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The endoplasmic reticulum (ER) supports disulfide bond formation by a poorly
understood mechanism requiring protein disulfide isomerase (PDI) and ERO1.
In yeast, Ero1p-mediated oxidative folding was shown to depend on cellular
flavin adenine dinucleotide (FAD) levels but not on ubiquinone or heme, and
Erolp was shown to be a FAD-binding protein. We reconstituted efficient
oxidative folding in vitro using FAD, PDI, and Ero1p. Disulfide formation pro-
ceeded by direct delivery of oxidizing equivalents from Ero1p to folding sub-
strates via PDI. This kinetic shuttling of oxidizing equivalents could allow the
ER to support rapid disulfide formation while maintaining the ability to reduce

and rearrange incorrect disulfide bonds.

Proteins that traverse the secretory pathway
are typically stabilized by one or more disul-
fide bonds. To support efficient disulfide for-
mation, cells actively promote oxidation in
the two compartments where disulfide-linked
folding commonly occurs: the eukaryotic ER
(1) and the bacterial periplasm (2). In bacte-
ria, an electron transport pathway links disul-
fide bond formation to the respiratory chain
(3, 4). The integral membrane protein DsbB
oxidizes the CxxC active site of the PDI
homolog DsbA, which then catalyzes disul-
fide formation in folding proteins. DsbB is
reoxidized by ubiquinone produced during
respiration.

Over the past few decades, a number of
factors have been suggested to contribute to
disulfide formation in the ER, including se-
cretion of reduced thiols, uptake of oxidized
thiols, and a variety of redox enzymes and
small-molecule oxidants (1, 5, 6). The phys-
iological importance of any of these to disul-
fide formation has not been established. Ge-
netic studies in Saccharomyces cerevisiae
have identified an essential and conserved
ER-resident protein, Erolp (7, 8), the loss of
which results in the accumulation of reduced
PDI and the cessation of disulfide bond for-
mation. Although this phenotype resembles
that resulting from the loss of DsbB in bac-
teria (9), Erolp has no apparent homology to
DsbB or any other redox enzymes. Thus,
whether oxidative folding occurs by a similar
biochemical mechanism in eukaryotes and
bacteria, or even whether Erolp can catalyze
redox reactions, is not known.

To define the requirements for oxidative
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folding in the ER, we used reverse genetics in
S. cerevisiae to eliminate components of the
cellular redox machinery and examined the
effects on disulfide-linked folding. We mon-
itored disulfide formation by pulsing cells
with the reductant dithiothreitol (DT T) and
by monitoring the rate and efficiency of fold-
ing of newly synthesized carboxypeptidase Y
(CPY), which contains five disulfide bonds
required for folding and ER export (/0). De-
letion of COQS5 or HEM1, which blocks bio-
synthesis of ubiquinone (I/, 12) or heme
(13), respectively, inhibited respiration and
ER-associated cytochromes but did not alter
the kinetics of CPY folding (Fig. 1A). Deple-
tion of Nfslp, an essential protein required
for iron-sulfur (Fe-S) cluster assembly (14),
also had little effect on CPY folding (Fig. 1A)
(15). Moreover, under depletion conditions
where the activities of known Fe-S cluster
proteins are abolished (/4), the kinetics of
Erolp reoxidation were comparable to those
of a wild-type strain (Fig. 1B). Finally, Erolp
was functional in yeast grown under strictly
anaerobic conditions (/5). Thus, Fe-S clus-
ters, molecular oxygen, ubiquinone, and hemes
are not required for Erolp-mediated oxida-
tive folding.

We then investigated the role of riboflavin
and its metabolic derivatives [flavin mononu-
cleotide (FMN) and flavin adenine dinucle-
otide (FAD)] in oxidative folding using a
strain lacking the RIB5 gene, which is re-
quired for riboflavin biosynthesis. Depletion
of riboflavin from the growth media inhibited
CPY folding in a Arib5 strain (Fig. 1A) and
caused PDI (/6) and Erolp to accumulate in
a reduced form, even in the absence of DTT
(Fig. 1B). Depletion of riboflavin also results
in loss of FMN and FAD, which are derived
from the sequential activities of Fmnlp and
Fadlp, respectively (/7). To determine whether
these components are important for Erolp-
mediated folding, we examined the effect of

overexpression of FMNI or FAD! on a strain
containing a temperature-sensitive allele of
EROI (erol-1) (8). Overexpression of FMNI
led to a modest enhancement of erol-I via-
bility, whereas overexpression of FADI
strongly suppressed the erol-1 temperature-
sensitive phenotype (Fig. 1C). Moreover, ad-
dition of FAD to microsomes derived from
wild-type but not erol-1 yeast greatly accel-
erated both the rate and yield of PDI reoxi-
dation after DTT treatment (Fig. 1D); this
finding strongly implies a direct role of FAD
in disulfide bond formation. Taken together,
our results indicate that Erolp-mediated oxi-
dative folding is exquisitely sensitive to cel-
lular FAD levels.

To directly assess the biochemical mech-
anism of oxidative folding, we developed an
affinity-based purification that yielded high-
ly purified polyoma epitope-tagged Erolp
(Erolp-Py,) from yeast microsomes (I5)
(Fig. 2A). Because further purification of
Erolp-Py, using anti-polyoma resin did not
alter its activities in subsequent analyses, our
Erolp preparations likely contained no func-
tional contaminants (/6). Purified Erolp dis-
played a distinct absorbance peak at 450 nm
(16). Reversed-phase high-performance lig-
uid chromatography (rpHPLC) analysis of
denatured Erolp revealed a single fluores-
cence peak that coeluted with a FAD standard
(Fig. 2B). Thus, Erolp itself is a flavoprotein
that contains noncovalently bound FAD.

We next asked whether Erolp could act as
an oxidase in vitro by monitoring its activity
on a well-characterized folding substrate, ri-
bonuclease A (RNase A), which contains
four disulfides necessary for its folding and
activity (/8). In the presence of supplemental
FAD and PDI, catalytic amounts of Erolp
rapidly promoted the reactivation of reduced
RNase A (Fig. 3A). SDS—polyacrylamide gel
electrophoresis (PAGE) analysis directly
demonstrated that the reactivation of RNase
A resulted from Erolp-mediated reoxidation
of its four disulfide bonds (Fig. 3B). The
observed refolding of RNase A was com-
pletely dependent on Erolp, PDI, and supple-
mental FAD, but it did not require reduced
(GSH) or oxidized (GSSG) glutathione, nor
was it affected by pyridine nucleotide cofac-
tors [e.g., nicotinamide adenine dinucleotide
(NAD™) or the reduced form of NAD™* phos-
phate (NADPH)] (/5). There was also a
strong preference for FAD over FMN (/5), in
agreement with in vivo observations (Fig.
1C). Increasing concentrations of Erolp en-
hanced the rate of RNase A oxidative refold-
ing (Fig. 3A). Even at a stoichiometry of one
Erolp molecule per 340 RNase A disulfide
bonds, refolding proceeded at a rate that was
significantly faster than the refolding of
RNase A in the presence of PDI and an
optimal glutathione redox buffer (Fig. 3A).
Moreover, an Erolp mutant that is nonfunc-
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strain carrying a vector with no insert, or an insert encoding FMNT or FADT regulated by the GALT

promoter (pGal-FMNT or pGal-FADT, respectively) (75), or an isogenic ERO7 [wild-type/(WT)] strain carrying an empty vector were spotted on media
containing glucose at 25°C, glucose at 37°C, or galactose at 37°C. (D) FAD induces reoxidation of PDI in microsomes. Microsomes from WT and ero7-7
yeast were treated with DTT and incubated in buffer lacking DT T with or without 200 wM FAD for the indicated times. Samples were then subjected
to AMS modification, SDS-PAGE, and Western blot analysis using an antibody to PDI (27). Addition of GSSG also induced reoxidation of PDI, but in

an Ero1p-independent manner (75).

tional in vivo (16, 19) could not catalyze
reoxidation of RNase A (Fig. 3, A and B).
Thus, Erolp is.an efficient oxidase that cat-
alyzes de novo disulfide bond formation
through a FAD-dependent mechanism.

In the absence of PDI, folding substrates
remained reduced in vitro (Fig. 3, A and B)
-and in vivo (20), even with Erolp present.
This finding suggests that PDI acts as an
intermediary in the disulfide formation pro-
cess by transferring oxidizing equivalents de-
rived from Erolp to folding substrates. We
examined whether a mutant PDI in which the
second cysteine of both active sites is
changed to alanine [PDI (CxxA),] could sup-

port Erolp-mediated oxidative refolding of

RNase A. This mutant PDI retains disulfide
isomerase activity but cannot function as an
oxidase (21). Consistent with PDI acting as
an oxidant, PDI (CxxA), did not support
RNase A refolding (Fig. 4A). Surprisingly,
PDI (CxxA), was a dominant inhibitor of
Erolp-dependent oxidative folding, as inclu-
sion of equimolar amounts of PDI (CxxA),
with wild-type PDI resulted in a severe re-
duction of RNase A reactivation (Fig. 4A).

SDS-PAGE analysis revealed a -disulfide

cross-link between PDI (CxxA), and Erolp
(Fig. 4B), suggesting that inhibition of refold-
ing by PDI (CxxA), resulted from sequestra-
tion of Erolp via a disulfide cross-link be-
tween the two proteins. A similar cross-link
is observed in vivo when both Erolp and a
mutant PDI are overexpressed, albeit at lower
efficiency (20). Thus, a disulfide cross-link
between PDI and Erolp is likely to be an

obligatory intermediate during the oxidation
of the PDI active sites by Erolp.

What is the role of glutathione in oxida-
tive protein folding in the ER? Cellular
‘GSSG production increases with Erolp activ-
ity (22). However, we found that Erolp had
no detectable activity as a direct oxidase of
GSH to GSSG (I6). Moreover, Erolp-depen-
dent folding of RNase A did not require
glutathione, nor does disulfide formation in
vivo (22). These considerations suggest that
Erolp-mediated oxidation of folding sub-
strates proceeds by a protein-based relay that
is largely independent of the bulk glutathione
redox buffer (15). Consistent with this idea,
Erolp could efficiently drive oxidation of
RNase A in the presence of a large excess of

Fig. 2. Erolpis a fla- A
voprotein. (A) SDS-
PAGE analysis of puri-
fied Erol1p-Py, either
before or after further
purification on an anti- 60—
polyoma column (a-Py),
with or without en-
doglycosidase H treat-
ment, as indicated (75).
No significant differ-
ences in oxidase activ-
ity or flavin-binding
properties were ob-
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reducing agent (1 or 2 mM GSH, Fig. 4C).
During refolding, we then observed a gradual
production of GSSG, which suggests that
glutathione is not oxidized directly by Erolp
but rather by the reduction of Erolp-derived
disulfide bonds in PDI and/or substrates.
Nonetheless, the glutathione buffer remained
strongly reducing (e.g., at 20 min, GSH:
GSSG =~ 40:1) throughout the course of
RNase A oxidation. These conditions were
comparable to the reducing environment of
the cytosol (6), where PDI at equilibrium
should be largely reduced (23). Despite this,
Erolp- and PDI-driven oxidation of RNase A
proceeded rapidly (within roughly a factor of
2 of the rate of oxidation without GSH) and
PDI remained oxidized (16).
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served between the proteins purified and not purified with anti-polyoma (76). (B) Purified Ero1p
contains noncovalently bound FAD. Purified Ero1p from (A) was denatured and analyzed by rpHPLC
coupled to a scanning fluorescence detector (75). The stoichiometry of bound oxidized FAD to
Ero1p varied between 1:4 and 1:2. A fraction of Ero1p may have been misfolded or incapable of
binding FAD. For comparison, a chromatogram of standards containing riboflavin, FMN, and FAD is

shown (bottom trace).
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absorbance units. (B) Direct observation of Ero1p-mediated catalysis of disulfide formation in RNase
A. Refolding of reduced RNase A (15 M) was followed in the absence or presence of Ero1p (0.36 j1M), PDI (0.9 M), and/or FAD (100 M) as indicated,
quenched at the indicated times with AMS, and analyzed by nonreducing SDS-PAGE (28).

In summary, Erolp is a FAD-dependent
oxidase of PDI responsible for sustaining dis-
ulfide-linked protein folding in the ER. The
FAD dependence of Erolp is unexpected,
because Erolp contains no known flavin-
binding motifs, and DsbB (which plays an
analogous role to Erolp in the bacterial
periplasm) uses ubiquinone as the proximal
oxidant in a flavin-independent reaction (4).
Furthermore, unlike many microsome-associ-
ated flavoproteins, which face the cytosol,

Erolp is localized within the ER lumen (/5).
Given the sensitivity of Erolp-mediated oxi-
dation to FAD levels, regulation of the-
amount of FAD available to Erolp could play
an important role in modulating oxidative
folding in the ER.

Previous studies of disulfide bond forma-
tion in the ER often focused on the bulk
redox potential of the organelle. In contrast,
we have shown that oxidizing equivalents are
delivered directly from Erolp to folding sub-
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Ero1p and PDI (CxxA),. Western blot analysis confirmed the presence of both PDI and Ero1p in this
band (76). Below, schematic model of Ero1p-catalyzed oxidation of PDI. PDI first forms a mixed
disulfide with Ero1p, which is resolved by nucleophilic attack of the second cysteine in the PDI
active site, yielding oxidized PDl. When the second cysteine is not present, the PDI-Erolp
cross-linked species cannot be readily resolved. (C) Ero1p can drive oxidative folding under reducing
conditions. RNase A (15 wM) refolding was initiated in the presence of Ero1p (0.36 uM), PDI (0.9
M), FAD (100 M), and the indicated concentrations of reduced glutathione (GSH). At the
specified times, disulfide content was monitored as described (28). The observed GSH:GSSG ratio
(30) in the 2 mM GSH reactions at 10, 20, and 30 min was approximately 120:1, 40:1, and 17:1,

respectively.
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strates via PDI, thereby allowing disulfide
formation to occur rapidly even in a reducing
environment. Accordingly, in vivo PDI is
found predominantly in the oxidized form
(20), contrary to predictions that the reduced
form should be significantly populated if it
were in equilibrium with the bulk ER redox
buffer (Z, 23). To support efficient disulfide-
linked folding, the ER must simultaneously
be able to rapidly add disulfide bonds to un-
folded proteins and remove them from mis-
folded proteins. The shuttling of disulfide bonds
through a protein relay, by largely insulating
the Erolp-driven oxidase machinery from
other redox systems, could help to prevent
Erolp from interfering with the reduction or
rearrangement of incorrect disulfides.
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B-Arrestin 2: A Receptor-Regulated
MAPK Scaffold for the Activation
of JNK3
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B-Arrestins, originally discovered in the context of heterotrimeric guanine
nucleotide binding protein—coupled receptor (GPCR) desensitization, also func-
tion in internalization and signaling of these receptors. We identified c-Jun
amino-terminal kinase 3 (JNK3) as a binding partner of B-arrestin 2 using a
yeast two-hybrid screen and by coimmunoprecipitation from mouse brain
extracts or cotransfected COS-7 cells. The upstream JNK activators apoptosis
signal-regulating kinase 1 (ASK1) and mitogen-activated protein kinase (MAPK)
kinase 4 were also found in complex with B-arrestin 2. Cellular transfection of
B-arrestin 2 caused cytosolic retention of JNK3 and enhanced JNK3 phospho-
rylation stimulated by ASK1. Moreover, stimulation of the angiotensin Il type
1A receptor activated JNK3 and triggered the colocalization of 3-arrestin 2 and
active JNK3 to intracellular vesicles. Thus, B-arrestin 2 acts as a scaffold protein,
which brings the spatial distribution and activity of this MAPK module under

the control of a GPCR.

[-Arrestins bind to B,—adrenergic receptors
(B,ARs) after the receptors have been phos-
phorylated by guanine nucleotide binding
protein (G protein)—coupled receptor kinases
(GRKs), thereby interdicting further signal
transduction to heterotrimeric G proteins (/).
Once viewed as involved exclusively in re-
ceptor desensitization, [-arrestins are now
known to act as adaptors to facilitate clathrin-
mediated endocytosis of certain members of
the GPCR family (2, 3). They also recruit
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activated c-Src into complexes with the
B,AR, which appears to be involved in acti-
vation of extracellular signal-regulated ki-
nases (ERK1 and ERK2) (4-6).

In mammalian cells, at least three groups of
mitogen-activated protein kinases (MAPKs)
have been identified: the ERKs (1 and 2), the
p38 protein kinases (o, B, vy, and 8), and the
c-Jun NH,-terminal kinases (JNKs; also re-
ferred to as stress-activated protein kinases or
SAPKSs) (7). The JNKs are encoded by at
least three genes (JNKI, -2, and -3), and the
transcripts of each of these genes are alterna-
tively spliced to create mRNAs that encode
46- and 54-kD JNK isoforms (8). Moreover,
JNK activity is increased in settings of cell
stress, mitogenesis, differentiation, morpho-
genesis, and apoptosis (7, 9).

JNK is activated by dual phosphorylation
on threonine and tyrosine residues catalyzed
by a MAPK kinase (such as MKK4 or
MKK?7), which, in turn, is phosphorylated
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added to Erolp (1.3 puM) in a buffer containing 50
mM Hepes (pH 7.5), 100 mM NaCl, 2 mM EDTA, and
0.05% digitonin. After 10 min at room temperature,
free sulfhydryls were quenched by addition of SDS-
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jected to SDS-PAGE under reducing or nonreducing
conditions.
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and activated by a MAPKK kinase (such as
MEKKI1, MLK, or ASK1). The functional
integrity of each MAP kinase cascade is
thought to be established by specific mo-
lecular interactions both between the ki-
nases and cytoplasmic scaffolds or anchor
proteins (10).

MAPK pathways are activated by GPCRs,
including m1 and m2 muscarinic and angio-
tensin I type 1A (AT1A) receptors (11, 12)
and by growth factor receptors with intrinsic
tyrosine kinase activity. Here we report the
identification of B-arrestin 2 as a binding
partner of JNK3 and describe a GPCR-regu-
lated MAPK module wherein B-arrestin 2
functions as a scaffold protein.

To identify novel binding partners of
B-arrestin 2, we used the yeast two-hybrid
system based on a GAL4—-arrestin 2 fusion
protein to screen a rat brain ¢cDNA library
(13). Three positive clones were obtained,
two of which encoded fusion proteins of the
GAL4 activation domain with a COOH-ter-
minal portion of JNK2 and one that encoded
a COOH-terminal portion of the JNK3 iso-
form (/4). All three clones encoded p54
splice variants of JNK. These interactions
were confirmed by cotransforming yeast
strain pJ69-4A with pAS2-1-B-arrestin 2 and
the JNK clones (ct-JNK2 and ct-JNK3) ob-
tained from the yeast two-hybrid screen.
pAS2-1-B-arrestin 1 also interacted with
both ct-JNK clones in the same assay. How-
ever, yeast transformed with pAS2-1-B-ar-
restin 1 and either ct-JNK2 or ct-JNK3 grew
more poorly than those transformed with
pAS2-1-B-arrestin 2 and either ct-JNK clone.
The B-arrestins did not interact in the yeast
two-hybrid system with the GAL4 activation
domain encoded by pGAD!0, nor did the
ct-JNK clones interact with the GAL4 DNA
binding domains encoded by pAS2-1 or with
pAS2-1-Lamin, suggesting that the interac-
tions of B-arrestins with the ct-JNKs are spe-
cific (14).

To determine whether the endogenous pro-
teins interact, B-arrestin was immunoprecipi-
tated from mouse brain extract with a B-arres-

24 NOVEMBER 2000 VOL 290 SCIENCE www.sciencemag.org



