.8+0.6x10%

Pdi1p + 10 mM GSH (-ERO1a)
Pdi1p + ERO1a(WT)

100+

=

= 1a(C104A/C131A)
g

Q@

< 501

(]

>

>

x

(@]

PDI AERO10(C104A/C131A)
0 T T T 1
0 500 1000 1500 2000
Time (sec)

Pdi1p(WT) 4.2+0.4x10% 6.6%+1.3x102 1.5+0.3x 10+
Immobilized: ERO1a(WT)

FIGURE 3.In vitro complementation assay between the human PDI-ERO1« and yeast Pdi1p-Ero1p pathway. A, wild-type and constitutively active mutant
of yeast Ero1p. Cysteine residues are shown with circles. Structural, regulatory, and catalytic disulfides are represented by black, blue, and red lines, respectively
(7). The short form of yeast Ero1p, spanning amino acid residues 56 — 424, was examined; it is named sEro1p (12, 21). B, oxygen consumption by yeast sEro1p
or human ERO1a oxidation of 12.5 mm DTT. Kinetics of oxygen consumption by 2 um yeast wild-type or constitutively active sEro1p (C), or 2 um human
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supplemental Fig. S2.

Directional Intramolecular Electron Relay between PDI-ac-
tive Domains—ERO1 preferentially oxidizes the a’ domain of
human PDI (10, 20, 25). To examine whether the specificity
of EROla toward the two active sites, a and a’ domains, of
human PDI could be reproduced in our assay, we analyzed
the activity of EROla in the presence of PDI mutants where
the CGHC motifin the a ora’ domain was mutated to AGHA
(Fig. 5A4). The oxygen consumption assay showed that
PDI(a’), with the intact CGHC motif in the a’ domain, was
effectively oxidized by EROla. However, PDI(a) with the
mutated AGHA motif in the a’ domain was not oxidized to
any extent by ERO1« (Fig. 5B). Similar specific oxidation was
also observed for the constitutively active ERO1a(C104A/
C131A) mutant (Fig. 5C).

There was a large difference between the oxygen consump-
tion rate of PDI(a’) and PDI(WT) even in the presence of con-
stitutively active ERO1a(C104A/C131A), whereas both
PDI(WT) and PDI(a’) contain the intact CGHC motif in the a’

SEPTEMBER 16, 2011 +VOLUME 286+-NUMBER 37

domain (compare the red curve (PDI(a’)) with the gray curve
(PDI(WT)) in Fig. 5C). This raised the possibility that the lack of
CGHC motif in the a domain caused such a decrease in the
oxygen consumption by EROla. Fig. 5C showed that EROl«
selectively oxidized the a’ domain of PDI and accepted elec-
trons from that domain. Therefore, electrons must be supplied
from some other donor, either from different molecules
or from different domains in the same molecule, most probably
from the a domain of PDI.

If intermolecular electron transfer can occur, electrons could
be transferred from the a domain of one PDI to the a’ domain of
the other PDI. To examine this possibility, PDI(a) and PDI(a’)
were mixed in the presence of constitutively active
ERO1a(C104A/C131A), and the oxygen consumption assay
was performed. If intermolecular electron transfer can occur,
that s, if the a’ domain accepted electrons from the a domain in
different PDI molecules, the presence of both PDI(a) and
PDI(a’) in the reaction mixture with ERO1a would result in the
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PDI and constitutively active ERO1«, or PDI(sub) and constitutively active
ERO1a by SPR spectroscopy. Blue, red, green, purple, and yellow curves corre-
spond to 36,12,4,1.33,and 0.44 um analyte, respectively. The inset in the right
panel shows equilibrium analysis based on a set of response units of the
steady state (y-axis) at each analyte concentration (x-axis). The lower column
shows the calculated kinetic parameters. C, kinetics of oxygen consumption
by 2 um constitutively active ERO1a during the reaction with 5 um PDI(WT) or
PDI(sub) in the presence of GSH (10 mm).

same oxygen consumption curve as that formed using wild-
type PDIL. However, the mixture of PDI(a) and PDI(a’) did not
increase the oxygen consumption rate, and a rate almost similar
to that found with PDI(a’) was observed. This suggested that
intermolecular electron transfer did not occur during the oxi-
dation of PDI by EROla.

We further examined intermolecular electron transfer to
determine whether changes in the reduction potential of the a
domain affected reactivity with ERO1la. Altering the two resi-
dues between the cysteines in the Cys-X-X-Cys active motif in
the thioredoxin domain has been reported to affect the reduc-
tion potential of this domain. For example, mutating the active
motif from CGHC to CGPC in the a domain, here named
PDI[H55P], was shown to lower its reduction potential,
whereas mutation from CGHC to CPHC, here named
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PDI[G54P], was reported to increase its reduction potential (13,
20, 26). To evaluate the effect of each of these mutations, we
mutated G54P or H55P in the presence of an AXXA mutation in
the a’ domain, resulting in PDI(a)[G54P] and PDI(a)[H55P],
respectively (Fig. 6A4). The results of the oxygen consumption
assay showed that PDI(a)[G54P] and PDI(a)[H55P] were mini-
mally oxidized by constitutively active ERO1a, which was con-
sistent with the data obtained with PDI(a) (Fig. 6B). However,
PDI[H55P], which has an intact a’ domain, exhibited a signifi-
cantly increased oxygen consumption rate, whereas PDI[G54P]
had a decreased oxygen consumption rate (Fig. 6B). Although
previous reports demonstrated no correlation between the
reduction potential and the rate of oxidation, altering the
reduction potential in the a domain, which is minimally oxi-
dized by EROlaq, affects the net reactivity with EROla. This
suggests the presence of an intramolecular electron relay
between the a and a’ domains (13). Taken together, these
results strongly suggest that electrons were transferred from
the a domain to the a’ domain, within a single PDI molecule
during oxidation by ERO1la.

DISCUSSION

The oxygen consumption assay is used in the analysis of the
ERO1 oxidase activity. However, the experimental conditions
were not well characterized, which could cause discrepancies in
the data obtained (10, 11, 21, 25). We found a physical as well as
functional pH dependence of ERO1l« and PDI, with the appar-
ent maximum catalytic rate and binding affinity observed at pH
~7 (Fig. 1, C and D). This suggested that PDI is fine-tuned to
catalyze oxidative folding near the physiological pH in the ER
(27). This result is consistent with previous data, which suggests
the isomerase and oxidase activities of PDI are most efficient at
pH 7 when using RNase or a small peptide as model substrates
(18, 19). The low pK, of the N-terminal catalytic cysteines of
PDI (4.4-6.7) compared with the normal pK, of cysteines on
the protein (~8.3) may cause such a pH dependence (28 -30).
The pH dependence of the binding affinity might be due to the
electrostatic properties of positive and negative charges of
ERO1laand PD], respectively, which are affected by the pH shift
(5, 11).

Human ERO1l« possesses regulatory disulfides, which serve
as a redox-sensor to maintain the proper oxidative environ-
ment of the ER (14). It has not been clear whether the Cys®*—
Cys**! disulfide bond stabilizes the structure of ERO1a or reg-
ulates its activity (11, 14, 31). The results indicate that the
Cys®—Cys®**! disulfide was not involved in the regulation of
EROle activity, but that Cys®*~Cys'** and Cys*?-Cys'®! are
the critical disulfide bonds that negatively regulate the enzy-
matic activity of EROla. Recently solved crystal structures of
human ERO1la and yeast Erolp illustrated the structural differ-
ences that underlie their distinct regulatory mechanisms (11,
12, 22). Yeast Erolp contains a Cys'*°~Cys*** disulfide bond
that innately controls its enzyme activation, but EROla does
not have such a disulfide bond (7). Erolp also has the regulatory
disulfide bond Cys”*-Cys®*** that, when reduced, increases
enzyme activity to a lesser extent. The corresponding disulfide
bond in ERO1a is the Cys®**~Cys*** bond, but this did not con-
tribute to enzyme activation (Fig. 2, D and E, and supplemental
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FIGURE 5. Selective oxidation of ERO1« toward the a’ domain and the intramolecular electron relay within PDI. A, schematic representation of human
PDI proteins with the -CGHC- active sites and the mutated -AGHA sites indicated. Kinetics of oxygen consumption by 2 um wild-type ERO1« (B), or constitutively
active ERO1a (C), during the reaction with 5 um human PDI variants, as depicted in the figure, in the presence of GSH (10 mm). D, oxygen consumption by the
2 uMm constitutively active ERO1a during the oxidation of 5 um human PDI variants, including PDI(WT), PDI(a), and PDI(a’), or the mixture of PDI(a) and PDI(a’).
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FIGURE 6. Modulation of the reduction potential of the a domain affects the net oxidation rate of PDI by ERO1a. A, schematic representation of human
PDI proteins with the mutated -CPHC-, -CGPC-, and -AGHA- sites indicated. B, the kinetics of oxygen consumption by 2 um constitutively active ERO1« in a
reaction containing 5 um of each human PDI variant, as indicated in the figure, in the presence of GSH (10 mwm). C, schematic model illustrating the interaction
of and electron transfer relays between ERO1a and PDI. GSH supplies the electron, probably to the a domain of PDI. Following internal electron transfer from
the a to the a’ domain, ERO1a receives the electron from the a’ domain. Intermolecular electron transfer would be stochastically constrained.

Fig. S2). Regulatory disulfide bonds of Erolp/ERO1la are prob-  same species (Fig. 3, C and D). However, even though the catalytic
ably determined by the redox states of Pdilp or PDI and/or the activity of EROlc with yeast Pdilp was less efficient in the in vitro
redox buffer within the ER. In vitro complementation analysis  analysis, the human EROla complemented the temperature-sen-
showed that the substrate specificity with the highest enzyme sitive yeast Erolp mutant in vivo. This apparent discrepancy would
activity was obtained using protein combinations from the be an interesting issue to address in the future (31, 32).
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The results also provide insights into the mechanism of how
electrons are transferred within the PDI molecule during its
oxidation by ERO1c. SPR analysis using point mutations in the
b’ domain of PDI suggested that it is the b’ domain that con-
tributes to the specific binding with EROle, a result that is
consistent with previous reports (Fig. 4B) (11, 25, 33). If the
single domains of each a and a’ domain were extracted, they
showed the same oxygen consumption rate in the presence of
constitutively active EROla (11). Domain-swapping mutants
of PDI showed that the position of a’ domain was preferentially
oxidized, suggesting the importance of the domain position
(25). Recent structural analysis indicates that the b’ domain of
PDI specifically interacts with a protruding B-hairpin of ERO1«
(33). Hence, the specific binding site and domain architecture
of PDI allow specific binding between PDI and EROla and
define the preferred oxidation of the a" domain by EROla.

For EROlq, the maximum rate of oxygen consumption
required both the intact a and a’ domains, which suggests that
electron exchange occurs between these domains. We also
showed that the a’ domain of PDI was efficiently oxidized by
ERO1a, whereas the a domain was not (Fig. 5, B and C). These
results were reproduced using EROla containing a non-func-
tional cysteine Cys'®®, which is thought to promote dimer for-
mation of ERO1a, suggesting that Cys'®® may not contribute to
the preferential oxidation of the a’ domain (supplemental Fig.
S4). Thus, the specific oxidation of the a’ domain is defined by
the spatial binding of ERO1la to PD], and the direct oxidation of
the a domain of PDI by ERO1a is physically restricted. In addi-
tion, electron transfer occurred by way of intramolecular relay,
but not through intermolecular transition (Fig. 5D). The occur-
rence of electron relay is further supported by the results of
oxygen consumption assays using the reduction potential-al-
tered mutants of the a domain. Although the a domain itself was
minimally oxidized by ERO1¢, the shift in reduction potential
of the a domain dramatically affected the net oxidation rate,
clearly indicating intra-electron relay between the a and a’
domains. Considering the fact that the a’ domain is preferen-
tially oxidized by EROla, electrons are most probably trans-
ferred from the a domain to the a’ domain and, subsequently, to
ERO1la (Fig. 6C). Recent data also indicated that the electron
transfer occurred from the a to the a’ domain but did not dis-
tinguish between inter- or intramolecular electron transfer
(20). A dynamic conformational change within PDI might allow
direct electron transfer within the PDI molecule, or perhaps
aromatic amino acid residues of PDI or EROla might allow
intramolecular electron relays similar to those of photosynthe-
sis or the mitochondrial respiratory complex (34-37). Addi-
tional studies are needed to understand the precise catalytic
mechanism of PDI with its physiological substrates and ERO1la.
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