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Mechanistic Studies of Disulfide Bond Formation in the Endoplasmic Reticulum

Mohini Sridharan Kulp

ABSTRACT

This research focuses on a key question in eukaryotic oxidative protein folding:

how does the ER balance the opposing redox reactions of disulfide oxidation and

reduction/isomerization that are required for native disulfide bond formation. This

question has been extensively investigated in the prokaryotic periplasm and has led to the

characterization of two discrete pathways: one (DsbA/B) responsible for catalyzing

disulfide formation and second (DsbC/D) responsible for promoting rearrangement of

incorrect disulfides. Our study now reveals an entirely different mechanism for disulfide

folding in the ER where these two redox functions are encompassed within a single

Ero1p-PDI pathway.

Despite considerable effort in the literature, analyses of the cellular role of PDI

have led to a conflicting picture about whether it functions primarily as an isomerase or

an oxidase. We addressed this issue by systematically exploring the contribution of PDI

to native disulfide bond formation in a reaction driven by its natural oxidant Ero1p. We

found that there is an asymmetry in the PDI active sites that allows the two catalytic

thioredoxin domains, which are similar in sequence and structure, to serve opposing roles

as a disulfide oxidase and an isomerase. We further explore the mechanism of this

asymmetry demonstrating that it results from a combination of two effects: an enhanced

rate of oxidation of the second catalytic domain (A') and a second and highly unexpected

mechanism in which binding of substrates to PDI results in inhibition of the oxidation of



the first catalytic domain (A). We also find that the specific order of thioredoxin domains

can determine the function of PDI. The enhanced rate of oxidation of the A’ domain in

the context of the full-length PDI is contingent on the presence of the A domain and the

substrate-mediated protection of the A domain requires the presence of the substrate

binding domain (B.’ and A’). Thus taken together, our results provide key insights into

how native disulfide folding is accomplished in the ER and a context for understanding

the proliferation of PDI homologs with different combinations of thioredoxin domains.

}º- *~
Jonathan Weissman

Thesis Advisor
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Chapter 1

Introduction



Introduction

A large percentage of the proteins that traverse through or reside in the secretory

pathway have disulfide bonds that are important for the correct fold and function of these

proteins. In eukaryotic cells, disulfide bonds are introduced into nascent peptide chains

within the lumen of the endoplasmic reticulum (ER). It was believed that ER had an

optimal environment for oxidative protein folding because of a favorable 1:3 ratio of

oxidized to reduced glutathione (GSSG/GSH) in the ER compared to the more reducing

1:50 ratio of GSSG to GSH that is typically found in the cytosol (Hwang et al., 1992).

However, more recent work in S. cerevisiae has shown that glutathione is not required for

disulfide bond formation and further analysis of this process has defined an essential

pathway for disulfide bond formation that involves two ER proteins: Ero1p and protein

disulfide isomerase (PDI) (see Figure 1-1) (Frand and Kaiser, 1999, Tu et al., 2000).

Model of c Transfer in Disulfide Bond Formation

s

º
■ . s sº-º-Yº

cytosol 'os)

A zº w ER lumen

Figure 1-1: Pathway for disulfide bond oxidation in the ER.



PDI introduces disulfides directly into substrate proteins and was identified more

than 40 years ago in the classic experiments using the protein folding substrate RNase A

(Goldberger et al., 1963). In S. cerevisiae, PDI is an indispensable protein and the

inactivation of PDI results in a defect in the formation of new disulfide bonds implicating

PDI in the role of a disulfide oxidase (Freedman et al., 2002). PDI has four thioredoxin

like domains; the N and C terminal domains (A and A’) have a -Cys-Gly-His-Cys-active

site that can catalyze disulfide oxidation or reduction depending on the redox conditions

while the two middle domains (B and B’) are non-catalytic (Farquhar et al., 1991;

Kemmink et al., 1997). The B' domain has been implicated in substrate recognition while

the B domain is thought to have a primarily structural role (Klappa et al., 1998). Previous

studies have shown that the B' domain of human PDI is essential and sufficient for the

binding of small peptides (Klappa et al., 1998). In the case of larger peptides, the B'

domain is essential but not sufficient for efficient binding, indicating that contributions

from additional domains are required (Klappa et al., 1998). The B domain however does

not contribute to substrate binding or catalysis and is therefore thought to have a

structural role. PDI is fairly non-specific in its interaction with substrates and generally

recognizes unfolded proteins. Recent work from our lab and the Kaiser lab showed that

once PDI oxidizes a substrate protein, it is re-oxidized by another ER resident protein,

Ero1p (Frand and Kaiser, 1999, Tu et al., 2000).

Ero1p is a glycosylated luminal ER protein that is tightly associated with the ER

membrane. It was identified as an essential gene in S. cerevisiae that controls the

oxidizing capacity of the ER (Frand and Kaiser, 1998, Pollard et al., 1998). In a

conditional ero1-1 strain, PDI is found predominantly in the reduced state and there is an



accumulation of misfolded proteins in the ER (Frand and Kaiser, 1999). Previous studies

have shown that Ero1p is a FAD binding protein that generates disulfide bonds de novo

by reducing molecular oxygen under aerobic conditions (Tu et al., 2000, Tu and

Weissman, 2002, Gross et al., 2004). Additionally, it was shown by reconstituting the

Ero1p pathway in vitro that Ero1p does not interact directly with substrate proteins (Tu et

al., 2000). Instead, Ero1p acts by oxidizing PDI, which subsequently oxidizes substrate

proteins.

The core pathway for disulfide bond oxidation in yeast was defined by the

identification of Ero1p and PDI. In addition to disulfide bond oxidation, correct disulfide

bond formation also requires a pathway to isomerize or reduce incorrectly paired

cysteines. In prokaryotes, the balance between disulfide oxidation and isomerization is

maintained by the presence of two distinct pathways for disulfide oxidation and

isomerization pathways (Figures 1-2A and 1-2B). The key players in disulfide bond

oxidation in the periplasm are DsbA and DsbB while the disulfide bond isomerization

pathway has three proteins, DsbC, DsbG and DsbD (Collet and Bardwell, 2002; Ritz and

Beckwith, 2001). DsbA is oxidized by DsbB, which is subsequently reoxidized by

quinones that are part of the electron transport pathway. The DsbC and DsbG active sites

are reduced by DsbD, a transmembrane protein, which is maintained in its reduced form

by its interaction with thioredoxin on its cytosolic interface.
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Figure 1-2: (A) Pathway of disulfide isomerization in the periplasm. (B) Pathway of

disulfide oxidation in the periplasm (from Collet and Bardwell, 2002)

A functional equivalent of the DsbD pathway in eukaryotes has not been

identified and instead, our studies reveal an entirely different mechanism for disulfide

folding in the ER, where both the disulfide oxidation and isomerization functions are

encompassed within a single Ero1p–PDI pathway (Chapter 2). We found that there is an

asymmetry in the PDI active sites that allows A and A', two catalytic thioredoxin

domains that are similar in sequence and structure, to serve opposing roles as a disulfide

oxidase and an isomerase. This functional asymmetry results from a disparity in the rate

of oxidation of the two active sites, which stems from a dual effect: an enhanced rate of

oxidation of the second catalytic (A') domain and the substrate-mediated inhibition of

oxidation of the first catalytic (A) domain. We also find that having a single PDI protein

function in the dual capacity of a disulfide oxidase and isomerase is more efficient at

folding a model substrate than having the two active sites in trans, presumably because of

a higher local concentration of both active sites. Thus, our results provide some insight

into the functional advantages of the eukaryotic model of native disulfide bond

formation.



In addition to Ero1p and PDI, eukaryotes also have a number of Ero1 and PDI

homologs that play a role in disulfide folding pathways (discussed in further detail

below). Since the Ero1p-PDI pathway can catalyze both disulfide oxidation and

isomerization, it is interesting to speculate why there has been such a proliferation of PDI

and Ero1 homologs. One attractive possibility is that the diversity introduced by the PDI

and Ero1 homologs might allow the ER to create more specialized folding environments

for discrete sets of folding substrates.

The PDI family

In S. cerevisiae, there are four PDI homologs Mpdlp, Mpd2p, Euglp and Eps1p.

They all have at least one domain with homology to a PDI thioredoxin domain, a CXXC

or a CXXS active site and are all localized to the ER (see Table 1-1). None of the yeast

homologs are essential, however, several of them can rescue a Apdi strain when

overexpressed (Norgaard et al., 2001). This is in good agreement with our result that the

thioredoxin motif is sufficient for functional interaction with Ero1p (Chapter 2). The

family of PDI homologs in metazoans is even larger and now stands at 17 human PDI

family members with a wide array of domain organization (Ellgaard and Ruddock, 2005).

The presence of so many homologs raises the question if they have redundant or

distinct roles in the ER. It seems likely that the different PDI homologs in yeast have

different substrate specificity or can respond to different stress conditions (Norgaard et

al., 2001). The role of some mammalian PDI homologs in discrete folding pathways has

also been characterized. For example, ERp57, the closest human homolog of PDI, doesn’t



interact directly with substrate proteins and is thought to interact specifically with

glycosylated substrates in a ternary complex with calnexin/calreticulin (Oliver et al.,

1997, Oliver et al., 1999, Molinari and Helenius, 1999). Other PDI homologs have tissue

specific expression including PDIp (a pancreas specific form of PDI), EndoPDI

(expressed in endothelial cells) and PDILT (testis-specific expression) and it is probable

that they evolved to fold specific proteins (Desilva et al., 1996; Knoblach et al., 2003;

Sullivan et al., 2003; van Lith et al., 2005). Initial peptide binding studies have shown

that PDIp has a marked preference for substrates with tyrosine and tryptophan residues

but the substrate specificity of the other homologs is not known (Ruddock et al., 2000).

Another class of mammalian PDI homologs is the TMX family, which currently

includes four membrane localized PDI family members (Haugstetter et al., 2005; Matsuo

et al., 2001; Matsuo et al., 2004; Meng et al., 2003). The functional significance of their

membrane localization remains to be characterized but it is possible that they may be

specialized to fold substrates at the ER membrane. Other PDI homologs like QSOX and

ERd.J5 have additional domains with well-characterized functions. ERd.J5 has a highly

conserved 70 amino acid DnaJ domain in addition to its three thioredoxin domains

(Cunnea et al., 2003). DnaJ domains regulate the activity of Hsp70 proteins by activating

their ATPase activity. The signal sequence of ERd.J5 is not cleaved and serves as a

membrane anchor, orienting its J domain into the ER lumen. It has been shown to be

associated with BiP in COS cells and stimulates the ATPase activity of BiP in a

concentration dependant manner (Shen et al., 2002). QSOX has an N terminal

thioredoxin domain and a C terminal ERV domain, which is a FAD bound sulfhydryl

oxidase domain (Raje and Thorpe, 2003). Sulfhydryl oxidases generate disulfides de



novo in an FAD dependant reaction by consuming molecular oxygen. QSOX can rapidly

oxidize reduced RNase A but it does not generate active protein (Thorpe et al., 2002).

Interestingly, the inclusion of reduced PDI with QSOX allows for more efficient folding

of RNase A. QSOX is highly expressed in tissues that are specialized for apocrine

secretion but its specific substrates are not defined (Thorpe et al., 2002). Additionally,

QSOX appears to be expressed in the secretory pathway and its role outside the ER has

not been defined (Thorpe et al., 2002).

In general, the in vivo role of the PDI homologs is poorly understood, even in

yeast where there are only 4 homologs. In vitro, most of the PDI homologs can act as

oxidases or a reductases depending on the redox conditions. In order for a PDI homolog

to act as a reductase or isomerase in vivo, it has to be predominantly reduced and cannot

be a substrate for Ero1p. Our results however indicate that Ero1p generally recognizes

thioredoxin domains implying that any PDI homolog might be a substrate for Ero1p

(Chapter 2). However, since substrate binding can regulate the interaction between Ero1p

and PDI (Chapter 2), it is possible that similar interactions between a PDI homolog and

its substrates might modulate its cellular redox function. Further studies are needed to

identify the cellular substrates of the PDI homologs and recent work in identifying

substrates of the periplasmic disulfide oxidoreductases could serve as a useful template

for these studies (Hiniker and Bardwell, 2004,Kadokura, 2004 #83).



Protein Thioredoxin

Domains, # of

active sites

Other features Ref.

Yeast homologs

PDI 4, 2 Mixed disulfide with Ero1p (Pihlajaniemi et al., 1987,

Frand and Kaiser, 1999, Tu et

al., 2000)

Eps! 1, 1 Has a transmembrane domain (Wang and Chang, 1999)

Eugl 2, 2 -CxxS-active site (Tachibana and Stevens,

1992)

Mpd1 1, 1 (Tachikawa et al., 1995)

Mpd2 1, 1 Mixed disulfide with Ero1p (Tachikawa et al., 1997)

Mammalian homologs

PDI 4, 2 Mixed disulfide with Ero1p (Pihlajaniemi et al., 1987,

Cabibbo et al., 2000, Pagani

et al., 2000)

ERp57 4, 2 Associates with Calreticulin/ (Bennett et al., 1988)

Calnexin

ERp44 1, 1 Mixed disulfide with Ero1 (Anelli et al., 2002)

ERp46 3, 3 Expressed in endothelial cells (Knoblach et al., 2003;

Sullivan et al., 2003)

ERp72 5, 3 (Mazzarella et al., 1990)

P5 3, 2 (Hayano and Kikuchi, 1995a)

PDIp 4, 2 Expressed in the pancreas (Desilva et al., 1996)



PDILT 1, 1 Expressed in the testis, SxxC (van Lith et al., 2005)

active site

PDIr 4, 3 (Hayano and Kikuchi, 1995b)

TMX 1, 1 Has a transmembrane domain (Matsuo et al., 2001)

TMX2 1, 1 Has a transmembrane domain (Meng et al., 2003)

TMX3 1, 1 Has a transmembrane domain, (Haugstetter et al., 2005)

partially oxidized in mammalian

tissue culture

TMX4 1, 1 Has a transmembrane domain (Matsuo et al., 2004)

ERp28 1, 1 (Ferrari et al., 1998)

ERd.J5 4, 4 Has a DnaJ domain (Cunnea et al., 2003)

Calsequestrin 3, 0 (Fujii et al., 1990)

ERp.18 1, 1 (Alanen et al., 2003)

QSOX 2, 2 Has an ERV domain (Thorpe et al., 2002)

Table 1-1: List of yeast and mammalian PDI homologs

The Ero1 homologs

The Ero1 pathway is conserved in higher eukaryotes and two human isoforms of

Ero1p have been identified, hErolo and hEro13 (Cabibbo et al., 2000; Pagani et al.,

2000). The human proteins share a high degree of similarity to each other and to the yeast

protein (Table 1-2). The two human proteins are localized to the ER membrane, however

they lack the C-terminal tail of about 127 amino acids that is necessary for membrane

association of the yeast protein. Both hEro10 and hEro13 are able to complement a

10



temperature sensitive ero1-1 mutant yeast strain and a chimeric herO1-Lo, with a C

terminal tail can also complement the yeast ERO1 deletion (Cabibbo et al., 2000; Pagani

et al., 2000, unpublished results Ben Tu). Like yeast Ero1p, both of the human Ero1

proteins have been isolated from cells in mixed disulfides with PDI, attesting to

functional conservation of the Ero1p pathway across eukaryotes. The human proteins

differ in their cellular expression patterns, with hEro13 being quite abundant in secretory

tissues (Pagani et al., 2000). They are also differentially regulated under conditions of ER

stress. hEro13, like the yeast protein, is upregulated by the unfolded protein response

(UPR) while hErolo expression is unaffected. Under hypoxic conditions however, it is

hEro10 that is upregulated and not hEro13 (Gess et al., 2003).

It is not well understood why mammalian cells have evolved two ERO1 genes

while yeast contains only one. One attractive possibility is that the two proteins have

evolved to interact more specifically with certain PDI homologs. A number of PDI

homologs have tissue specific expression patterns like PDILT, which is testis-specific

and PDIp, which is expressed in the pancreas. It would be interesting to determine if their

cellular expression patterns might influence their interactions with a specific Ero1

isoform. Another possibility is that the two proteins could vary in their redox properties.

Both human and mouse Erolo have a CVGCFKC active site while the Ero13 in both the

organisms has a CVGCDKC motif. The charged 3-like motif is more conserved across

the species and is similar to the active site in S. cerevisiae (see Figure 1-3)(Dixon et al.,

2003). A mechanistic understanding of the differences between Erolo and Ero13 will

shed more light on their specific cellular roles.

11



hEro1-0. hEro1-3

% Similarity to Ero1p 48.5% 50.6%

Ability to complement ero1-1 Yes YeS

Induced by hypoxia Yes No

Induced by UPR No Yes

Expression profile In all tissues/cell lines | Abundant expression in secretory
tested tissues: thyroid, pancreas,

Table 1-2; Comparison of the human Ero1 isoforms
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Chapter 2

Domain Architecture of Protein Disulfide Isomerase Facilitates its Dual Role as an

Oxidase and an Isomerase in Ero1p-Mediated Disulfide Formation
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Abstract

Native disulfide bond formation in eukaryotes is dependent on protein disulfide

isomerase (PDI) and its homologs, which contain varying combinations of catalytically

active and inactive thioredoxin domains. However, the specific contribution of PDI to the

formation of new disulfides versus reduction/rearrangement of non-native disulfides is

poorly understood. We analyzed the role of individual PDI domains in disulfide bond

formation in a reaction driven by their natural oxidant, Ero1p. Remarkably, we found that

the specific order of thioredoxin domains in PDI establishes an asymmetry in its active

sites through a dual effect: an enhanced rate of oxidation of the second catalytic (A')

domain and the substrate-mediated inhibition of oxidation of the first catalytic (A)

domain. This asymmetry allows A and A', two catalytic thioredoxin domains that are

similar in sequence and structure, to serve opposing roles as a disulfide oxidase and an

isomerase. The findings reveal how native disulfide folding is accomplished in the ER

and provide a context for understanding the proliferation of PDI homologs with different

domain combinations.
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Introduction

Proteins that traverse the secretory pathway typically contain disulfide bonds that

are critical for their correct fold and function. In eukaryotes, the endoplasmic reticulum

(ER) is the entry point into the secretory pathway and is the cellular compartment where

folding and disulfide bond formation occurs (Sevier and Kaiser, 2002, Tu, 2004 #2).

Disulfides can form spontaneously in vitro in the presence of an oxidizing agent such as

molecular oxygen or oxidized glutathione, however this process is typically slow and

inefficient. In vivo, disulfide bond formation is dependent on cellular machinery to

catalyze the formation of new disulfides (oxidation) and the rearrangement of non-native

disulfides (isomerization). Both oxidation and isomerization are necessary for allowing

the full complement of native disulfide bond formation.

Protein disulfide isomerase (PDI), which was identified more than 40 years ago,

plays a critical role in promoting native disulfide bond formation in vivo (Goldberger et

al., 1963). PDI, an essential enzyme with the ability to catalyze both the oxidation of new

disulfides and the isomerization of existing disulfides, is composed of four thioredoxin

like domains (Freedman et al., 2002). The first and last domains (referred to as A and A'

respectively) contain Cys-x-x-Cys (CXXC) active sites, whereas the two middle domains

(referred to as B and B') are catalytically inactive (Farquhar et al., 1991; Kemmink et al.,

1997). Oxidation involves the transfer of an active site disulfide from PDI to substrate

proteins while isomerization requires the active site cysteines to be in a reduced form so

that they can attack non-native disulfides in substrate proteins thereby catalyzing their

rearrangement. Thus, oxidation and isomerization have opposing requirements for the

redox State of the PDI.

16



Analyses of the cellular role of PDI have led to a conflicting picture about

whether it functions primarily as an isomerase or an oxidase. In Saccharomyces

cerevisiae, a PDI mutant in which the second active-site cysteine in both of the catalytic

domains is replaced with serine (CxxS-CxxS) is able to restore viability to a Apdil strain

(Laboissiere et al., 1995). Since isomerization only requires one cysteine per active site,

this implies that the isomerase activity of PDI is essential. However, in S. cerevisiae,

PDI appears to be predominantly in the oxidized form. Moreover, the inactivation of PDI

leads to a dramatic defect in the de novo formation of disulfide bonds in newly

Synthesized proteins (Frand and Kaiser, 1999). This suggests that PDI also plays an

important role in catalyzing disulfide oxidation.

The picture is further complicated by the existence of four other yeast PDI

homologs in the ER: Mpdlp, Mpd2p, Euglp and Epslp (Tachibana and Stevens, 1992;

Tachikawa et al., 1997; Tachikawa et al., 1995; Wang and Chang, 1999). The PDI

family is even larger in metazoans and now includes at least 17 different human proteins

(Ellgaard and Ruddock, 2005). These homologs possess varying combinations of

catalytic and non-catalytic thioredoxin domains as well as additional trans-membrane and

chaperone domains. In general, it is poorly understood what contribution these

complicated domain architectures make given that the thioredoxin domain is the basic

catalytic unit. One possibility is that the specific domain combinations dictate the

interactions between a PDI homolog and other ER-resident chaperones to define a subset

of folding substrates. A well-studied example of this is the human protein, ERp57, which

acts in concert with the ER lectin chaperones, calreticulin and calnexin, to specifically aid

in the folding of glycosylated substrates (Molinari and Helenius, 1999; Oliver et al.,
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1999; Oliver et al., 1997). Another possibility is that the different domain combinations

may dictate distinct redox functions for the PDI homologs. Many studies have explored

the functional differences among PDI homologs by examining the redox properties of the

different thioredoxin catalytic domains (reviewed in Sevier and Kaiser, 2002). These

studies have typically focused on measurements of redox potentials using small molecule

thiol agents such as glutathione. The redox potential of a thioredoxin domain can be used

successfully to distinguish between the more strongly reducing cytosolic thioredoxin

domains and the ER localized PDI family members (Mossner et al., 1998). However,

recent studies have shown that disulfide bond formation occurs independently of

glutathione both in vivo (Cuozzo and Kaiser, 1999) and in vitro (Tu et al., 2000). In vivo,

the redox state of PDI is determined by its interaction with Ero1p rather than by

equilibrium with the bulk glutathione redox buffer in the ER (Frand and Kaiser, 1999).

Ero1p is an essential and evolutionarily conserved protein that generates disulfides in a

flavin dependent reaction that consumes molecular oxygen (Figure 2-1) (Cabibbo et al.,

2000; Frand and Kaiser, 1998; Gross et al., 2004; Pagani et al., 2000; Pollard et al., 1998;

Tu et al., 2000). Ero1p does not transfer oxidizing equivalents directly to folding

substrates. Instead, Ero1p specifically oxidizes PDI which in turn passes them to

substrates (Figure 2-1) (Frand and Kaiser, 1999; Tu et al., 2000). Thus, to understand the

specific cellular role of PDI and its homologs, we have to establish whether and how

these proteins interact with Ero1p.

In the present study, we systematically explore the contribution of PDI to native

disulfide bond formation in a reaction driven by Ero1p. Taking advantage of the

reconstitution of the Ero1p pathway (Tu et al., 2000), we show that there is an asymmetry
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in the rate of oxidation of the two PDI catalytic domains that allows it to function as a

dual disulfide oxidase/isomerase. We also demonstrate that this asymmetry results from a

combination of two effects: first, the enhanced rate of oxidation of the A' domain in the

context of the full-length protein and second, the substrate-mediated inhibition of

oxidation of the A domain. We further establish that the specific order of thioredoxin

domains in PDI is critical for the asymmetry in its active sites. Finally, a comparison

between PDI and ERp57, a related human PDI homolog that lacks this asymmetry,

illustrates the importance of this asymmetry in supporting Ero1p-mediated disulfide bond

formation.
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Results

The PDI active sites have distinct roles: The A domain is an isomerase while the A'

domain is an oxidase.

The individual contributions of the two yeast PDI active sites to Ero1p-mediated

disulfide bond formation are poorly characterized. To dissect their roles, we made two

active site mutants in which the pair of active site cysteines in the first (AA,AA'c,c) and

last (Acoca'as,A) thioredoxin domains was mutated to a pair of alanines (Figure 2-2A).

We characterized the activity of these mutants by reconstituting the complete Ero1p

pathway using purified Ero1p, PDI, flavin adenine dinucleotide (FAD), and the folding

substrate RNase A (Tu et al., 2000). RNase A is a well-characterized substrate that

depends on the correct formation of four disulfide bonds for folding and activity (Lyles

and Gilbert, 1991). We followed native disulfide bond formation in refolding RNase A

by monitoring its activity using the artificial substrate cytidine 2’, 3’ cyclic

monophosphate (cCMP). We found that both AAs, AA'coc (Figure 2-2B) and Acoca'A.,A

(Figure 2-2C) have large but distinct defects in promoting RNase A folding when

compared to wild-type PDI. In particular, AA,AA'c, chas a substantial defect independent

of its concentration in refolding RNase A while Acoca'A.A. has a more dramatic defect at

lower concentrations that can be partially overcome by increasing its concentration.

In principle, the discrepancies in the abilities of the active site mutants to refold

RNase A could result from a defect in either disulfide oxidation or isomerization. To help

differentiate between these possibilities, we directly tested the ability of the two active

site mutants to support disulfide formation using two different assays that, unlike the
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activity assay, do not distinguish between native and non-native disulfides. In the first

assay, we followed the oxidation of RNase A at the defined reaction times by blocking

free thiols with 4-acetamido-4'-maleimidylstilbene-2, 2’ disulfonic acid (AMS), which

adds 0.5 kDa for each free sulfydryl group (Tu et al., 2000). The oxidation state of RNase

A can then be monitored using SDS-PAGE. In the second assay, we followed disulfide

bond formation using the dye Thioglol that reacts rapidly with free thiols to give a

fluorescent product that can be monitored to accurately quantify the rate of disulfide

formation (Wright and Viola, 1998).

We found that AA,AA'c,c and wild-type PDI have a similar ability to catalyze

RNase A oxidation. Furthermore, having more of the AA,AA'c,sc protein did not result in

an increased rate of oxidation (Figure 2-3A and 2-3B). This is consistent with the

observation that increasing the concentration of AA,AA'coc does not result in an

improvement in yield of functional RNase A (Figure 2-2B). However, in comparing

AA,AA'clºc and wild-type PDI, there is discordance between their rate of disulfide

formation and the yield of native RNase A (Figure 2-2B and 2-3B). Since rearrangement

of incorrect disulfides is a rate-limiting step in refolding RNase A, this argues that the

failure of AA,AA'cocto refold RNase A is due to a defect in isomerization (Shin and

Scheraga, 2000). In contrast, Acoca'AºA has a marked defect in supporting RNase A

oxidation (Figure 2-3A and 2-3B). Thus, for Acoca'as, A, oxidation is compromised and

increasing the concentration of Acºca'AºA enhances both the rate of RNase A oxidation

and the yield of functional protein.

Since Acoca'assa and AA,AA'coc have distinct defects, we examined the

possibility that they might complement each other in trans. Indeed, we found that
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Acoca'assa and AA,AA'c,c can act synergistically when added together (Figure 2-3C).

Despite this synergy, we also found that the specific activity of PDI, where the active

sites are in cis, is ~2-fold greater than that of the active site mutants working in trans

(Figure 2-3C). Thus, there is a clear advantage in having a single protein function as a

dual oxidase and isomerase.

Asymmetry in the PDI active sites: The N-terminal active site is oxidized more

slowly than the C-terminal active site

What is the mechanistic basis of the functional asymmetry in the PDI active sites?

A previous study has suggested that Ero1p cannot oxidize the N-terminal active site of

PDI (Tsai and Rapoport, 2002). However, Ero1p was used under conditions in which it

is not largely catalytically active because it was missing a necessary cofactor, FAD

(Gross et al., 2004; Tsai and Rapoport, 2002; Tu et al., 2000; Tu and Weissman, 2002).

Additionally, the activity reported was under conditions in which Ero1p was in large

excess over PDI (10:1), in contrast to the multiple turnovers that we typically monitor

using sub-stoichiometric Ero1p. For these reasons, we systematically re-examined the

ability of Ero1p to oxidize the PDI active sites and analyzed the minimal requirements for

recognition by Ero1p.

We used the Thioglol fluorescence assay to establish conditions in which the

initial rate of oxidation of PDI is linearly dependent on its concentration and the relative

rate of oxidation of the PDI active sites can be compared (Figure 2-4A). Our data indicate

that Ero1p is able to oxidize both PDI active sites and, as seen previously, there is

negligible oxidation in the absence of additional FAD (Figure 2-4B) (Tu et al., 2000).
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Since Acoca's,a appeared to be oxidized more slowly than AA,AA'coc, we compared

their initial rates of oxidation and found that there is a two-fold disparity in the ability of

Ero1p to oxidize the two active sites (Figure 2-4C). Additionally, we found that the sum

of the initial rates of oxidation of Acoca's,a and AA,AA'c,c is equal to the rate of

oxidation of PDI strongly suggesting that the two domains are oxidized independently

(Figure 2-4C).

We also compared the initial rate of oxidation of a series of PDI domain

truncations to identify the minimal requirement for functional interaction with Ero1p. We

found that Ero1p is able to oxidize the isolated A' domain indicating that a single

thioredoxin domain is sufficient for recognition. However, the rate of oxidation of the A'

domain is half that of AA,AA'coc indicating that the enhanced rate of oxidation of the A'

domain in the full-length protein is contingent on the presence of the A domain.

Additionally, the rates of oxidation of BB'A', B'A' and A' are the same, demonstrating

that the loss of either the B or B' domain does not affect the interaction with Ero1p

(Figure 2-4C). Also, there is no difference in the rate of oxidation of the N-and C

terminal active sites in the PDI truncation mutants AB versus B'A'. This is in contrast to

the two-fold disparity between the rate of oxidation of the N-and C-terminal active sites

in the PDI mutants, Acoca'awa and AA,AA'coc.

Thus, we show that the fundamental unit of recognition is the thioredoxin domain

as Ero1p can oxidize the isolated A' domain. Our results additionally highlight the role of

the thioredoxin domain architecture in establishing asymmetry in the PDI active sites

since the enhanced rate of oxidation of the A' domain is only apparent in the context of

the full-length AAs, AA'c.sc.
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Substrate inhibits Ero1-mediated oxidation of the N-terminal active site

Although the intrinsic difference in the rate of oxidation of the PDI active sites by

Ero1p may contribute to their functional asymmetry, this two-fold disparity in the rate of

oxidation of the two active sites is not sufficient to explain the more dramatic difference

in their ability to oxidize RNase A. For this reason, we explored the possibility that

substrate binding to PDI might play a more active role in altering the rate of Ero1p

mediated oxidation. The substrate can affect the rate of the reaction in two ways; first, it

is a source of reductant for PDI and second, it is an unfolded protein that binds to PDI

and may alter the ability of Ero1p to interact with PDI. To specifically focus on the

effects of substrate binding in the absence of catalysis, we took advantage of the fact that

the interaction between PDI and folding substrates can occur in the absence of substrate

disulfides (Klappa et al., 1998) and measured the rate of oxidation of PDI in the presence

of reduced and alkylated RNase A.

We found that substrate binding specifically protects the first thioredoxin domain

from oxidation by Ero1p. The rate of oxidation of Acoca'AºA decreases to 40 + 4 percent

in the presence of alkylated RNase A (Figure 2-5A). In contrast, the rate of oxidation of

AA,AA'c,c is not altered significantly in the presence of this substrate. The effect of

substrate binding on the rate of oxidation of wild type PDI is intermediate (70 + 9

percent) which is consistent with its altering the oxidation of the first but not the second

active site. Further, we found that the addition of alkylated RNase A does not inhibit the

oxidation of the N-terminal active site in the PDI mutant, AB (Figure 2-5A). Therefore,

the B'A' domains, which have been shown previously to be required for substrate binding,

are required for this effect (Klappa et al., 1998).
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Thus, the substrate-mediated protection of the N-terminal active site magnifies the

intrinsic difference in rate of oxidation of the PDI active sites and further contributes to

the asymmetry in their function. It remains to be explored whether the substrate-mediated

protection of the A domain results from a direct competition between substrate and Ero1p

for PDI recognition (Figure 2-5B). Alternately, substrate binding could also induce a

conformational change in PDI preventing access of Ero1p to the A-domain.

Lack of asymmetry in the PDI homolog, ERp57, results in a defect in Ero1p

mediated disulfide folding

To assess whether the features of the interaction between PDI and Ero1p are

generally applicable to other disulfide oxidoreductases, we turned to ERp57, a human

PDI homolog that shares the ABB'A' domain architecture (Figure 2-6A). The specific

redox role that ERp57 plays in promoting disulfide-linked folding in vivo is not well

defined. ERp57 is mostly reduced in vivo and its redox state does not change upon over

expression of hEro10 or hEro13, indicating that it might not be a substrate for Ero1

(Mezghrani et al., 2001). Since the substrate-binding (B') domains in PDI and ERp57

have different specificity, it has been proposed that this might explain why these highly

homologous proteins vary in their ability to interact with Ero1 (Pollock et al., 2004;

Silvennoinen et al., 2004). However, this hypothesis is at odds with our result that the B'

domain in PDI is not required for recognition by Ero1p (Figure 2-4C). For this reason, we

assayed the ability of Ero1p to oxidize ERp57 in vitro.

We found, using the Thioglol assay, that ERp57 and the individual ERp57

thioredoxin domains, A and A', are all oxidized by Ero1p in vitro (Figure 2-6B).
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The ERp57 active sites lack intrinsic asymmetry since the rates of oxidation of the

individual thioredoxin domains together add up to the rate of oxidation of ERp57 (Figure

2-6B). This is in contrast to PDI, where the rates of oxidation of the isolated thioredoxin

domains taken out of context of the full-length protein do not add up to the rate of

oxidation of wild-type PDI (see PDI mutants AB and B'A' in Figure 2-4C). Additionally,

we found that the presence of alkylated RNase A does not affect the rate of oxidation of

ERp57 (Figure 2-6C). Therefore, both the intrinsic asymmetry in the rate of oxidation

and the RNase A-mediated inhibition of the oxidation of the N-terminal active site results

from the specific combination of thioredoxin domains in PDI.

Since ERp57 is a substrate of Ero1p that lacks asymmetry in its active sites, we

compared the activity of ERp57 and PDI to specifically investigate whether the

asymmetry in the PDI active sites is important for promoting more efficient folding. We

matched the rate of RNase A oxidation by ERp57 and Ero1p to the rate with PDI and

Ero1p by either altering ERp57 levels (data not shown) or using more Ero1p (Figure 6D).

However, when we used the coMP assay under these conditions, we found that ERp57

has a marked defect in generating native protein (Figure 2-6E). This discrepancy between

the rate of oxidation of RNase A and the yield of native RNase A illustrates the

importance of the asymmetry in the PDI active sites for its role as an effective disulfide

isomerase. Since ERp57 functions in vivo as part of the calnexin/calreticulin system, it is

possible that the association between ERp57 and calnexin/calreticulin might modify its

redox state and enable it to function as an isomerase.
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Taken together, our results show that the domains of PDI have distinct roles in the

oxidation and isomerization of substrate disulfides and that the asymmetry in the PDI

active sites allows it to more effectively promote native disulfide formation.

:
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Discussion

Our studies provide key insights into how the ER is able to balance the opposing

redox processes of disulfide bond oxidation and isomerization that are required to achieve

optimal protein folding. We found that there is an asymmetry in the active sites of PDI

that enables it to act in a dual capacity of an oxidase and an isomerase. The C-terminal

active site is efficient at oxidizing RNase A but is defective at catalyzing the formation of

correct disulfides. In contrast, the N-terminal active site is a poor oxidase but it

contributes significantly to making functional RNase A because it can isomerize incorrect

disulfides. This asymmetry in the PDI active sites is achieved by a compounding of two

effects; the substrate-independent enhanced rate of oxidation of the A' domain and the

substrate-mediated inhibition of oxidation of the A domain. The resulting disparity in the

rate of oxidation ensures that the A' domain is in the oxidized state which is required to

catalyze disulfide formation while the A domain is reduced and can promote disulfide

isomerization.

This strategy represents a markedly different solution from the prokaryotic model

of disulfide bond formation. The functional homolog of Ero1p in prokaryotes is DsbB,

and both Ero1p and DsbB proteins specifically oxidize a protein with thioredoxin

domains (PDI in the case of Ero1p and DsbA in the case of DsbB) which then directly

oxidize substrates (Tu and Weissman, 2004). Bacteria have a separate pathway for

catalyzing disulfide bond isomerization, using two key players DsbC and DsbD (Collet

and Bardwell, 2002; Ritz and Beckwith, 2001). A functional equivalent of the DsbD

pathway has not yet been identified in the ER. In contrast, it now appears that the Ero1p

PDI pathway plays a dual role in both disulfide bond oxidation and isomerization. These
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different strategies of disulfide bond formation could be a result of the physical

differences between the ER and the periplasm. Unlike the periplasm, the ER is bathed in

a reducing environment with a flux of glutathione from the cytosol. Previous studies have

shown that glutathione provides net reducing equivalents to the ER (Cuozzo and Kaiser,

1999). The presence of a small molecule reductant and the ability of PDI to act as an

isomerase could minimize the requirement for a separate disulfide reduction pathway in

eukaryotes.

The eukaryotic mechanism has a number of potential advantages over the

prokaryotic system. Our experiments show that having a single PDI protein function as a

dual oxidase/isomerase is more efficient at folding a model substrate, presumably

because of a higher local concentration of both active sites. Also, the regulation of PDI

redox state by substrates has important implications for oxidative protein folding in the

ER. When there are fewer substrates to fold, Ero1p can keep PDI in a completely

oxidized state poised for the transfer of disulfides to substrate proteins at a maximal rate.

Once PDI engages the substrate, it can then switch to the dual roles of an oxidase and

isomerase. In this mode, the ternary complex of Ero1p, PDI and substrates could permit

processivity in disulfide bond formation, magnifying the effect of the asymmetry in the

PDI active sites. It is also possible that the nature of the substrate would dictate the extent

of protection of the N-terminal active site. This would allow PDI to fine tune the roles of

oxidation versus isomerization depending on the requirements of the substrate. These

advantages of the Ero1p–PDI pathway are particularly well suited for the folding

requirements of complex eukaryotic substrates, which in general have larger numbers of

disulfides than substrates in bacteria.
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Our results also provide insight into the mechanism of recognition of PDI by

Ero1p. One suggested model is that the substrate-binding site in PDI, which sequesters

unfolded proteins, could also mediate recognition of Ero1p by binding a loop that appears

unstructured in the Ero1p crystal structure (Gross et al., 2004). However, we found that

the substrate-binding domain (B') was not required for productive interaction with Ero1p.

We also found that Ero1p is fairly non-specific in its recognition of thioredoxin domains,

which helps explain why the expression of several PDI homologs can rescue the viability

of a Apdil strain (Norgaard et al., 2001; Tachikawa et al., 1997; Tachikawa et al., 1995).

This lack of discrimination seems at odds with the strong preference that Ero1p has for

thioredoxin domains over unfolded proteins (Tu et al., 2000). We speculate that in

addition to protein-protein recognition, this specificity might also stem from the highly

reactive redox properties of the active site cysteines in thioredoxin domains.

Our studies provide a rationale for why there has been such a proliferation of PDI

homologs with combinatorial arrangements of active and inactive thioredoxin domains.

Namely, the specific sequence of thioredoxin domains can determine the function of a

PDI homolog. We show that the ability of PDI to act as a disulfide bond isomerase

requires the presence of both the A domain and the substrate binding domains (B' and

A'). The redox niche occupied by ERp57 and other PDI homologs may be determined by

their interactions with different chaperones and substrates. ERp57 has an arrangement of

thioredoxin domains similar to PDI, but its substrate binding domain (B') binds more

efficiently to the ER lectins, calnexin and calreticulin than directly to substrates like

RNase A (Zapun et al., 1998). Since ERp57 appeared to be largely reduced in vivo

(Mezghrani et al., 2001), it is possible that ERp57 is protected from Erol by its
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interactions with calnexin and calreticulin allowing it to function as a disulfide

reductase/isomerase.

More generally, such networks of interactions between the PDI homologs could

play a critical role in regulating their function. The PDI homologs, ERp72 and P5, have

been suggested to be in complexes with other chaperones in the ER (Meunier et al.,

2002). Also, ERd.J5, a mammalian homolog with a DnaJ domain, is thought to be

associated with other heat shock proteins (Cunnea et al., 2003; Hosoda et al., 2003; Shen

et al., 2002). By working in concert with other proteins, as shown here for PDI and

RNase A, PDI homologs might modulate their interactions with Ero1p and thereby

ensure a more specialized folding environment tailored to the specific requirements of

different substrate proteins.
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Experimental Procedures

Plasmid Construction and Protein Purification

Plasmids for bacterial expression of yeast PDI and AA.,AA'c, c were previously published

(Tu et al., 2000; Tu and Weissman, 2002). Ac, cA'A,A was generated by the quik-change

site directed mutagenesis (Stratagene) of the second active site of the PDI expression

vector pHT101. PDI fragments BB'A', B'A', A' and AB were generated by PCR and

cloned into pBT101 backbone using Xmal and XhoI. The primers used to generate the

fragments are as follows:

PDI-5’BB'A' :TATTACCCGGGGCATGATCAAGCAAAGCCAACCG
PDI-5’B'A': TATTACCCGGGGCAAAGCCGATATCGCTGACGCTG

PDI-5’A': TATTACCCGGGGCGATGCCTCCCCAATCGTGAAGTCCCAAG

PDI-3”: for all of the above: GATTACTCGAGCTTACAATTCATCGTGAATGGCATC

PDI-5’:AB TATTACCCGGGGCGCCCCTGAAGACTCCGCTGTCG

PDI-3”:AB GATTACTCGAGCTTACTTACCGTTGTATACTACAGG

All of the generated plasmids were verified by DNA sequencing. All the constructs are

N-terminally His tagged and were purified over a nickel column as described previously

(Tu et al., 2000). Ero1p was purified as described previously (Tu et al., 2000). The

concentration of PDI was determined by A280 in 6 M GuPICl, and the concentration of

Ero1p was determined using a Coomassie-based assay (Bio-Rad). Full length ERp57,

ERp57 A domain and ERp57 A' domain were purified as described previously (Frickel et

al., 2004).

i
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RNase A Re-oxidation Assay

Reduced RNase A was prepared as previously described (Tu et al., 2000). The folding

reactions were initiated by addition of reduced RNase A and reduced PDI or ERp57 to

Ero1p and 20 uM FAD in a final reaction buffer (100 mM Tris-Acetate (pH 8.0), 50 mM

NaCl and 1 mM EDTA). At the indicated time points, free thiols were blocked by the

addition of SDS loading buffer and 10 mM AMS (4-acetamido-4'-maleimidylstilbene-2,

2’ disulfonic acid, Molecular Probes). The oxidized and reduced forms of RNase A were

detected by Coomassie staining after separation by non-reducing SDS-PAGE.

RNase A Activity Assay

RNase A activity was assayed by the hydrolysis of cytidine 2’, 3’ cyclic monophosphate

(cCMP) (SIGMA) (Tu et al., 2000). Reduced RNase A (20puM) was added to a reaction

containing the indicated concentrations of Ero1p, reduced PDI or ERp57, FAD (100 um)

and ccMP (18 mM) in a buffer containing 100 mM Tris-Acetate (pH 8.0), 50 mM NaCl,

1 mM EDTA and 0.005% digitonin. RNase A activity was monitored by the change in

absorbance at 296 nm at 25°C using an absorbance plate reader (Molecular Devices).

Fluorescence Assay of PDI Oxidation

Oxidation of PDI was monitored using the dye Thioglol (Covalent Associates, Inc.).

Thioglol is a multimode derivative of naphthopyranone that has little background

fluorescence (Wright and Viola, 1998). It reacts rapidly with free thiols to give a

fluorescent product and can be used to detect protein thiol concentrations as low as 10

nM (Wright and Viola, 1998). The reactions are monitored using a fluorescence plate

i
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reader (Molecular Devices) with the excitation wavelength set at 379 nm and the

emission measured at 510 nm. PDI was reduced using 10 mM DTT and buffer exchanged

using a Centri-Sep spun column (Princeton Separations) into 100 mM Tris-Acetate (pH

8.0), 50 mM NaCl and 1 mM EDTA. Reactions were started by the addition of reduced

PDI to the indicated concentration of Ero1p and FAD (20 uM). For measurements of the

oxidation rate in the presence of RNase A, reactions were started by the addition of

reduced PDI and reduced RNase A to Ero1p and FAD (20 um) at the indicated

concentrations. The final reaction buffer contained 100 mM Tris-Acetate (pH 8.0), 50

mM NaCl and 1 mM EDTA. The disulfide content was analyzed at the indicated time

points by the addition of 6M Gu■■ Cl, 1x PBS and 25 um ThioGlol. The samples were 2

incubated for 10 min and analyzed by fluorescence. The initial rate of oxidation was :
calculated as the slope of the linear decrease in fluorescence over time. The assay with -

ERp57 was done following the same protocol. :

RNase A Protection Assay

To prepare reduced and alkylated RNase A, 10 mg of protein was reduced in 1 ml of 6 M

GuHCl, 0.1 M Tris-HCl (pH 8.0) and 10 mM DTT. RNase A was reduced for 30 min at

37°C and Iodoacetamide (Sigma) was added to a final concentration of 80 mM. The

protein was incubated in the dark for another 30 min at 37°C. The sample was then

desalted using a Centri-Sep spin column into 20 mM Hepes (pH 7.0) and 50mM NaCl

and protein concentration was determined by A280 in 6 M Gu■■ Cl. Blocked RNase A

(200 um) was added to the reaction mixture with reduced PDI or ERp57 (20 um), Ero1p
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(0.3 uM) and FAD (20 um). The rate of oxidation was compared in the presence or

absence of alkylated RNase A.

:
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Figure Legends

Figure 2-1. A schematic model of oxidative protein folding in the ER. Disulfide bonds

are formed in substrate proteins by thiol-disulfide exchange with oxidized PDI.

Disulfides in PDI are regenerated by interaction with Ero1p, a FAD-bound protein. Ero1p

is oxidized by molecular oxygen under aerobic conditions and an undefined electron

acceptor under anaerobic conditions (Tu and Weissman, 2002). The mechanism of

disulfide isomerization is the subject of the present study.

Figure 2–2. Both of the PDI active site mutants have distinct defects in refolding RNase

A.

(A) Schematic of the PDI domain architecture and the active site mutants used in this

study. A, B, B', A'all share the same thioredoxin fold but only A and A' have the CxxC

active site. AA,AA'c,sc refers to the PDI mutant Cys61 Ala, Cys64Ala and Acoca'ss,a

refers to the PDI mutant Cys406Ala, Cys409Ala.

(B) AA,AA'clºc has a defect in refolding RNase A which cannot be overcome by

increasing its concentration. The re-oxidation of reduced RNase A (15 puM) was assayed

by hydrolysis of c('MP in the presence of Ero1p (0.05 puM), FAD (100 uM) and PDI or

AA,AA'cºc at the indicated concentrations. AU stands for absorbance units.

(C) Acºca'as,A also has a defect in refolding RNase A but the defect can be mitigated by

increasing its concentration. The re-oxidation of reduced RNase A (15 puM) was assayed

by hydrolysis of c(IMP in the presence of Ero1p (0.05 um), FAD (100 uM) and PDI or

Acoca'as,A at the indicated concentrations.
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Figure 2-3. The two active sites of PDI are functionally distinct. The N-terminal active

site functions primarily as an isomerase while the C-terminal active site is predominantly

an oxidase.

(A) AA,AA'coc is competent at oxidizing reduced RNase A while Acoca's,a is not.

Oxidation of reduced RNase A (15 uM) was followed in the presence of Ero1p (0.4 puM),

FAD (20 ul/■ ) and PDI or Ac, scA'AoA or AA,AA'coc (3 um). Reactions were quenched at

the indicated times with AMS. Oxidized and reduced forms of RNase A were

distinguished by non-reducing SDS-PAGE.

(B) The rate of oxidation of RNase A is sensitive to the concentration of Acoca'AºA. The

rate of re-oxidation of reduced RNase A (15 puM) was followed in the presence of Ero1p

(0.075uM), FAD (20 um) and PDI or Acoca'A.A. or AA,AA'clºc at the indicated

concentrations. The rate of oxidation was measured by the loss of free –SH groups over

time using the dye Thioglol. RFU stands for relative fluorescence units.

(C) Ac,cA'AºA can complement the isomerization defect of AA,AA'coc in trans. The re

oxidation of reduced RNase A (15 uM) to the native protein was assayed by hydrolysis of

cCMP in the presence of Ero1p (0.05 um), FAD (100 um) and PDI (3 uM) or PDI-0.5x

(1.5 puM) or Acoca'assa (3 um) or AA,AA'coc (3 uM) or both Acoca'assa (3 um) and

AA,AA'coc (3 um) as indicated.

Figure 2-4. Ero1p can recognize and oxidize both the N-and C-terminal active sites of

PDI.

(A) The rate of oxidation is linearly dependent on PDI concentration. The rate of

oxidation of PDI at the indicated concentrations was monitored in the presence of Ero1p

i
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(0.3 uM) and/or FAD (20 um). The initial rate of oxidation was measured by the loss of

free –SH groups with time using the dye Thioglol.

(B) Ero1p can oxidize both of the PDI mutants Acoca'as, A and AA,AA'c.c. The rate of

oxidation of reduced Acoca'as,A (10 um) and AA,AA'clºc (10 ul/■ ) was monitored in the

presence of Ero1p (0.3 um) and/or FAD (20 um) (schematic on the left). The reaction

was quenched at the indicated times with Thioglol and the rate of oxidation was

monitored by fluorescence. The data is plotted as the percentage of protein that is

oxidized over the course of the reaction.

(C) Recognition of PDI by Ero1p does not depend on the B or B' thioredoxin domains.

On the left is a schematic of the PDI mutants used in these studies. The rate of oxidation

of reduced PDI or the indicated PDI mutants (25 uM) was followed in the presence of

Ero1p (0.3p M) and FAD (20 uM). The rate of oxidation was measured by the loss of

free –SH groups over time using the dye Thioglol.

Figure 2-5. RNase A can modulate the rate of oxidation of the PDI active sites by Ero1p.

(A) RNase A protects the N-terminal active site of PDI from oxidation and this protection

depends on the presence of the substrate binding domains (B'A'). The rate of oxidation of

reduced PDI or Acoca'assa or AA,AA'coc or AB (25 um) was monitored in the presence

of Ero1p (0.3 um), FAD (20 um) and/or blocked RNase A (200 uM). The rate of

oxidation was measured by the loss of free –SH groups with time using the dye Thioglol.

The data are presented as ratios of the rates of oxidation in the presence and absence of

RNase A.

i
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(B) A schematic model of substrate protection of full-length PDI from Ero1p. The three

dimensional structure of PDI is not known so the interactions between its thioredoxin

domains are not defined. The B' and A' domains have been shown to be important for the

interaction of PDI with RNase A (Klappa et al., 1998) and are also important for the

protection of the N-terminal active site from Ero1p (This study).

Figure 2-6. ERp57 is a substrate for oxidation by Ero1p in vitro, but lacks the asymmetry

in its active sites.

(A) ERp57 is a human PDI related protein that contains two CxxC active sites like PDI. It

also shares its domain structure with PDI and has four thioredoxin domains A, B, B' and

A'.

(B) ERp57 and the individual ERp57 A and A' thioredoxin domains are substrates for

Ero1p. The rate of oxidation of reduced ERp57 or ERp57A or A' domains (25 uM) was

followed in the presence of Ero1p (0.3puM) and FAD (20 um). The rate of oxidation was

measured by the loss of free –SH groups with time using the dye Thioglol.

(C) RNase A does not affect the rate of oxidation of ERp57 by Ero1p. The rate of

oxidation of reduced ERp57 (25 puM) was monitored in the presence of Ero1p (0.3 um),

FAD (20 um) and/or blocked RNase A (200 u/■ ). The rate of oxidation was measured by

the loss of free –SH groups with time using the dye Thioglol.

(D) ERp57 can act as an oxidase in vitro and pass oxidizing equivalents from Ero1p to

RNase A. Oxidation of reduced RNase A (15 puM) was followed in the presence of Ero1p

at the indicated concentrations, FAD (20 um) and PDI or ERp57. The reactions were

i
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quenched at the indicated times with AMS. Oxidized and reduced forms of RNase A

were distinguished by non-reducing SDS-PAGE. Note that the amount of Ero1p added

was altered so that the overall rate of oxidation of RNase A by ERp57 and by PDI was

similar.

(E) Given the same rate of oxidation of RNase A, ERp57 is less effective than PDI at

isomerization of incorrect disulfides. The re-oxidation of reduced RNase A (15 uM) was

assayed by hydrolysis of c(UMP in the presence of Ero1p at the indicated concentrations,

FAD (100 uM) and PDI (3 um) or ERp57 (3 um).
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Kulp et al. Figure 2-2
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Kulp et al. Figure 2-3
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Kulp et al. Figure 2-5

1.0 -

0.75–

0.5 -

0.25:

0.0

C&C CXXC A&A CXXC C&C
DATELLE. A A Li

(WT) (AAºAAcoc) (AB)

É



B

Kulp et al. Figure 2-6

QL)

E E 20

| T-T - | PDIp # $ s
*-
C - 10

| TTTET | ERp57 # #
Thioredoxin A B B' A' -

º5 5
domains .■ c E

:- c5
E u - 0

ERp57 ERp57A ERp57A'

30# 7> Ero1p 0.05uM 0.125uM
5 # PDI 3gM

-U)

■ P 2o ERp57
-

3gM
'5 SÉ
# 5 Reduced -> - -& # 10 RNase A
TE E

| | --
# 9 Oxidized -> - | -
- 0

0 30 60 90 0 30 60 90
ERp57 +- + - - -

Alkylated -- Refolding Time (minutes)
RNase A

-, 0.18
U)

■ Ero1p [0.05uM]
E + PDI

>- 0.12
:-
.> -|

t5 Erc1p [0.125 uM]
º 0.064 + ERp57

<(
Ql) -|
U)
■ U
2 Erolp [0.l25 uM]
CY 0 -

0 5oo 1ooo 15oo 2ooo

Time (seconds)

|0 )

( ()

47



Chapter 3

Unpublished Results
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Mechanistic and Structural Studies of Human Ero10: a Key Component of the

Cell’s Oxidative Protein Folding Machinery.

In mammalian cells, two homologs of Ero1p, termed hErolo and hEro13, have

been characterized (see chapter one). Both isoforms are capable of complementing a

yeast ero1-1 mutation and mixed disulfides can be captured between PDI and both the

Erols in mammalian cell lines attesting to the functional conservation of the Ero1p

pathway (Cabibbo et al., 2000; Pagani et al., 2000). It is not clear however why there is

need for two Erol proteins in higher eukaryotes when yeast contain only one. It is

possible that the presence of two Ero1 isoforms might reflect a more subtle control of the

ER redox state in mammalian cells. An intriguing observation is that PDI appears to be

predominantly reduced in several human cell lines while it is primarily oxidized in yeast

cells (Frand and Kaiser, 1999, Mezghrani et al., 2001). This difference in the redox state

of PDI might reflect on the activity of hEro10, the constitutively expressed Ero1 isoform,

which is thought to be less active in oxidizing PDI than hEro13, the Ero1 isoform that is

more closely related to Ero1p (Dixon et al., 2003; Fassio and Sitia, 2002). However the

mechanistic differences between the two human Ero1 isoforms, which are differentially

expressed and regulated, are not well understood (Gess et al., 2003; Pagani et al., 2000).

A second intriguing aspect of the Erol mechanism has not been characterized for

the human Erol isoforms. In addition to the conservation of the Ero1-PDI interaction, the

FAD binding motif in Ero1 is conserved across the species and the human proteins are

also presumed to be flavoproteins. However, Ero1p is an unusual flavo-enzyme because

in addition to tightly binding FAD, its activity also appears to be regulated by “free” FAD
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both in vivo and in vitro (Tu and Weissman, 2002). It is not known if the human proteins

share the same intriguing sensitivity to FAD levels that is observed with Ero1p.

Analyses of the activity of the human proteins in vivo are complicated since both

Erol isoforms are expressed in the same cell lines under conditions of ER stress (Pagani

et al., 2000). To fully characterize any mechanistic differences between the human Erols,

it would be interesting to compare their activity in vitro. I started by purifying hEro10,

since it is constitutively expressed in most mammalian cell types by refolding it from

inclusion bodies (see discussion on refolding later in this chapter). I also purified hEro10,

hEro13 and Ero1p as soluble GST tagged protein from Rosetta-Gami cells. Unfortunately

while I could only obtain small amounts of recombinant hEro13 and Ero1p, they were

not very active and only hErolo was well-behaved enough to characterize further.

Data

I have purified and done some initial characterization of the human Ero1-Lo. The

protein was purified from an inclusion body preparation under denaturing conditions and

then refolded (see discussion later in this chapter). The refolding buffer was optimized for

Erol and contains among other things FAD and PDI. The purified protein was analyzed

over a gel filtration column and appeared to be a well-behaved monomer (Figure 3-1).

The purified hErol also had an absorbance peak at 450 nm indicating that it was bound to

a flavin moiety. The bound flavin was shown to be FAD by reverse-phase HPLC.
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Figure 3-1. Gel Filtration Analysis of hErolo monitored at 290nm (blue line) and 450nm

(purple line).

I used CD spectroscopy to assess if the refolded hErolo was folded and well behaved.

The CD spectrum indicated that the refolded protein was largely helical and the

temperature melt of hErolo displayed a cooperative unfolding transition at about 45°C

(Figure 3-2).
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Fig 3-2. Initial Characterization of hEro10 by CD spectroscopy.
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The activity of the hErolo was tested in an RNase A reoxidation assay and

compared to purified yeast Ero1p (Figure 3-4). The assay monitors the redox state over

time of reduced RNase A that is added to a reaction containing Ero1, PDI and FAD.

Reduced RNase A was prepared as previously described (Tu et al., 2000). The folding

reactions were initiated by addition of reduced RNase A and reduced PDI to Ero1p or

hErolo and 20 uM FAD in a final reaction buffer (100 mM Tris-Acetate (pH 8.0), 50

mM NaCl and 1 mM EDTA). The reactions were incubated in a 37 °C water bath. At the

indicated time points, free thiols were blocked by the addition of SDS loading buffer and

10 mM AMS (4-acetamido-4'-maleimidylstilbene-2, 2’ disulfonic acid, Molecular

Probes). The oxidized and reduced forms of RNase A were detected by Coomassie

staining after separation by non-reducing SDS-PAGE. hErolo catalyzed the PDI

mediated refolding of RNase A but in comparison to native Ero1p, it is a relatively

inefficient catalyst. It is difficult to assess if this is a result of using recombinant

hEro10 or if it reflects an actual difference in the activity of the two proteins.

Ero1p
- + - - - -

hEro10, - - 1x 2x 3x 2x
PDI + + + + + -

RNase A --> * * * * º º º º tº sº.red
- * * * *

RNase A → * 4- º --
OX

O 45 90 Q 45 90 O 45 90 O 45 90 O 45 90 O 45 90

Refolding Time (mins)

Fig 3–3. RNase A refolding assay to test the activity of hErolo. The PDI used in this

experiment is yeast PDI (3 um), the concentration of Ero1p used was 0.4 p.M and the

concentration of hErolo used was 1 um (1x), 2 uM (2x) and 3 uM (3x).

tº

tº
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I used partial tryptic digest to determine if there were any domains in

hErolo (Figure 3–4). We were hoping to crystallize a fragment of hEro10 that was still

functional in the RNase A refolding assay. After partial proteolysis, we saw smaller

stable fragments that were identified by both N-terminal sequencing and mass

spectrometry. However, we did not attempt to purify any of these fragments since the

Ero1p structure minus the C terminal tail was published (Gross et al., 2004) and Ero1p

was found to be a single domain protein. Since the Ero1p structure that was solved was of

a fragment that does not interact with PDI, it might still have been interesting to solve the

structure of hErolo.

º

3• t

Figure 3-4: Silver stain of a partial tryptic digest of hErolo. Lanes are purified hErolo.

i i
(bands 2 and 6) and the partial tryptic digest of hErolo (bands 3, 4 and 5) loaded in

triplicate.

Fragments identified were: #2- Full length hEro1a, #6:40 kD fragment 98 YKSE till

455, #3: 30 kD 194RPLN till 455, #4; 13 kD 98YKSE till 215, # 5: 11 kD 98YKSE till

194
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Next, I took advantage of the reconstitution of the hErolo pathway to analyze its

dependence on additional FAD (Figure 3-5). The assay was performed as described

above in Figure 3-3. Similar to Ero1p, hero10 also requires the presence of “free” FAD

for optimal activity. It has been proposed that Ero1p might have a second weaker affinity

site for FAD (Tu and Weissman, 2002). The crystal structure of Ero1 that was solved

only had a single FAD binding site but this protein also required additional FAD for its

activity (Gross et al., 2004). It would have been interesting to incubate azido FAD (Tu

and Weissman, 2002) with hEro10 and repeat the partial tryptic digest and mass

spectrometry analysis (figure 3-4) to see if we could identify a second FAD binding site.

htro1.cº.
- + + +

PDI + + + -

FAD + + - +

RNase A → * -
red

RNase A — i.
Qx

O 45, 90 U 45 90 Q 45 90 U 45 90

Refolding Time (mins)

Figure 3-5: RNase A refolding assay to test the dependence of hErolo activity on the

presence of additional FAD. The PDI used in this experiment is yeast PDI (3 um), the

concentration of hErolo used was 3 uM and the concentration of FAD used was 20 um.
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Although, both the human Ero1 isoforms have been shown to oxidize PDI in

mammalian cell lines, it is not clear if they also oxidize other oxidoreductases. To

directly test the activity of hEro10 with other PDI-related proteins, I cloned and purified

the following human homologs; ERp57, ERp72, PDIp, ERp18 and Erp44. Using the

RNase A reoxidation assay, I compared the activity of PDI and ERp57 in the presence of

Ero1p or hEro10. Interestingly, herolo was less efficient that Ero1p at mediating RNase

A reoxidation with ERp57 (Figure 3-6). This may reflect an evolving specificity in the

interaction between Ero1 protein and particular PDI homologs. To further analyze the

specificity of interactions between herolo and the human PDI family both in vitro (using

these purified proteins) and in vivo (in mammalian cell culture), we are collaborating

with Lars Ellgaard.
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Figure 3-6: RNase A refolding assay to compare the activity of PDI and Erp57 in the

presence of hErolo or Ero1p. The PDI used in this experiment is yeast PDI, the

concentration of Ero1p used was 0.05 uM, the concentration of hEro10 used was 2 uM

and the concentration of FAD used was 20 uM.
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Refolding hEro10.: Implications for refolding insoluble recombinant proteins with

native disulfide bonds.

Escherichia coli is widely used in the production of high levels of recombinant

proteins. However, the expression in E. coli of correctly folded eukaryotic proteins

containing multiple disulfides is very inefficient and often results in the formation of

inclusion bodies. For this reason, numerous recombinant proteins of commercial interest

cannot be expressed in active form in appreciable yield. Examples include enzymes of

medical or industrial significance (Becket al., 1994; Obukowicz et al., 1990; Qiu et al.,

1998), hormones (Wulfing and Pluckthun, 1994) and immunological molecules (Joly and

Swartz, 1997). Two strategies might be employed in this situation: one is to refold these

proteins in vitro and the second is to decrease the formation of inclusion bodies by

changing the folding environment in vivo.

For proteins with disulfide bonds, refolding in vitro has typically been a difficult

process because both disulfide bond oxidation and rearrangement has to be catalyzed. I

describe my strategy for refolding hErola in vitro from inclusion bodies using protein

disulfide isomerase (see protocol below). This strategy is likely to be generally applicable

to other disulfide containing proteins since PDI is ubiquitous throughout the eukaryotic

world and furthermore exhibits properties of a molecular chaperone by recognizing

unfolded proteins without any sequence requirements.

A second strategy for expressing recombinant eukaryotic proteins with disulfides

is to co-express hEro10 and PDI in the cytoplasm. I made an expression vector with

hEro10 that is N-terminally GST tagged is soluble and active when purified (p.jW786).

The protein is active when the tag is cleaved with TEV protease and is also active as a
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GST-tagged fusion protein. I made a second construct based on this plasmid with both

hErolo and PDI under the control of the same promoter and this construct was

characterized by Victoria Newman during her rotation in the Weissman lab (p)W787). A

BL21 DE3 strain was transformed with either this plasmid or pHT101 (PDI only) and

induced. Following induction, the cells were pulsed with DTT and the re-oxidation of

PDI was followed over time in cell using the SDS-AMS assay (described in chapter 2). In

cells that express both PDI and hErolo, we saw that over time PDI returned to an

oxidized state while this was not the case in cells that just expressed PDI. This strategy

shows promise for increasing the yield of disulfide containing proteins but was not

further tested with a substrate.

Protocol for Refolding hEro10:

Overall yield was ~0.25mg of purified hErolo per litre of culture.

1. I cloned hEro1a into a pAED4 vector without the signal sequence and with a His

tag (p.JW785).

2. I transformed BL21 DE3 with this plasmid and grow the cells at 37 C until my

cells are at OD 0.2. I then transferred the cultures to 20 C.

3. When the cells reach OD 0.4, I induce with IPTG for 4 hours.

4. The cells are spun down and frozen at –80 C until I am ready to lyse them.

5. Bring up the pellet from 1 L of cell in 35mLs of cold breaking buffer (25m M Tris

7.9, 25m M NaCl, 10% Sucrose, 1mM EDTA).

6. Add lysozyme to 100pg/mL and incubate on ice for 30 mins.

7. Add MgCl2 to 5mm and Dnase I (12), incubate for 10 mins on ice.

58



10.

11

12.

13.

14.

15.

16.

17.

18.

19.

Add Triton 100 to 0.2% and sonicate on ice (4x1 mins).

Spin in SS34, 15000 rpm. Decant Supernatant.

Wash pellet with 25 mLs wash buffer 1 (1M GuPIC1, 25m M Tris 7.9, 50mM

NaCl, 10mM ■ ME). Vortex vigorously and repeat spin.

. Repeat above with wash buffer 2 (6M GuHCl, 25m M Tris 7.9, 50mM NaCl,

10mM BME).

Dounce pellet in solubilisation buffer (8M GuPICl, 25m M 7.9, 50mM NaCl,

15mm BME). Nutate overnight at room temperature.

Dilute the protein from the 8M Gu■■ Cl buffer to 6M GuhCl and add NaCl to

make the salt concentration 200 mM.

Put the protein on a Nickel column that has been pre-equilabrated with the

solubilization buffer.

Wash with 5x column volumes solubilization buffer.

Wash with 1 column volume wash buffer 1 (6M GuhCl, 25m M Tris 7.9, 50mM

NaCl, 10mM flME, 20mM Immidazole).

Wash with elution buffer (6M GuhCl, 25mm Tris 7.9, 50mM NaCl, 100mM

Immidazole).

Run fractions out on a gel and combine. Estimate protein concentration using

BioFad.

Refold hErola at 0.1 mg/mL in the refolding buffer overnight at 4 C (20mM Tris

7.9, 50mM NaCl, 10mM FAD, 0.5M Arginine, 2m M GSH, 0.5m M GSSG,

0.2mg/mL PDI, 0.1% Digitonin (the Digitonin might not be necessary but I did
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not try the refolding without digitonin). Both Arginine and PDI improve the yield

significantly.

20. Concentrate and pass over a Resource Q column. See peaks below.

21. Pass over a gel filtration column (GSW3000, Toso Hass).

resourceq 6mls030803 201:1_UV1_280mm resourceq 6mlso 30803-201:1_UV2 225mm
resourceq 6mlso:30803-201:1_UV3_450mm resourceq 6mlso:30803-201:1_Fractions
resourceq 6mlso:30803-201:1_Inject
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Figure 3-7: Elution profile for refolded hErolo on resource Q column.
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Protocol for Purifying GST-hEro10:

Yield of purified cleaved hErolo was ~0.1 mg per Litre of culture. Overall, I think this

method is the easier way to purify the protein because it is easier to scale up.

1.

10.

11.

12.

Follow the transformation, induction and solubilization protocol above (Steps 1

9).

Save the Supernatant and filter through a 0.45 micron filter and run a gel to

determine the amount of soluble GST fusion.

. Add 200 mL of GST agarose for 1 mg of protein (prewash the GST slurry in

breaking buffer).

Incubate at 4 °C for 1 hour.

Spin at 500g for 5 mins at 4 °C. (save flowthrough).

Wash 1-5 column volumes breaking buffer (with protease inhibitors)

Wash 2-5 column volumes wash buffer (50 mM Tris pH 7.8, 100 mM NaCl, 10%

Glycerol and protease inhibitors).

Wash 3-5 column volumes wash buffer w/o protease inhibitors.

Add 2:1 volume of Tev Cleavage buffer: GST Resin. Tev Cleavage buffer (20

mM Tris pH 7.5, 100 mM NaCl, 0.1mM EDTA). Transfer slurry to an eppindorf.

Add Tev and nutate at Room temperature for hour and half. We buy our TEV

commercially (invitrogen) and I used 5.0 Å for a 4 litre prep.

Spin through disposable column. Add prewashed Ni2+ resin.

Nutate at 4 °C for 30 mins. Spin through disposable column. Run a gel to assess

purity.
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13. Alternatively, elute the protein with 100mM Tris, 100mM NaCl, and 15 mM

GSH.

14. Pass the eluate twice through a PD-10 column to get rid of the GSH.
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Plasmid p.JW# | TAG Notes Plasmid

(Unless noted otherwise, all the following | Map

were cloned by me) Page #

hErol O. 785 C-terminal His Used for refolding hErolo. 65

GST- hErol O. 786 N-terminal GST | Comparable activity to refolded hErolo. 66

and easier protocol to purify the protein

GST- 787 N-terminal GST | Both proteins are expressed and can be 67

hEro1 O-PDI tagged hErol O. detected by western. The ability of

and N-terminal hErolo to oxidize PDI in the cytoplasm of

His tagged PDI BL21 cells should be retested (see page

58).

GST-hEro13 788 N-terminal GST | Poor yield of soluble protein 68

GST-Ero1p 789 N-terminal GST | Poor yield of soluble protein 69

GST-Ero1p AC 790 N-terminal GST | Very good expression and yield. Not 70

terminal tail active after the GST tag was cleaved in

the RNase A refolding assay.

Human PDI 791 N-terminal His Cloned by Nate Wilson. Comparable to 71

yeast PDI in activity assays using hErolo.

ERp57 792 N-terminal His Characterized in chapters 2 and 3 72

ERp72 793 N-terminal His Protein purified but not characterized 73

ERp44 794 N-terminal His Protein was insoluble 74

PDIp 795 N-terminal His Protein purified but not characterized 75

PDIr 796 N-terminal His Protein purified but not characterized 76

ERp.18 797 N-terminal His Did not get oxidized by Ero1p 77

Table 3.1: Plasmid names and maps.
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Chapter 4

Summary
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In summary, much of the early work in this field has focused on the identification

and the characterization of the pathways of disulfide bond oxidation and

reduction/isomerization. It is now evident that Ero1p–PDI pathway plays a role in both

the formation of new disulfides and the rearrangement of non-native disulfides in the ER.

This ability of PDI to act as a dual disulfide oxidase and isomerase and the steady flux of

reduced glutathione from the cytosol could minimize the requirement for a separate

disulfide reduction pathway in the ER. Since the Ero1p–PDI pathway can catalyze both

oxidation and isomerization, it is interesting to speculate why there has been such a

proliferation of Ero1 and PDI homologs.

Our studies showed that PDI family members might regulate their interaction with

Ero1p and thus, their specific redox role by working in concert with substrates and other

chaperones in the ER (Chapter 2). To fully understand the cellular roles of the PDI

homologs, we need to identify their substrates and better map their interactions with other

ER chaperones. Additionally, the presence of two Ero1 isoforms in metazoans provides

an additional layer of regulation in disulfide linked folding. The specificity of the

interaction between Ero1 isoforms and PDI homologs has yet to be characterized. The

abundance of PDI and Ero1 homologs hints at a complexity in disulfide folding pathways

that we are just beginning to appreciate. Future studies will reveal how the diversity

introduced by these homologs allows the ER to maintain an optimal environment for

oxidative protein folding.
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