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The formation of disulfide bonds in the endoplasmic reticu-
lum (ER) of eukaryotic cells is catalyzed by the sulthydryl oxi-
dase, ER oxidoreductin 1 (Erol), and protein-disulfide isomer-
ase (PDI). PDI is oxidized by Erol to continuously introduce
disulfides into substrates, and feedback regulates Erol activity
by manipulating the regulatory disulfides of Erol. In this study
we find that yeast Erolp is enzymatically active even with its
regulatory disulfides intact, and further activation of Erolp by
reduction of the regulatory disulfides requires the reduction of
non-catalytic Cys®°-Cys®” disulfide in Pdilp. The principal cli-
ent-binding site in the Pdilp b’ domain is necessary not only for
the functional Erolp-Pdilp disulfide relay but also for the acti-
vation of Erolp. We also demonstrate by complementary acti-
vation assays that the regulatory disulfides in Erolp are much
more stable than those in human Erola. These new findings on
yeast Erolp-Pdilp interplay reveal significant differences from
our previously identified mode of human Erola-PDI interplay
and provide insights into the evolution of the eukaryotic oxida-
tive protein folding pathway.

Correct disulfide bond formation is critical for the matura-
tion and function of many secretory and membrane proteins. In
the endoplasmic reticulum (ER)® lumen of eukaryotic cells, the
pivotal enzymatic pathway for catalyzing faithful disulfide for-
mation is composed of sulfhydryl oxidase ER oxidoreductin 1
(Erol) and protein-disulfide isomerase (PDI), which is con-
served from yeast (Erolp-Pdilp) to human (Erola/B-PDI)
(1-3). Both yeast Pdilp and human PDI consist of four thiore-
doxin (Trx)-like domains, in the order of a, b, b', and a’, with an
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x-linker between domains b’ and 4" and a carboxyl-terminal tail
¢(4,5). Theaand a’ domains each contain a -Cys-Gly-His-Cys-
active site responsible for thiol-disulfide interchange reactions
and the b’ domain possesses a hydrophobic pocket, which
serves as the principal client-binding site (6—8). Yeast Pdilp
contains two additional non-catalytic cysteines within the a
domain, which form a structural disulfide bridge (9), whereas
human PDI has two non-essential cysteines in the b’ domain
(10) (Fig. 1A, upper). Erol oxidase generates a disulfide de novo
in its inner active site (Cys***-Cys®*® in Erolp) and a by-prod-
uct H,O, by transferring electron to molecular oxygen via its
FAD cofactor (11, 12). The disulfide is then transferred to the
active site of PDI for the subsequent oxidation of reducing sub-
strates (13, 14) via the outer active site (Cys'°°-Cys'®® in Erolp)
located on an intrinsically flexible loop (15, 16). In the human
system, Erola binds to the 4" domain of PDI via a strong hydro-
phobic interaction (12, 17, 18), which results in the preferential
oxidation of the 2" domain rather than the 2 domain of PDI (12,
19, 20). In contrast, the binding interaction between Erolp and
Pdilp is weak (18), and Erolp oxidizes domain a of Pdilp faster
than domain a’ (21).

The oxidase activity of Erol is important for oxidative pro-
tein folding, but unlimited production of H,O, by Ero1 activity
could be toxic to the cells. The idea that the activity of Erol can
be regulated by its non-catalytic disulfides first came from
observations in yeast. Disruption of several non-catalytic disul-
fides in Erolp by mutagenesis increased its oxidase activity and
inhibited yeast growth (22), suggesting that these non-catalytic
disulfides might play inhibitory roles for Erolp activity. Similar
inhibitory disulfides were later discovered in both human Erol
homologues, Erola (19, 23) and Erol1 (20). In human Erole,
the formation of regulatory disulfides (Cys®*-Cys*! and Cys®°-
Cys'%*) occupies the two catalytic cysteines in the outer active
site (Cys”* and Cys®®) (19, 20, 23), thus the reduction of these
regulatory disulfides is necessary for the function of the outer
active site. In the case of Erolp, the formation of three non-
catalytic disulfides, Cys*°-Cys>*°, Cys'**-Cys'®®, and Cys"*°-
Cys>?®, decreases Erolp activity not by occupying the catalytic
cysteines, instead, by connecting the outer active site-contain-
ing “loop cap” to the inner active site-containing helical core
and restricting the movement of the outer active site (15) (Fig.
14, lower). Of these non-catalytic disulfides, Cys'>°-Cys*®* was
believed to play a key role in the regulation of Erolp activity
(22). Later elegant studies revealed that the activities of Erol in
yeast and also in human are actually feedback regulated by PDI
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to maintain the redox balance in the ER. PDI predominantly in
its reduced state can reduce the regulatory disulfides of Erol to
generate more activated Erol, and once sufficient PDI is oxi-
dized by Erol, it can re-oxidize the regulatory disulfides of Erol
to inhibit its activity (18, 24 —26). It has been found that human
PDI reduces and also re-oxidizes the regulatory disulfides of
Erola very fast (18), whereas yeast Pdilp is more potent to
inhibit Erolp than to activate Erolp (25). Coincidently, in cells
endogenous Erola exists in mixed states of oxidized and semi-
oxidized (24, 27), whereas Erolp is almost fully oxidized (25).

Our previous studies on the human Erola-PDI interplay
revealed that the working modes of human PDI as an efficient
regulator and as a specific substrate of Erola are fairly different
(18). However, the mechanism of the yeast Erolp-Pdilp inter-
play still poses many intriguing questions needing to be
answered. Is the fully oxidized Erolp with intact regulatory dis-
ulfides enzymatically inactive or active? Which redox condi-
tions are favorable for Erolp to be activated by Pdilp? Why
does Pdilp act as a weak activator but a potent inhibitor of
Erolp? What roles do the non-catalytic elements of Pdilp play
for efficient Erolp-Pdilp interplay?

In this study, by using a reconstituted system we demonstrate
that Erolp is enzymatically active even with the regulatory dis-
ulfides intact, and that the activation of Erolp by reduction of
the regulatory disulfides occurs only under extremely reducing
conditions when fully reduced Pdilp accumulates. We discover
for the first time that the Cys®°-Cys®” pair of Pdilp is a novel
redox sensor that can initiate the activation of Erolp. In addi-
tion, we identify critical residues in the client-binding 5’
domain of Pdilp for the activation of Erolp as well as the func-
tional Erolp-Pdilp disulfide relay. By integrating our new find-
ings on Erolp-Pdilp interplay with previously identified
human Erola-PDI interplay modes, we provide new insights
into the evolution of the eukaryotic oxidative protein folding
pathway.

Experimental Procedures

Plasmid Construction and Protein Preparation—pET28a-
Erolp (Phe®*-Leu®**) and pET23b-Pdilp (Asp>*-Leu®*?) plas-
mids were kind gifts, respectively, from Dr. Yi Yang (East China
University of Science and Technology, China) and Dr. Lloyd W.
Ruddock (University of Oulu, Finland). The coding sequences
of truncated Pdilp proteins and Erolp C100A/C105A-FLAG,
which contains a FLAG tag (DYKDDDDAK) at the C terminus of
Erolp C100A/C105A were generated by PCR. Point mutations
of Pdilp and Erolp were generated by using the Fast Mutagen-
esis System (TransGen Biotech). The sequences of all the con-
structs were verified by DNA sequencing (Life Technologies).
Recombinant yeast Pdilp and Erolp, and human PDI and
Erola proteins were expressed and purified as described (18).
Escherichia coli Trx1 was expressed and purified as described
(28).

Reduced Pdilp proteins and human PDI were prepared by
incubation with 20 mm DTT for 1 h in PBS at 25 °C unless
otherwise specified. Reduced Trx1 was prepared by incubation
with 100 mm DTT for 1 h in PBS at 25 °C. Oxidized Pdilp
proteins were prepared by incubation with 10 mm GSSG in PBS
for 1 h at 25 °C. Purified Erolp proteins were exclusively in the
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oxidized states. Fully oxidized Erolae C99A/C104A/C166A was
prepared by incubation with 50 mm K;[Fe(CN),] at 4 °C for
12 h. Oxidized Erolp C100A/C105A-FLAG and Erola C99A/
C104A/C166A monomers were purified using a Superdex-200
10/300 GL column (GE Healthcare) pre-equilibrated with PBS.
Reduced Erolp C100A/C105A-FLAG was prepared by incuba-
tion with 100 mm DTT for 5 min in PBS at 25 °C. Excess oxidant
or reductant was removed using a HiTrap desalting column
(GE Healthcare) pre-equilibrated with PBS. The reduced pro-
teins were kept on ice for use on the same day and the oxidized
proteins were stored at —80 °C in aliquots.

Protein Redox State Determination—For the determination
of the redox states of Erolp and Pdilp proteins in glutathione
redox buffer, Erolp C100A/C105A-FLAG was incubated with
or without Pdilp in buffer A (100 mm Tris-HAc, pH 8.0, 50 mm
NaCl, 2 mm EDTA) containing various concentrations of GSH
and GSSG for 30 min at 25°C, and the samples were then
divided into two parts. For Pdilp, the samples were mixed with
1/3 volume of 100% (w/v) TCA pre-cooled at 4 °C for quench-
ing reactions, and the precipitates were washed with 80% (v/v)
acetone pre-cooled at —20 °C and then incubated with 1 X non-
reducing loading buffer containing 2 mm methoxy polyethyl-
eneglycol 5000 maleimide (mPEG-5k, Sigma) for 1 hat 40 °C to
block the free thiols. Excess mPEG-5k was quenched with 50
mM DTT and the samples were then subjected to SDS-10%
PAGE and Coomassie staining. The parallel samples for Erolp
C100A/C105A-FLAG were treated with 100 mm N-ethylma-
leimide (NEM, Sigma), and subjected to SDS-9% PAGE fol-
lowed by Western blotting analysis using «FLAG (M2, F1804,
Sigma).

To determine the redox states of reduced and oxidized Pdilp
proteins and reduced human PDI, Pdilp proteins and PDI were
mixed with 2X non-reducing loading buffer containing 4 mm
mPEG-5k for 30 min at 25 °C for free thiol modifications. The
samples were subjected to SDS-10% PAGE and Coomassie
staining after consuming excess mPEG-5k by 50 mm DTT. To
reduce the regulatory disulfides in Erolp and Erole, 0.5 puMm
oxidized Erolp C100A/C105A-FLAG or Erola C99A/C104A/
C166A was incubated with 10 um reduced Pdilp or human PD],
respectively. To oxidize the regulatory disulfides in Erolp, 0.5
uM reduced Erolp C100A/C105A-FLAG was incubated with
10 uM oxidized Pdilp proteins. Experiments were carried out in
PBS at 25 °C, and aliquots were taken at different time points
and immediately quenched with 20 mm NEM or 4 mM 4-acet-
amido-4'-maleimidylstilbene-2,2'-disulfonic acid (AMS, Life
Technologies). Redox states of Erolp and Erola were analyzed
by non-reducing SDS-9% PAGE followed by Western blotting
using oFLAG antibody and non-reducing SDS-8% PAGE fol-
lowed by Western blotting using «Erola rabbit serum, respec-
tively. The aErola antiserum was generated by immunizing
rabbits with purified recombinant Erola protein. For Western
blotting, an equal volume of sample from each aliquot was
loaded for analyses. The band intensities were quantified using
Image] software (National Institutes of Health). The fraction of
specific reduced or oxidized protein species in each lane was
calculated as “band intensities of specific species/band intensi-
ties of all species.”
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Oxygen Consumption Assay—Oxygen consumption was mea-
sured at 25 °C using an Oxygraph Clark-type oxygen electrode
(Hansatech Instruments) as described (12). Briefly, reactions
were initiated by adding Erolp proteins to a final concentration
of 2 uM into buffer A containing 20 um Pdilp proteins, 20 um
FAD, and various concentrations of GSH and GSSG. The oxy-
gen consumption rate was calculated from the slope of the lin-
ear phase of oxygen decrease.

Chaperone Activity Assay—A variant of GFP “folding mu-
tant” (C48S/F64L/S65T/Q80R/F99S/M153T/V163A/1167T) was
subcloned into pQE30 at the BamHI/Sacl sites. The purified
GEFP protein with an N-terminal MRGSHGS tag was used as
the substrate of chaperone assays performed as described (29)
with minor alterations. 10 um GFP in 50 mM Tris-HCI contain-
ing 0.3 mMm EDTA, pH 7.5, was incubated with an equal volume
of 125 mm HCl at room temperature for 1 h. The acid-dena-
tured GFP was refolded by 100-fold dilution into the renaturing
buffer (50 mm Tris-HCI, pH 7.5, 100 mm KCl, 25 mm MgCl,)
containing 1 uMm Pdilp proteins at 25 °C, and the fluorescence
emission at 538 nm with 485 nm excitation was measured
after 10 min using the RF-5301PC spectrofluorophotometer
(Shimazu).

RNase A Reactivation Assay—Bovine pancreatic RNase A
(Sigma) was denatured and reduced as described (30). The reac-
tivation was assayed quantitatively by monitoring the absor-
bance increase at 296 nm at 25 °C due to the hydrolysis of cCMP
(Sigma), and the concentration of reactivated RNase A was cal-
culated as described (12).

Reduction Potential Measurement—Pdilp proteins at 10 um
were incubated with GSH and GSSG at various concentrations
in 75 mMm Hepes-NaOH, pH 7.0, 150 mM NaCl, and 1 mm EDTA
at 25 °C for 1 h. The stock solutions of GSH and GSSG were
adjusted to pH 7.0 using 12 M NaOH. For Pdilp abb'x and
Pdilp bb'xa’c, an equal volume of 2 X loading buffer containing
30 mM mPEG-5k was added to block free thiols. Pdilp
bb'xa' -cpcc was precipitated with 1/3 volume of pre-cooled
100% TCA, and washed with pre-cooled 80% acetone before
incubation with 1X loading buffer containing 2 mm mPEG-5k
at 40 °C for 1 h. After consuming excess mPEG-5k by 50 mm
DTT, samples were resolved by SDS-10% PAGE and visualized
by Coomassie staining.

The relative amount of reduced Pdilp proteins in each
reaction was determined by densitometry using Image] soft-
ware. The equilibrium constant K, for the redox reactions
were calculated according to equation: R = ([GSH]?*/[GSSG])/
(Keq + [GSH]?/[GSSG]), where R is the fraction of reduced
Pdilp proteins. The reduction potential for the active sites of
Pdilp proteins was then derived from the Nernst equation
[E,) paitp proteinsy = Eo'@sry — (RT/nF) X In(K,,)] using the
calculated K, 7= 298 K, n = 2, and E,/ (ggpy) = —240 mV at
pH 7.0 (31).

Results

Only Fully Reduced Pdilp Can Reduce the Regulatory Disul-
fides of Erolp—To study the relationship between the activity
and redox states of Erolp, we first measured oxygen consump-
tion by Erolp during oxidation of Pdilp in the presence of dif-
ferent ratios of GSH/GSSG. As the reduction potential of the
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yeast ER is around —230 mV (32), reduction potentials in a
range of —208 to —258 mV were used by mixing 20 mm GSH
and different concentrations of GSSG (Fig. 1B, upper). As
shown in the lower panel of Fig. 1B, the oxygen consumption
rate increased with declining reduction potential of the gluta-
thione redox buffer. Notably, in the reduction potential range of
—208 to —228 mV the oxygen consumption rates were slow but
with a stoichiometric excess of oxygen consumed, implying
that Erolp is functional even under more oxidizing conditions
than the resting state of the ER. We further analyzed the redox
states of Erolp and Pdilp under the corresponding redox con-
ditions used for activity assays. Here the enzymatically inactive
mutant Erolp C100A/C105A was used instead of wild-type
(wt) Erolp to prevent the fast autonomous re-oxidation of the
regulatory cysteines once reduced (25). Reduction of the long-
range regulatory disulfides in Erolp (Cys**°-Cys®°® and Cys”°-
Cys®*, Fig. 14, lower) can be readily discerned on a non-reduc-
ing gel by mobility retardation. As shown in Fig. 1C, even
though the reduction potential decreased to —228 mV, the two
regulatory disulfides of Erolp were mainly kept intact and
Erolp showed considerable activity, suggesting that reduction
of the regulatory disulfides is not a prerequisite for the activity
of Erolp. When the reduction potential was further decreased,
the regulatory disulfides of Erolp were reduced and the activity
of Erolp further increased, indicating the activation of Erolp.
Under highly reducing conditions with 20 mm GSH, the regu-
latory disulfides of Erolp were mostly reduced. The redox
states of Pdilp were determined by mPEG-5k modification, as
the reduced Pdilp species will have more free thiols to be mod-
ified by mPEG-5k and migrate slower. As shown in Fig. 1D the
emergence of 2 -SH and 4 -SH species, respectively, indicated
the reduction of one active site and two active sites, and 6 -SH
species (fully reduced Pdilp with non-catalytic Cys”-Cys””
disulfide also reduced) appeared when the reduction potential
decreased below —228 mV. It is worth noting that the appear-
ance and accumulation of fully reduced Pdilp positively corre-
lated with the reduction of the long-range regulatory disulfides
in Erolp as shown in Fig. 1E.

We further prepared Pdilp with only the active-site disul-
fides reduced by using an optimized redox buffer (7 mm GSH
and 0.2 mM GSSG) and fully reduced Pdilp by 20 mm DTT (Fig.
2A), and examined their abilities to reduce the regulatory dis-
ulfides of oxidized Erolp C100A/C105A. GSH-reduced Pdilp
could hardly reduce the long-range disulfides in Erolp, whereas
DTT-reduced Pdilp was nearly as potent as reduced Trx1, a
commonly used activator of Erolp (Fig. 2, Band C). Meanwhile,
the reduction of the short-range regulatory disulfide Cys'*3-
Cys'®® in Erolp was determined by using the AMS-alkylation
method, which adds 0.5 kDa mass to each modified thiol. Again,
DTT-reduced Pdilp reduced the Cys'**-Cys'®® disulfide but
GSH-reduced Pdilp was incapable of doing so (Fig. 2D). Taken
together, reduction of the regulatory disulfides in Erolp can be
achieved only by fully reduced Pdilp.

Pdilp Cys®’-Cys®” Pair Plays a More Significant Role in the
Reduction Than in the Re-oxidation of Erolp Regulatory Di-
sulfides—Based on the above results that the non-catalytic
Cys”°-Cys”” pair of Pdilp was required for the activation of
Erolp, we constructed three Pdilp mutants: Pdilp 2S (two non-
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FIGURE 1. Activation of Ero1p depends on fully reduced Pdi1p. A, upper, cysteine connectivities of oxidized PDI and Pdi1p were shown schematically with
the -CGHC- active sites in gray lines and structural disulfide in black line. Lower, cysteine connectivities of fully oxidized Ero1a and Ero1p were shown schemat-
ically with the disulfides of active sites in gray lines, regulatory disulfides in black curves, and structural disulfides in black lines. The starting and ending residue
numbers of protein constructs were labeled on the upper portion of each diagram. B, upper, the glutathione redox buffers with different reduction potentials
used in the oxygen consumption assay. The reduction potential was calculated according to the Nernst equation (£, = E, — RT/nF X In([GSH]?/[GSSG]), where
E,’ = —258 mV, pH 7.3 (37), and n = 2). Lower, the oxygen consumption catalyzed by 2 um Ero1p during oxidation of 20 um Pdi1p in each glutathione redox
buffer. C, enzymatically inactive Ero1p C100A/C105A-FLAG at 0.5 um was incubated with or without 10 um Pdi1p in corresponding glutathione redox buffer as
numbered in Bfor 30 min. The oxidized (ox) and reduced (red) forms of Ero1p were monitored after NEM blocking by Western blotting of non-reducing SDS-9%
PAGE using aFLAG. Fully reduced Ero1p was prepared with excess B-mercaptoethanol (8-ME). Note that the slow-migrating doublet of Ero1p is due to the
heterogeneous reduction of Cys?°-Cys**® and Cys'*°-Cys?*® long-range disulfides. D, in the same reaction as in C, the redox states of Pdi1p were monitored by
Coomassie staining after mPEG-5k modification; Pdi1p reduced by excess DTT was loaded as a marker for fully reduced Pdi1p. The number of free thiols (-SH)
in each Pdi1p species was labeled on the right margin. Note that each of the 6 -SH, 4 -SH, and 2 -SH species was accompanied with a faster migrating band,
probably due to incomplete alkylation. E, the fraction of reduced Ero1p doublet in C and fully reduced Pdi1p in D was quantified by densitometry and plotted

against the redox conditions in B (mean * S.D., n = 3 independent experiments), respectively.

catalytic cysteines mutated to serines), Pdilp 4S (four cysteines
in the two active sites mutated to serines), and Pdilp 6S (all
cysteines mutated to serines) to further dissect the role of the
Cys®°-Cys”” pair in the regulation of Erolp. These cysteine
mutants did not show gross structural alterations as deter-
mined by far UV circular dichroism and intrinsic fluorescence
spectra (data not shown). We determined their abilities to
reduce the regulatory disulfides of oxidized Erolp C100A/
C105A. Pdilp proteins were reduced by 20 mm DTT to ensure
all disulfides were fully reduced (Fig. 34). As shown in Fig. 3, B
and D, Erolp was largely reduced by Pdilp wt at 20 min, but
only a small fraction was reduced by Pdilp 2S, further proving
the necessary role of the reduced Cys®°-Cys®” pair in the effi-
cient reduction of Erolp regulatory disulfides. As expected, nei-
ther reduced Pdilp 4S nor 6S mutant was able to reduce Erolp.
These results demonstrated that although the Cys®°-Cys®” cys-
teine pair of Pdilp in its dithiol form cannot directly reduce the
regulatory disulfides of Erolp, it is required for the efficient
activation of Erolp by Pdilp active sites.

Next we studied re-oxidation of the regulatory disulfides of
reduced Erolp C100A/C105A by the three Pdilp mutants in
oxidized states (Fig. 34). As shown in Fig. 3, Cand E, Pdilp 4S
and Pdilp 6S only marginally promoted the re-oxidation of
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Erolp, possibly through a mechanism independent of disulfide
exchange. By contrast, Pdilp 2S converted reduced Erolp to
the oxidized form to a similar extent as Pdilp wt after 20 min,
although the initial kinetics was slower. Therefore, the active
sites of Pdilp play critical roles in the re-oxidation of Erolp
with the non-catalytic disulfide playing a supporting role. Alto-
gether, the Cys®°-Cys®” pair of Pdilp modulates the oxi-
doreduction of Erolp regulatory disulfides, with a more signif-
icant role in the reduction than in the re-oxidation (compare
Fig. 3, D with E).

The Non-catalytic Domains of Pdilp Contribute More to the
Reduction Than to the Re-oxidation of Erolp Regulatory Di-
sulfides—To analyze the contributions of the catalytic domains
and the non-catalytic bb’x domains of Pdilp to the regulation of
Erolp, we prepared Pdilp domain truncations (see Fig. 54, left)
and tested their abilities to reduce and re-oxidize the regulatory
disulfides of Erolp C100A/C105A. Fully reduced Pdilp a and
a’c, containing four and two free thiols, respectively (Fig. 44),
were both unable to reduce Erolp (Fig. 4B and D). By contrast,
both oxidized Pdilp a and a’c eventually promoted the re-oxi-
dation of Erolp similar to Pdilp wt, albeit with a slower kinet-
ics. Pdilp a was somewhat less efficient than Pdilp a’c probably
due to a lower reduction potential (Fig. 4, C and E). These
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reduced by 7 mm GSH and 0.2 mm GSSG (GSH-reduced), or reduced by 20 mm DTT (DTT-reduced) were monitored by mPEG-5k modification and Coomassie staining.
B, oxidized Ero1p C100A/C105A-FLAG at 0.5 umwas incubated with 10 umreduced Pdi1p or Trx1 as indicated. Aliquots were taken at the indicated times, and the redox
states of NEM-blocked Ero1p were analyzed under non-reducing conditions by Western blotting using aFLAG. G, the fraction of reduced Ero1p doublet in each lane
in Bwas quantified by densitometry and plotted against time (mean = S.D., n = 3 independent experiments). D, experiments were carried out as in B except that AMS
was used for the alkylation of Ero1p. Ero1p C100A/C105A-FLAG, reduced by excess DTT, precipitated by TCA and blocked with AMS, was loaded as a marker for fully
reduced Ero1p. The asterisk (*) indicated Ero1p C100A/C105A with only the Cys'*3-Cys'®® regulatory disulfide reduced (34).

results indicated that the catalytic domains alone are able to
re-oxidize but not to reduce the regulatory disulfides of Erolp.

Remarkably, the fully reduced Pdilp abb’x (Fig. 4F) reduced
Erolp regulatory disulfides as efficiently as Pdilp wt (Fig. 4, G
and /), underscoring the critical role of the non-catalytic bb'x
domains in the activation of Erolp. However, reduced Pdilp
bb'xa’ c barely reduced the regulatory disulfides of Erolp (Fig.
4, G and ), implying that both the reduced Cys”°-Cys®” pair and
the bb'x domains of Pdilp are required for the efficient activa-
tion of Erolp. Comparison of Fig. 4, I and J with D and E, high-
lights the interactions between the non-catalytic bb’'x domains
and the redox-active @ and a'c domains. It shows that the pres-
ence of the bb'x fragment had little effect on the ability of the a
domain to promote the re-oxidation of Erolp, while slightly
enhancing the ability of the a’c domain. All of the above results
indicated that the non-catalytic bb’'x domains of Pdilp are
essential for the reduction of Erolp regulatory disulfides, but
contribute minorly to the opposite process.

The Non-catalytic Domains Are Indispensable for Catalytic
Oxidation of Pdilp by Erolp—Previous studies showed that in
the context of full-length Pdilp both active sites can be effi-
ciently oxidized by Erolp, although the a’ domain is oxidized
slower than the @ domain (18, 21). To investigate the contribu-
tion of the non-catalytic b5'x domains to the catalytic oxidation
of Pdilp by Erolp, we determined the oxygen consumption by
Erolp during the catalytic oxidation of various Pdilp domain
truncations (Fig. 5A, left). The hyperactive Erolp variant
C150A/C295A was used here to avoid inadequate activation by
certain Pdilp truncations (see Fig. 4, B and G), and to ensure
Erolp had maximal activity for all tested Pdilp truncations. As
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shown in the right panel of Fig. 5A, Pdilp bb'xa’c was poorly
oxidized by hyperactive Erolp at a rate of only about 10% of
Pdilp wt, whereas Pdilp abb’x was oxidized as efficiently as
Pdilp wt. We then lowered the reduction potential of domain
a’ from —166 to —244 mV by replacing the active site -CGHC-
motif with -CGPC-, the active site of Trx (Fig. 5B). Indeed, the
oxidation rate of Pdilp bb'xa’ ~p-c was greatly increased to be
around 80% of that of Pdilp wt (Fig. 54), indicating that the
relatively higher reduction potential of the Pdilp a’ domain
limits it as a good substrate of Erolp. Importantly, the oxygen
consumption rate during the oxidation of either a or a’-gpcc
(with the bb'x domain deleted from either abb’x or
bb'xa' -gpcc) catalyzed by hyperactive Erolp was greatly
decreased, strongly suggesting that the non-catalytic bb'x
domains are indispensable for the oxidation of both active sites
in Pdilp during the catalytic cycles driven by Erolp.

Critical Residues in Pdilp b' Domain for Erolp-Pdilp In-
terplay—The above results clearly indicated that the non-cata-
lytic domains of Pdilp are necessary for the interplay with
Erolp in terms of both the activation of Erolp and catalytic
oxidation of Pdilp by Erolp. Next, we deciphered the critical
residues in the non-catalytic domains of Pdilp for the interplay
with Erolp. The crystal structure of Pdilp shows a highly
hydrophobic pocket in domain ', which was deduced to be the
primary substrate binding site (4). We then prepared two Pdilp
client-binding mutants, Pdilp F249D/F298D with two pheny-
lalanines at the top of the hydrophobic pocket in domain &’
substituted by aspartic acids as well as Pdilp L313P, a geneti-
cally screened binding mutant (33) with a leucine at the bottom
of the hydrophobic pocket substituted by proline (Fig. 6A4).
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FIGURE 3. Therole of the Pdi1p Cys®°-Cys®’ cysteine pair in the regulation of Ero1p. A, the redox states of DTT-reduced Pdi1p (redPdi1p) and GSSG-oxidized
Pdi1p (oxPdi1p) proteins were monitored as described in the legend to Fig. 2A. The number of free thiols (-SH) in each Pdi1p protein was labeled on the right
margin. B, the reduction of the regulatory disulfides in Ero1p C100A/C105A-FLAG by reduced Pdi1p proteins was monitored as described in the legend to Fig.
2B. G, the re-oxidation of the regulatory disulfides in reduced Ero1p C100A/C105A-FLAG at 0.5 um was monitored at indicated times, with or without 10 um
oxidized Pdi1p proteins. D and E, the fraction of reduced Ero1p doublet in Band oxidized Ero1p species in C was quantified by densitometry and plotted against

time (mean = S.D., n = 3 independent experiments), respectively.

Without gross conformational changes (data not shown), both
mutants exhibited decreased chaperone activity as they did not
promote the refolding yield of acid-denatured GFP (Fig. 6B).

With their client-binding abilities impaired, the two fully
reduced Pdilp mutants (Fig. 6C) were much less effective to
reduce Erolp regulatory disulfides as compared with Pdilp wt
(Fig. 6, D and F). For the re-oxidation of Erolp regulatory disul-
fides, the two mutants in oxidized states (Fig. 6C) were slightly
inferior to Pdilp wt (Fig. 6, E and G), in accordance with the above
finding that the non-catalytic domains of Pdilp contribute more
to the reduction than to the re-oxidation of Erolp regulatory dis-
ulfides. Moreover, the two mutants showed markedly impaired
activities in cooperation with Erolp to catalyze the oxidative fold-
ing of denatured and reduced RNase A (Fig. 6H), but were as active
as Pdilp wt in the GSSG-driven RNase A reactivation (Fig. 61),
suggesting that these residues are responsible for specific interac-
tion with Erolp rather than substrate proteins. Further oxygen
consumption assays confirmed that the direct oxidation of Pdilp
mutants by hyperactive Erolp was greatly compromised (Fig. 6)).
All the above results strongly suggested that the client-binding
ability of Pdilp is indispensable for Pdilp-Erolp interplay, partic-
ularly for Pdilp-mediated Erolp activation and Erolp-catalyzed
Pdilp oxidation.
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The Regulatory Disulfides in Erolp Are Much More Stable
Than the Regulatory Disulfides in Erola—The above results
that the non-catalytic elements of Pdilp are necessary for
Erolp activation contrast with our previous finding that the
two catalytic domains of human PDI can independently acti-
vate Erola (18). Because the disulfide bond organizations of
Erol and PDI proteins in yeast and human are different (see Fig.
1A), we speculated that the regulatory disulfides in Erola have
evolved to be regulated by human PDI active sites in a more
prompt way. To further prove our speculation, we performed
complementary activation assays by testing the abilities of
human PDI and yeast Pdilp to reduce the regulatory disulfides
of yeast Erolp and human Erola, respectively. Because Pdilp
wt in excess would interfere with the electrophoresis mobility
of the Erola species (data not shown), a smaller fragment Pdilp
abb'x was used instead, which shows the same ability as full-
length Pdilp to regulate Erolp activity (Fig. 4, G and I). DTT-
reduced PDI, GSH-reduced Pdilp abb'x, and DTT-reduced
Pdilp abb'x were prepared as shown in Fig. 7A. Human PDI
with both active sites reduced, similar to GSH-reduced Pdilp,
was incapable of reducing the long-range and short-range reg-
ulatory disulfides of Erolp (Figs. 2 and 7B). On the other hand,
both reduced human PDI and GSH-reduced Pdilp abb'x
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FIGURE 4. Regulation of Ero1p by Pdi1p truncations. A and F, the redox states of reduced and oxidized PdiTp a and a’c (A), abb’x and bb'xa’c (F) were
monitored as described in the legend to Fig. 2A. The number of free thiols (-SH) in each Pdi1p protein was labeled on the right margin. B and G, the reduction
of the regulatory disulfides in Ero1p C100A/C105A-FLAG by reduced Pdi1p truncations was monitored as described in the legend to Fig. 38. C and H, the
re-oxidation of the regulatory disulfides in Ero1p C100A/C105A-FLAG by oxidized Pdi1p truncations was monitored as described in the legend to Fig. 3C. D, E,
I, and J, the fraction of reduced Ero1p doublet in B and G, and oxidized Ero1p species in C and H was quantified by densitometry and plotted against time

(mean = S.D., n = 3 independent experiments), respectively.

reduced Erola Cys**-Cys'3! regulatory disulfide within 1 min,
supporting that Erola can be activated very quickly by human
PDI active sites (Fig. 7, C and D). Surprisingly, DTT-reduced
Pdilp abb’x not only reduced a large portion of the regulatory
disulfide Cys”*-Cys"'*! of Erole, but also reduced some of the
structural disulfide Cys®*>-Cys®**! (Fig. 7, C and D), which is
much more stable than Cys”*-Cys'®' (18). Overall, the above
results suggested that the regulatory disulfides in Erolp are
thermodynamically more stable than those in Erola. Erola can
be promptly activated by reduced human PDI active sites,
whereas Erolp can be activated only when the non-catalytic
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Cys”°-Cys”” disulfide of Pdilp is reduced under very reducing
conditions.

Discussion

In eukaryotic cells, the Ero1-PDI system catalyzes oxidative
protein folding and maintains the thiol-disulfide redox balance
in the ER. If the ER becomes too reducing, the regulatory disul-
fides of Erol are reduced by PDI active sites in the dithiol form,
increasing Erol activity and promoting disulfide formation.
Conversely, if the ER becomes oxidizing enough, the regulatory
disulfides of Erol are formed either by autonomous oxidation
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FIGURE 5. Catalytic oxidation of Pdi1p truncations by hyperactive Ero1p.
A, left, schematic representation of Pdilp mutants. The -CGHC- (-CGPC-)
active sites and the non-catalytic cysteine pair were illustrated. Right, the oxy-
gen consumption catalyzed by 2 um hyperactive Ero1p C150A/C295A during the
oxidation of 20 um Pdi1p proteins in 10 mm GSH was monitored. The oxygen
consumption rate was calculated from the slope of the linear phase of oxygen
decrease. The relative oxygen consumption rate (%) was calculated as (R — R,)/
(R, — Ry) X 100%, where R, rate in the presence of Pdi1p mutants; R, rate in the
presence of Pdilp wt; Ry, rate in the absence of Pdi1p. Data were expressed as
mean = S.D. (n = 3 independent experiments). B, the redox states of Pdi1p pro-
teins at equilibrium with different concentrations of GSH and GSSG monitored by
Coomassie staining after mPEG-5k modification. The intensities of the bands
were quantified and the fractions of reduced Pdi1p proteins were plotted against
to the ratio of [GSH]?/[GSSG]. The resulting K. were shown and the reduction
potentials calculated using K., were —195 mV for Pdilp abb’x, —166 mV for
Pdi1p bb'xa’c and —244 mV for Pdilp bb'xa’ cgpcC.

or by oxidized PD], resulting in decreased Erol activity (18, 22,
24, 25). Although this feedback regulation model has been
widely accepted, our present studies have unraveled unique fea-
tures of the yeast Erolp-Pdilp interplay, which are very differ-
ent from the human Erola-PDI system but were neglected in
previous studies.

First, we have determined that under redox conditions
approximate to or more oxidizing than —230 mV for the resting
yeast ER, all the regulatory disulfides of Erolp were intact, but
Erolp was enzymatically active. This result was surprising
because fully oxidized Erolp was presumed to be inactive in
previous studies (22, 25). In this redox range the activity of
Erolp increased slightly with a decrease of reduction potential
(Fig. 1, redox conditions I to 3), as more Pdilp active sites were
reduced to be the substrates for Erolp (Fig. 1D). When the
reduction potential fell below the steady state, the regulatory
disulfides of Erolp started to be reduced and Erolp oxidase
activity further increased (Fig. 1, redox conditions 4 to 7).
Under these conditions almost all Pdilp active sites are in
reduced form, thus, the increase in Erolp activity is likely due to
allosteric activation by reduction of the regulatory disulfides.
Accordingly, in yeast cells Erolp is almost fully oxidized at
steady state, and the reduction of Erolp regulatory disulfides
was observed when the cells were treated with DTT (25). Thus,
the regulatory disulfides in Erolp do not act as an “on/off
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switch” as in human Erole; instead, they function like a “derail-
leur” to control the transition between low-activity and high-
activity states. Distinct from human Erole, the formation of the
regulatory disulfides in Erolp only restricts the movement of
the outer active site (22), but does not break its integrity.

Again different from human PDI-mediated Erola activation,
Pdilp with active sites reduced alone is not able to reduce the
regulatory disulfides of Erolp, and only fully reduced Pdilp
with the non-catalytic Cys”°-Cys®” disulfide further reduced is
potent. This non-catalytic disulfide is much more stable than
those in the two active sites, and is exclusively oxidized at steady
state both in vitro (9) and in vivo (22). We determined that its
reduction occurs under very reducing conditions (below —240
mV) and completes only in the presence of large excess of DT'T.
In line with our findings, Pdilp reduced by 10 mm DTT can
activate Erolp (25), but Pdilp reduced by 10 mm GSH is ineffi-
cient (34), which can now be explained by inadequate reduction
of the Cys*-Cys®” disulfide. On the other hand, the Cys™-
Cys®” cysteine pair alone cannot directly reduce the regulatory
disulfides of Erolp. It was reported that the presence of Cys™°-
Cys”” disulfide destabilizes the active site in domain a, making
it a better oxidant by 18-fold (9). Therefore, reduction of the
Cys®°-Cys”” disulfide may lower the reduction potential of
the active site in domain @, making it more potent to facili-
tate the reduction of the regulatory disulfides of Erolp. We
have found that the reduction of Cys®°-Cys®” disulfide is also
important for Pdilp a’ domain to activate Erolp, because the
bb'xa’c fragment is unable to reduce Erolp regulatory disul-
fides (Fig. 4, G and I), but DTT-reduced full-length Pdilp with
mutated active site in domain a is capable of doing so (25).
Thus, we propose that the Cys*-Cys®” pair of Pdilp is a novel
redox sensor, which becomes reduced only under extremely
reducing conditions and enables both Pdilp active sites to acti-
vate Erolp. In yeast cells, although the Cys’*-Cys®” pair of
Pdilp is not essential for yeast growth and viability it is required
for the efficient processing of a disulfide-containing vacuolar
protein, carboxypeptidase Y (35). The non-catalytic cysteine
pairs also exist in other three ER-located redox-active Pdilp
homologues, Mdplp, Mpd2p, and Epslp. Although it is cur-
rently unknown whether these non-catalytic disulfides have
similar functions as Cys®°-Cys®” of Pdilp, it is rational to spec-
ulate that Pdilp and its homologues could constitute an exten-
sive network to regulate the activity of Erolp according to the
oxidative folding requirement of yeast ER.

An additional non-catalytic element important for Pdilp-
Erolp interplay is the client-binding site located in the b’
domain of Pdilp. Like in human PDI, the yeast Pdilp 4’ domain
also has a highly hydrophobic pocket deduced as the primary
client-binding site. We have demonstrated this client-binding
site is important for Pdilp-mediated Erolp activation and
Erolp-catalyzed Pdilp oxidation, although the binding interac-
tion between Erolp and Pdilp is weaker than that between
human Erola and PDI (18). In line with these results, a yeast
strain carrying the Pdilp L313P mutation shows a growth
defect when exposed to DTT challenge (33), possibly due to
the impaired Pdilp-Erolp interplay. Thus, the client-bind-
ing site together with the Cys”°-Cys®” cysteine pair of Pdilp
are both required for efficient activation of Erolp by Pdilp
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FIGURE 6. Effects of client-binding mutations in Pdi1p b’ domain on Ero1p-Pdi1p interplay. A, ribbon diagram of Pdi1p displaying the locations of Phe?*°,
Phe®?8, and Leu®'3. B, the refolding yield of 50 nm acid-denatured green fluorescent protein was determined by fluorescence intensity in the absence or
presence of 1 um Pdi1p proteins as indicated. The fluorescence intensity of 50 nm native GFP was taken as 100% (mean = S.D., n = 3 independent experiments).
G, the redox states of reduced and oxidized Pdi1p client-binding mutants were monitored as described in the legend to Fig. 2A. D, the reduction of the
regulatory disulfides in Ero1p C100A/C105A-FLAG by reduced Pdi1p substrate binding mutants was monitored as described in the legend to Fig. 3B. E, the
re-oxidation of the regulatory disulfides in Ero1p C100A/C105A-FLAG by oxidized Pdi1p substrate-binding mutants was monitored as described in the legend
toFig.3C.Fand G, the fraction of reduced Ero1p doubletin D and oxidized Ero1p species in E was quantified by densitometry and plotted against time (mean =
S.D., n = 3 independent experiments), respectively. H and /, reactivation of 8 um reduced and denatured RNase A by 3 um Pdil1p proteins as indicated in the
presence of 3 um hyperactive Ero1p C150A/C295A (H) or 1 mm GSH and 0.2 mm GSSG (/) was determined (mean = S.D., n = 3 independent experiments). J, the
oxygen consumption catalyzed by 2 um hyperactive Ero1p C150A/C295A during the oxidation of 20 um Pdi1p in 10 mm GSH was determined as described in
the legend to Fig. 5A (mean = S.D., n = 3 independent experiments).

active sites, underscoring the stringent control of Erolp
activity. On the contrary, the re-oxidation of Erolp regula-
tory disulfide is readily promoted by Pdilp active sites, less
depending on the non-catalytic elements of Pdilp. Our find-
ings that the non-catalytic elements of Pdilp contribute
more to the activation of Erolp than to the opposite process
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may also explain why Pdilp behaves as a weak activator but a
potent inhibitor of Erolp (25).

By comparing our new findings in the yeast Ero1p-Pdilp sys-
tem with a previously elucidated mode of human Erola-PDI
interplay (18), we summarize the differences between the two
systems (Fig. 8). 1) The regulatory disulfides in Erolp, like a
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FIGURE 7. Complementary activation of Ero1p and Ero1a by PDI and Pdi1p. A, reduced PDI and Pdi1p were prepared and monitored as described in the
legend to Fig. 2A. The number of free thiols (-SH) in PDI and Pdi1p were labeled on the right margin. B, the reduction of the long-range (left) and short-range
(right) regulatory disulfides in Ero1p C100A/C105A-FLAG by reduced PDI was monitored as described in the legend to Fig. 2, B and D, respectively. C, the
activation of catalytically inactive Ero1« variant C99A/C104A/C166A retaining both long-range disulfides of Cys®>-Cys®®" and Cys®*-Cys'>" (18). Oxidized Erola
C99A/C104A/C166A (0x2) at 0.5 um was incubated in the absence or presence of 10 um reduced PDI or Pdi1p as indicated. Aliquots were taken at the indicated
times, and the redox states of NEM-blocked Ero1a were analyzed under non-reducing conditions by Western blotting using aEroT« rabbit serum. EroTa
C104A/C131A was loaded as an indicator for the reduction of Cys®*-Cys'?' disulfide (ox1). Fully reduced Ero1a C99A/C104A/C166A was prepared with excess
B-mercaptoethanol (B-ME) (red). The asterisk indicated Erola species with both Cys®-Cys**' and Cys®*-Cys'' disulfides reduced (18). D, the fraction of
activated Erola (ox7 and red) in C was quantified by densitometry and plotted against time (mean = S.D., n = 3 independent experiments).
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FIGURE 8. Comparison of Ero1-PDl interplay in yeast and human systems. Left, in the resting state, Ero1p exists predominantly in the low-activity state with
intact regulatory disulfides and catalyzes oxidative protein folding via oxidation of Pdi1p with slow turnover (thin red arrow). When cells encounter an
extremely reductive challenge, the non-catalytic Cys”°-Cys®’ cysteine pair (magenta) of Pdi1p is reduced to make Pdi1p active sites more potent to reduce
Ero1p regulatory disulfides (thin green arrow), with the assistance of the client-binding site located in domain b’ (orange oval). The activated Ero1p in the high
activity form catalyzes the continuous oxidation of PdiTp with fast turnover to quickly restore the redox balance in the ER (thick red arrow). Once the
thiol-disulfide equilibrium is reestablished, the regulatory disulfides of Ero1p are re-oxidized to decrease its activity by oxidized Pdi1p active sites, a process less
dependent on the non-catalytic elements of Pdi1p (only catalytic domain is shown). The re-oxidation of regulatory disulfides in Ero1p (thick dark-green arrow)
by Pdi1pis more readily than the reduction of these regulatory disulfides (thin green arrow). Right, although Ero1« in the resting state tends to be in the oxidized
and inactive state, the active sites of PDI and some of its homologues (PDIs, only catalytic domain is shown) can promptly respond to the redox fluctuation in
the ER and rapidly reduce or re-oxidize the regulatory disulfides of Ero1a to modulate its oxidase activity (18). Note that the client-binding sites in both PDl and
Pdi1p are important for their oxidation in Ero1-catalyzed reactions, and the binding interaction in Ero1a-PDl is strong, whereas that in Ero1p-Pdi1p is much
weaker. The upper part (light blue) indicates the processes of regulation of Ero1 by PDI, and the lower part (pink) is for the oxidation of PDI by Ero1.
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derailleur, control the transition between low-activity and
high-activity forms of Erolp; the regulatory disulfides of Erola
act as an on/off switch. 2) The activation of Erolp by Pdilp
occurs under extremely reducing conditions and requires the
non-catalytic elements of Pdilp, whereas the inhibition of
Erolp is readily promoted by the oxidized Pdilp active sites;
the activation and inactivation of Erola by human PDI both
occur very fast and are fulfilled by PDI active sites not requiring
its non-catalytic element. 3) Client-binding " domain either in
yeast Pdilp or in human PDI plays a critical role in Erol-driven
oxidative substrate folding. However, the binding between
Pdilp and Erolp is weak, and Erolp can oxidize both active
sites of Pdilp; whereas Erola binds tightly to the human PDI &’
domain and preferentially oxidizes the PDIa’ domain, leaving a
domain in the reduced state to catalyze efficient disulfide
isomerization for the production of correctly folded substrates
with complicated disulfides.

Yeast cells contain much less disulfide-containing proteins
than human cells (18). At steady state, Pdilp is largely in its
oxidized state and Erolp is maintained in the low-activity form,
which may be adequate to provide basic oxidizing power for
oxidative protein folding. When vyeast cells encounter an
extreme reductive challenge (e.g. anaerobic fermentation, DTT
treatment), Erolp would turn into the high-activity form to
enhance the utilization of oxygen, which must be facilitated by
the non-catalytic elements of Pdilp, particularly the reduction
of the non-catalytic disulfide. In highly evolved human cells
with abundant disulfide-containing proteins, the requirement
of oxidative folding capacity is very high especially in profes-
sional secretory cells, and the ER redox may fluctuate under
different physiological and pathological conditions. Thus, the
activity of Erola must be regulated very promptly and precisely
to optimize the folding efficiency of large and complicated dis-
ulfide-containing secretory proteome and meanwhile to mini-
mize the risks of over-oxidation in the ER. To this end, distinct
regulatory disulfides in Erola (Cys”*-Cys'?! and Cys®”-Cys'%*)
have evolved to be rapidly modulated by the redox states of
human PDI active sites. Recently, another disulfide (Cys>*®-
Cys**!) unique in Erola was reported to play an additional
regulatory role (36), but its regulatory mechanism by human
PDI active sites is not yet clear. On the other side, the tightly
controlled regulatory disulfides (Cys'**-Cys'®® and Cys'°-
Cys**”) of Erolp disappeared in Erola, and the longest range
disulfide (Cys”°-Cys®**°) of Erolp has remained in Erola
(Cys®-Cys**") as an evolutionary trace, no longer having a reg-
ulatory function but instead playing a structural role.
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