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The efficient formation of native protein structure requires an ensemble of chaperones and 

enzymes that improve the rate of protein conformational changes. Specific chemical 

modifications are catalyzed by protein folding enzymes. The native disulfide bond conformation 

is attained by disulfide bond formation, reduction and isomerization, processes catalyzed by 

protein disulfide isomerase (PDI) in the endoplasmic reticulum. Collagen, the most abundant 

animal protein, requires hydroxylation of proline residues for physiological stability. Prolyl4-

hydroxylase (P4H) post-translationally converts specific proline residues in collagen to 4(R)-

hydroxy-L-proline (Hyp). This dissertation describes advances in our understanding of the 

mechanisms of disulfide bond isomerization and prolyl hydroxylation. 

The mechanism of disulfide bond isomerization by PDI is poorly understood despite decades 

of research. The complexity of common substrates used to study isomerization makes it difficult 

to decipher details of the kinetic and chemical mechanism. Chapter Two describes the 

development of a novel assay for disulfide bond isomerization that uses a synthetic peptide 

substrate with two nonnative disulfide bonds. Isomerization is monitored directly by 

fluorescence resonance energy transfer. Using this new assay we have analyzed the reaction 

mechanism ofPDI and an active-site variant. 
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Chapter One 

Introduction 

Portions of this chapter were published as: 

Kersteen, E. A. and Raines R. T. (2003). Catalysis of protein folding by protein disulfide 

isomerase and small-molecule mimics. Antioxid. Redox Signal. 5, 413-424. 

1 
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2 

1.1 Protein Folding in the Cell 

Folding of proteins into specific three-dimensional structures is necessary for their biological 

activity. Nearly 50 years ago, Anfinsen demonstrated that the information required to fold a 

protein into its native structure is contained entirely within its amino acid sequence (Sela et al., 

1957; Anfinsen, 1973). Following reduction and denaturation, the small protein ribonuclease A 

(RNase A) was able to fold into its active conformation in vitro without any external assistance 

(Sela et al., 1957). Researchers quickly began to ask how a protein sequence reaches the native 

state. It was apparent that a protein would not be able to randomly sample all possible 

conformations on the way to a native structure. Levinthal was the first to propose that proteins 

must fold by pathways that proceed through specific folding intermediates to a native structure 

dictated by the most thermodynamically stable state (reviewed in (Dill & Chan, 1997)). More 

recent proposals suggest that the protein folding pathway is much less defined than the more 

classical view suggested. Instead, proteins likely take many routes on their way down a three­

dimensional energy landscape with many peaks and valleys (Baldwin, 1995). Through the use of 

parallel processes and ensembles of intermediates with increasingly native conformations, the 

most efficient rate of protein folding can be achieved. 

In vitro experiments have suggested that folding begins with the formation of a folding 

nucleus around which the remaining polypeptide can assemble (Fersht, 2000). This initial step 

involves the interaction of a small number of hydrophobic and polar amino acids. Hydrophobic 

collapse is generally followed by the formation of secondary structural elements. Finally 

covalent interactions, including disulfide bonds, help to stabilize protein conformations. 

Although this process is fairly efficient with simple proteins, the rate of protein folding is 

significantly impaired as the complexity of the native protein fold increases (Plaxco et al., 1998). 
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The protein folding situation in vivo has even greater complexity than that in vitro. Cellular 

conditions cannot be altered to improve folding efficiency and are often unfavorable for the 

process. High temperatures, molecular crowding, and a large number of nascent and misfolded 

proteins in the cellular medium make protein folding difficult. To combat this compromising 

situation, the cell has devised protein quality control mechanisms, which assist protein folding, 

prevent protein misfolding and aggregation, and eliminate terminally misfolded proteins. The 

cell accomplishes these complicated tasks with the help of a large number of molecular 

chaperones and protein folding enzymes. 

Molecular Chaperones 

3 

A class of ubiquitous proteins termed molecular chaperones assist proper folding in the cell 

by binding co- and post-translationally to unfolded or partially folded polypeptides. Chaperones 

bind to hydrophobic regions of nonnative proteins to prevent aggregation and limit the 

accumulation of unproductive intermediates along the folding pathway. Through the controlled 

binding and release of peptide substrates, chaperones allow for efficient folding to the native 

protein conformation. 

As soon as they begin to exit the ribosome, nascent polypeptide chains encounter various 

chaperones. The Escherichia coli trigger factor (TF) protein is one example of a ribosome-bound 

chaperone. Its crystal structure was recently solved and gives a unique picture of how a 

chaperone binds both to the ribosome and to unfolded protein substrates (Ferbitz et al., 2004). 

The protein forms a hydrophobic cradle at the exit channel of the ribosome that is large enough 

for an exiting peptide to begin to fold in an environment that is protected from the cytosol. TF 

may also migrate away from the ribosome in order to transport partially folded protein substrates 
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to additional chaperones or subcellular locations (Bukau et ai., 2000). In eukaryotes, a similar 

but unrelated chaperone system, the nascent chain-associated complex, also binds proteins as 

they exit the ribosome (Wang et ai., 1995). 

4 

A large ubiquitous class of chaperones termed the Hsp70s (for heat shock protein 70) assist 

protein folding co- and post-translationally. The Hsp70s bind unfolded nascent proteins in 

extended, flexible conformations through hydrophobic interactions and hydrogen bonds (Zhu et 

ai., 1996; RUdiger et ai., 1997). Binding and release of substrate to Hsp70 is controlled by cycles 

of ATP hydrolysis with the assistance of cochaperones (reviewed in (Walter & Buchner, 2002)). 

The Hsp70 chaperones do not catalyze conformational changes or provide a significant 

microenvironment for protein folding but improve the chances for attaining the native state by 

preventing unproductive aggregation. 

The Hsp60 chaperones (or chaperonins), on the other hand, provide an isolated environment 

for the post-translational folding of cytosolic proteins (reviewed in (Feldman & Frydman, 2000; 

Walter & Buchner, 2002)). The most characterized chaperonin is the GroELIGroES system from 

E. coli, but homologs have been identified ubiquitously (Gutsche et ai., 1999). Extensive 

structural analysis has revealed that the oligomeric structure of GroES with GroEL forms a 

flexible, capped barrel structure (Braig et ai., 1994; Hunt et ai., 1996) which accommodates 

partially folded polypeptide substrates between 20 and 60 kDa (Ewalt et ai., 1997). As with the 

Hsp70s, chaperonins regulate binding and release through cycles of ATP hydrolysis. 

Additional chaperones exist in lower abundance in both prokaryotes and eukaryotes. The 

Hsp90s in eukaryotes, for example, use many cofactors and appear to form relatively stable 

complexes with substrate proteins (Walter & Buchner, 2002). The process of protein folding in 

this system may be more substrate specific than it is with the more abundant Hsp70s and 
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chaperonins. The specificity of chaperones for specific substrates is sti111argely unknown and 

with further research we may discover additional complexities to the recognition and folding of 

substrates by these proteins and protein complexes. 

Quality Control in the Endoplasmic Reticulum 

5 

The endoplasmic reticulum (ER) of eukaryotic cells is a specialized cellular compartment for 

the folding of secretory proteins (reviewed in (Ellgaard & Helenius, 2003)). In addition to 

attaining their correct tertiary and quaternary structure, secreted proteins are also covalently 

modified by disulfide bond formation, N-linked glycosylation, and glycophosphatidylinositol 

(GPI)-anchor addition. A set of unique chaperones and enzymes are present in the ER to ensure 

the fidelity of these processes. 

Secretory proteins are translocated to the ER co-translationally by N-terminal signal 

sequence recognition, and enter the lumenal space through the translocon complex (Wilkinson et 

aI., 1997; Brodsky, 1998). The abundant ER-resident Hsp70 chaperone, BiP, binds nascent 

polypeptides as they enter the ER (Lyman & Schekman, 1997). Like other Hsp70 family 

members, BiP binds extended hydrophobic regions of unfolded proteins and regulates the release 

of its substrates through ATP hydrolysis (Flynn et al., 1989; Flynn et al., 1991). 

Disulfide bond formation is often the rate-determining step in the folding of a protein to its 

native three-dimensional structure. The ER contains a family of related oxidoreductase enzymes 

that catalyze the formation of native disulfide bonds. The most abundant of these, protein 

disulfide isomerase (PDI), is able to catalyze dithiol oxidation, disulfide bond isomerization, and 

disulfide bond reduction through cycles of reduction and oxidation of two independent Cys-Gly­

His-Cys (CGHC) active sites. PDI is discussed in further detail in Section 1.3. 
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Glycoprotein folding and secretion is regulated by a system that involves a PDI-related 

protein, ERp57. ERp57 specifically binds calnexin and calreticulin (Oliver et a!., 1999), two 

homologous lectins in the ER, which recognize incompletely folded glycoproteins (Ou et a!., 

1993; Peterson et al., 1995). ERp57 then catalyzes disulfide bond formation and rearrangement 

in the bound glycoproteins. This complex is responsible for retaining N-linked glycoproteins in 

the ER until they reach their native conformation. 

Under normal cellular conditions, some proteins will be unable to achieve the native state. 

The longer a protein remains in a misfolded structure, the lower its chances for being secreted. 

These terminally misfolded proteins are removed from the ER through the ER-associated 

degradation (ERAD) pathway, a process which involves retrotranslocation from the ER to the 

cytosol for degradation by the proteasome (reviewed in (Zhang & Kaufman, 2004)). ERAD 

helps to prevent the accumulation of misfolded protein in the ER. 

Under stressful conditions to the cell, unfolded proteins have a tendency to accumulate and 

can be detrimental if released to the cytosol or extracellular space. The ER has developed a 

sensitive mechanism to recognize this situation, termed the unfolded protein response (UPR), 

which signals the cell to increase production of folding chaperones and enzymes (reviewed in 

(Rutkowski & Kaufman, 2004)). In the ER of mammals, three transmembrane sensor proteins 

(lREl, ATF6 and PERK) are responsible for this regulation. These three sensors are signalled 

primarily by BiP. In normal situations, BiP is found bound to the lumenal domain of each of the 

sensor proteins, but as the protein load in the ER increases, BiP disengages from IRE l, ATF6 

and PERK to help with the folding of nascent polypeptides. The sensor proteins are then free to 

exert their regulatory effects on transcription and translation in order to increase the protein 

folding capacity and decrease the rate of protein production. This highly regulated system 

6 
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7 

ensures that as misfolded proteins accumulate, the ER receives more protein folding assistance in 

the form of chaperones and enzymes, and misfolded proteins are degraded before they can do 

harm. 

Protein Folding and Disease 

Given the complexity of cellular protein folding, it is not surprising that disease states often 

develop when the process encounters problems. Defects in protein folding can cause a 

destabilization of the native structure, changes in the kinetics of folding, incorrect or prolonged 

association with chaperones or folding enzymes, or the accumulation of misfolded intermediates 

(Thomas et a!., 1995). 

Many diseases are the result of a single missense mutation or an amino acid deletion or 

insertion in a particular gene. These simple mutations commonly cause changes in the folding of 

the mutant proteins by changing the thermodynamic balance between the native folding pathway 

and a misfolding pathway. Cystic fibrosis, for example, is the result of a deletion of a Phe residue 

in the cystic fibrosis transmembrane conductance regulator (CFTR). The folding pathway is 

altered by this mutation through the destabilization of a folding intermediate (Thomas et a!., 

1992a; Thomas et a!., 1992b). The mutant CFTR is associated with Hsp70 in the cytoplasm and 

calnexin and calreticulin in the ER, suggesting that chaperones can recognize the misfolded state 

but are unable to correct the defect in the folding pathway (Yang et a!., 1993; Pind et al., 1994). 

Amyloid diseases, which include Alzheimer's, Huntington's, Parkinson's and the prion 

diseases, are the result of accumulated protein aggregates in either the cytosol or the extracellular 

space (reviewed in (Dobson, 2003; Ross & Poirier, 2004)). Proteins associated with amyloid 

formation include both wild-type and mutant sequences, but commonly demonstrate a high 
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tendency to misfold. Mutants may destabilize the native state by imposing both thermodynamic 

and kinetic barriers to obtaining the native structure. Under certain conditions these proteins 

manage to escape the quality control mechanisms of the cell and cause irreversible damage to 

cells and tissues. Aggregates in all of these diseases form an insoluble cross-/3-sheet structure as 

the result of regions of high /3-sheet propensity interacting through intermolecular main-chain 

hydrogen bonds. Although the role of chaperones is to prevent the formation of aggregates, in 

the case of amyloid diseases, the chaperones cannot keep up with the protein load. The apparent 

inefficiency of the quality control system may be because the formation of aggregates is too 

rapid or the cellular level of chaperones is insufficient. 

The protein folding diseases illustrate the need for further understanding of in vivo protein 

folding pathways. As we decipher the mechanistic details of the molecular chaperones and 

protein folding enzymes, new methods for treating conditions that result from defects in protein 

folding may be revealed. 

1.2 Dithiol Oxidation in the Cell 

8 

The process of native disulfide formation involves both the oxidation of dithiols to disulfides 

and the rearrangement of nonnative to native disulfide bonds. The recent discovery of Ero 1 p 

(endoplasmic reticulum oxidoreductin I p) in Saccharomyces cerevisiae has expanded our 

understanding of the initial oxidation steps in the pathway of disulfide bond formation in the ER. 

Erolp (and its human homologs Erol-La and Erol-L/3 (Cabibbo et at., 2000; Pagani et at., 

2000)) is a membrane-associated ER protein that was discovered in a screen for proteins that 

confer resistance to dithiothreitol (DTT) when overproduced or cause sensitivity to DTT when 

altered (Frand & Kaiser, 1998; Pollard et at., 1998). 
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9 

Ero1p is an essential enzyme in yeast that oxidizes proteins in the ER (Frand & Kaiser, 1998; 

Pollard et al., 1998). Ero 1 p is specific in its choice of substrates, interacting with only a few 

proteins (Frand & Kaiser, 1999). Most importantly, Ero1p and the folding enzyme, PDI, form a 

mixed disulfide in vivo (Frand & Kaiser, 1999). Ero1 in mammalian cells specifically oxidizes 

the C-terminal active site ofPDI during the PDI-catalyzed retrotranslocation of cholera toxin 

(Tsai & Rapoport, 2002). Mutational analysis ofEro1p has suggested that a CXXXXC (where X 

refers to any amino acid) motif is responsible for oxidizing PDI and other substrates, while a 

distinct CXXC motifreoxidizes its catalytic site (Frand & Kaiser, 2000). This disulfide relay 

system is supported by recent crystollagraphic data (Gross et aI., 2004) which locates a Cys100-

Cys105 disulfide bond in a flexible loop. This disulfide is alternatively found in a buried state in 

proximity to the Cys352-Cys355 active site and in a solvent accessible state that could bind to 

PDI or other substrate proteins. These findings, combined with evidence that PDI is involved in 

intermolecular disulfide bonds with its substrates (Frand & Kaiser, 1999; Molinari & Helenius, 

1999), suggest a pathway for the formation of disulfide bonds in newly synthesized proteins 

(Figure 1.1). In the lumen of the ER, FAD-bound Ero1p oxidizes PDI (Tu et ai., 2000), which 

accumulates in its reduced form in the absence ofEro1p. Oxidized PDI then transfers oxidizing 

equivalents from Ero 1 p to reduced substrate proteins. Ero 1 p is then reoxidized by molecular 

oxygen (Tu & Weissman, 2002). The oxidative power ofEro1p, and therefore the oxidative 

folding cycle, is regulated by levels of free FAD in the ER (Tu & Weissman, 2002). 

1.3 Protein Disulfide Isomerase 

PDI (EC 5.3.4.1) was first identified almost 40 years ago as an enzyme that catalyzes the 

activation of reduced, and thus inactive, RNase A (Goldberger et al., 1963). Anfinsen and his 
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coworkers went on to hypothesize that the primary role ofPDI is to be a "general and 

nonspecific catalyst for disulfide interchange in proteins containing disulfide bonds" (Givol et 

a!., 1964). From their experiments with reduced RNase A (rRNase A), they suggested that the 

formation of native disulfide bonds in proteins begins with the uncatalyzed air oxidation of 

dithiols, followed by the PDI-catalyzed isomerization of nonnative disulfide bonds. More recent 

studies have revealed that an ensemble of enzymes and chaperones are involved in the pathway 

of native disulfide formation (Zapun et a!., 1999; Woycechowsky & Raines, 2000). Still, PDI 

remains at the center of this complex biological process. 

PDI is a 57-kDa ER-resident protein that catalyzes the formation, reduction, and 

isomerization of disulfide bonds in newly synthesized proteins (Freedman et al., 1994). 

Independent of its catalytic activity, PDI exhibits chaperone activity by inhibiting the 

aggregation of unfolded proteins (Cai et al., 1994; Puig & Gilbert, 1994) and is a member of at 

least two multimeric enzyme complexes: microsomal triglyceride transfer protein (Wetterau et 

al., 1990; Lamberg et al., 1996) and prolyl4-hydroxylase ((Koivu et al., 1987b; Pihlajaniemi et 

al., 1987), Section 1.5) 

PDf Structure 

PDI has five distinct structural domains (a, a', b, b' and c; Figure l.2a) as deduced from its 

primary and tertiary structure (Darby et a!., 1999). The catalytic a and a' domains are 

homologous, and each contains a CGHC active-site sequence (Figure l.2b). The band b' 

domains are also homologous to the a and a' domains (Kemmink et al., 1997; Darby et a!., 

1999). The role of the b' domain is to bind substrate proteins (Klappa et al., 1998; Cheung & 
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Churchich, 1999). The cationic c domain is not required for enzymatic activity (Koivunen et ai., 

1999) and ends with a C-terminal ER retention signal (KDEL in rat and human; HDEL in yeast) 

(Munro & Pelham, 1987). The three-dimensional structure of intact PDI is not known, but 

structures of the individual a, a', b, and b' domains reveal that each has a fold characteristic of 

thioredoxin (Trx; Figure 1.2b) (Kemmink et ai., 1996; Kemmink et ai., 1997). 

PDI is a member of the Trx family of proteins, which is characterized by the ability to 

catalyze thiol-disulfide interchange reactions. Proteins of this family all share a common CXXC 

motif in their active site(s). The N-terminal cysteine residue in this motif has high reactivity at 

physiological pH, due in part to its location on the surface of the protein (Figure 1.2b) and its 

depressed pKa value (Chivers et ai., 1997b). The family contains proteins with redox properties 

that range from strongly reducing (Trx, E01 = -0.270 V; (Krause et ai., 1991)) to strongly 

oxidizing (DsbA, EO' = -0.120 V; (Hennecke et ai., 1997; Huber-Wunderlich & Glockshuber, 

1998)). The proteins are therefore equipped to perform specialized roles in a variety of cellular 

compartments. 

Mechanism of Disulfide Isomerization 

The simplest mechanism for disulfide isomerization requires only one reactive thiolate in the 

active site ofPDI. In this scenario (Figure 1.3), the more reactive N-terminal cysteine residue of 

its CXXC motif (pKa = 6.7 (Hawkins & Freedman, 1991)) provides the active-site thiolate. 

Nucleophilic attack of the thiolate on a nonnative disulfide bond results in the formation of a 

mixed-disulfide intermediate between enzyme and substrate (Darby et ai., 1994; Chivers et ai., 

1998). Conformational changes in the substrate then allow a substrate thiolate to initiate disulfide 

rearrangements that lead, ultimately, to the formation of native disulfide bonds and the release of 
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PDI. Based on this mechanism, a CXXS motif should be as efficient as a CXXC motif in 

catalysis of disulfide isomerization. Yet, experimental evidence indicates otherwise. 

12 

Euglp, a homolog ofPDI, is a nonessential lumenal protein in S. cerevisiae that contains the 

active-site sequences CLHS and CIHS (Tachibana & Stevens, 1992). The in vitro isomerase 

activity of wild-type Eugl p is low using both reduced procarboxypeptidase Y (proCPY) and 

scrambled proCPY (which contains non-native disulfide bonds) as substrates (Norgaard & 

Winther, 2001). In contrast, a variant of Euglp in which the CXXS motifs are replaced with 

CXXC motifs is an efficient catalyst of the folding of scrambled proCPY (Norgaard & Winther, 

2001). In addition, CXXC Euglp catalyzes the folding of scrambled proCPY and reduced 

proCPY folding at an almost identical rate (Norgaard & Winther, 2001). These experiments 

support the earlier proposal that isomerization limits catalysis of oxidative folding by enzymes 

containing a CXXC motif (Givol et al., 1964), and indicate that the second cysteine residue 

enhances catalysis. 

The second active-site cysteine residue is likely to be important in rescuing trapped 

intermediates that can accumulate during catalysis (Figure 1.3) (Walker & Gilbert, 1997). 

Complex protein substrates can be slow to rearrange and become trapped in nonnative 

configurations that prevent successful folding. The C-terrninal CXXC cysteine residue provides a 

mechanism for escape from this obstacle to efficient folding. The presence of two cysteine 

residues permits PDI to reduce trapped nonnative disulfide bonds and then re-oxidize the 

substrate to form, ultimately, the native disulfide bonds. Recent results indeed indicate that the 

isomerization of scrambled RNase A (sRNase A, a complex substrate with 8 randomly oxidized 

cysteine residues) by PDI involves cycles of reduction and reoxidation (Schwaller et aI., 2003). 
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Regulating It' / and pKa 

The ability of an oxidoreductase to be an efficient isomerase is governed by the reduction 

potential of its active-site disulfide bond (EO/) and the acid dissociation constant of its 

nucleophilic active-site thiol (Ka) (Chivers et al., 1996). For efficient substrate turnover and 

regeneration of catalyst, an isomerase must strike a balance between the dithiol and disulfide 

forms. A EOI value that is too low (that is, too negative) will destabilize the dithiol form and 

provide too little reactive thiolate to initiate attack of a nonnative disulfide bond. The CGPC 

active site of Trx, for example, has EOI = -0.27 V (Krause et al., 1991) and is an effective 

reducing agent. An enzyme that contains an active site with a EOI value that is too high will not 

be able to release trapped intermediates. The CPHC active site of DsbA has a EOI = -0.12 V and 

is an effective oxidizing agent, but is inefficient at disulfide isomerization (Table 1.1) (Zapun et 

aI., 1993; Hennecke et al., 1997; Huber-Wunderlich & Glockshuber, 1998). 

The thiol pKa , like the disulfide EOI, must be in balance. An active-site cysteine residue not 

only acts as a nucleophilic thiolate to initiate catalysis, but also acts as a leaving group to allow 

for thiol-disulfide interchange (Gilbert, 1990). Hence, an isomerase will be optimal if its thiol 

pKa equals the pH of the environment, which is near 7.0 in the ER (Hwang et aI., 1992). 

Although the pKa of a typical cysteine residue is 8.7 (Szajewski & Whitesides, 1980), a thiol pKa 

that is closer to 7.0 is more optimal for an oxidoreductase in the ER. 

The N-terminal cysteine residue of the CXXC motif in thioredoxin-like enzymes consistently 

has a depressed pKa value (6.7 for PDI; (Hawkins & Freedman, 1991)). This pKa depression is 

consistent with the location of this residue at the N-terminus of an a-helix (Figure l.2b; 

(Forman-Kay et al., 1991)). The negative charge on the thiolate of the N-terminal cysteine 
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residue is stabilized by interactions with the positive end of the a-helix dipole (Kortemme & 

Creighton, 1995). Changes in the intervening -XX- residues can enhance or diminish this 

Coulombic interaction and thereby decrease or increase, respectively, the pKa of the N-terminal 

cysteine residue (Table 1.1) (Chivers et a/., 1996). 

Variations in the -XX- residues ofthioredoxin-like enzymes can also modulate the reduction 

potential of its active sites (Table 1.2). The variants can differ in thiol-disulfide interchange 

activity. Altering the residues in Trx can produce a more efficient oxidant (Joel son et al., 1990; 

Krause et ai., 1991; Grauschopf et ai., 1995; Chivers et a/., 1996), while changing the residues in 

DsbA can make it a more potent reductant (Grauschopf et ai., 1995). The values ofpKa and EOI 

are related, as a more acidic thiol (lower pKa) produces a less stable disulfide bond (higher EO/) 

(Chivers et a/., 1997a). For -XX- variants of DsbA, changes in the disulfide EOI correlate well 

with changes in the pKa of the N-terminal cysteine residue of the active site (Grauschopf et aI., 

1995). On the other hand, active-site variants of Trx with different intervening residues reveal 

that thiol pKa does not exclusively determine disulfide EOI (Table 1.2) (Chivers et aI., 1996; 

Chivers et al., 1997a). Three active-site variants ofTrx (CGHC Trx, CVWC Trx, and 

CWGC Trx) are able to catalyze the isomerization of disulfide bonds in vivo (Chivers et a/., 

1996). For these variants, the changes in EOI do not correlate with changes in pKa (Table 1.2), 

which is consistent with the presence of a pKa-independent term in the relevant form of the 

Nemst equation (Chivers et aI., 1997a; Chivers & Raines, 1997): 

1.1 
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where Jfl is independent of pKa and refers to the standard reduction potential, a o refers to the 

fraction of fully protonated dithiol species, and Fp(SHh and FpS
2 

are the formal (i.e., total) 

concentrations for the reduced and oxidized molecules, respectively. 
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The effective concentration of two thiols reports on their tendency to form an intramolecular 

disulfide bond. In thioredoxin-like proteins, the effective concentration ofthiols in the active site 

is determined largely by the three-dimensional structure of the protein (Bums & Whitesides, 

1990; Chivers et al., 1997a). The insertion of a tryptophan residue in CVWC Trx and CWGC 

Trx could destabilize the active-site disulfide bond simply by providing steric hindrance to its 

formation. Alternatively, removal of the proline residue in the CVWC and CGHC variants could 

increase the reduction potential by increasing the conformational entropy of the polypeptide 

chain, and thereby stabilizing the reduced form relative to the oxidized form. From such changes, 

a set of homologous oxidoreductases has evolved to carry out a variety of redox functions in 

different cellular environments (Table 1.1). 

The Essential Function of PDf 

PDI is required for the viability of S. cerevisiae (Farquhar et aI., 1991; LaMantia et aI., 1991; 

Scherens et aI., 1991; Tachikawa et aI., 1991). There has been some controversy over which of 

the cellular roles ofPDI is necessary for survival. Initial work suggested that the most important 

function ofPDI is the isomerization of nonnative disulfide bonds (Laboissiere et al., 1995b; 

Chivers et al., 1998). Replacing PDI with a variant in which both active-site sequences are 

CGHS, instead of CGHC, restores viability to pdili1 S. cerevisiae (Table 1.3). Although this PDI 
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variant has low dithiol oxidation activity and low disulfide reduction activity, it is proficient in 

its catalysis of disulfide isomerization (Table 1.3) (Laboissiere et at., 1995b; Walker et at., 

1996). A PDI variant that contains SGHC active-site sequences is unable to catalyze the 

formation, reduction, or isomerization of disulfide bonds, and does not complement a pdil 

deletion (Table 1.3). 
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Further support for the conclusion that isomerization is the essential function comes from in 

vivo studies with PDI homologs. Overproduction ofEuglp (with its CLHS and CIHS active 

sites) is able to rescue pdil f." S. cerevisiae, even though the isomerization activity of Eug 1 P is 

less than that of PDI (Tachibana & Stevens, 1992). Trx is unable to restore viability to pdil f... 

yeast because of its low EO' value (Table 1.2) (Chivers et at., 1996). A Trx variant in which the 

active site is replaced with CGPS is, however, able to complement a pdil deletion (Table 1.2) 

(Chivers et at., 1996). In Euglp and CGPS Trx, catalysis of dithiol oxidation and disulfide 

reduction is not efficient because neither enzyme can form a disulfide bond in its active site. 

Nonetheless, both enzymes are able to catalyze disulfide isomerization and thereby endow a cell 

with the activity that is necessary for its survival. 

These early studies suggest that only a small amount of isomerization activity is necessary 

for viability. The isolated a and a' domains of rat PDI possess isomerization activity that is only 

8.5% and 14%, respectively, that of wild-type PDI (Darby & Creighton, 1995b). These values 

agree well with the finding that having only a single reactive cysteine residue in the full-length 

protein results in a rate of sRNase A folding that is 10-12% lower than that of wild-type PDI 

(Walker & Gilbert, 1997). Even with this low activity, overexpression of the isolated a and a' 

domains are able to rescue pdil f." S. cerevisiae with growth rates that are comparable to those 
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with wild-type PDI (Xiao et a!., 2001). When overproduced, Euglp is able to suppress a PDI 

deficiency in yeast, even though the in vitro isomerase activity of this CXXS enzyme is poor 

(Tachibana & Stevens, 1992; N0rgaard & Winther, 2001). Trx variants that complement a PDI 

deficiency are likely to be largely oxidized in the ER, and hence poor catalysts of isomerization 

(Table 1.2) (Chivers et al., 1996; Chivers et a!., 1997b). These data may indicate that a minimal 

amount of reactive thiolate is required to initiate isomerization reactions in misfolded proteins in 

the ER. 

An alternative explanation has been offered in recent work by Gilbert and coworkers (Xiao et 

a!., 2001; Solovyov et al., 2004; Xiao et a!., 2004). Although the a' domain ofPDI possesses low 

isomerase activity (5% of wild-type yeast PDI), it is only 50% less efficient in oxidation. Using 

the inducible/repressible GALl-l 0 promotor systems to supplement apdill1 S. cerevisiae strain 

with PDI variants, the effects of variable expression levels on growth and viability were 

examined. Supplementation with the a' domain of yeast PDI was sufficient for viablity and 

required levels similar to the norrnallevels ofPDI in wild-type S. cerevisiae (Solovyov et a!., 

2004). These results suggest that either 60% of the oxidase activity or 5% of the isomerase 

activity ofPDI is required for viability. The authors also found that viability with supplemented 

wild-type yeast PDI required approximately 60% of normal PDI levels (Solovyov et ai., 2004), 

suggesting that it is the oxidase activity ofPDI that limits growth. Although both oxidization and 

isomerization are important in the cell, the authors conclude that disulfide isomerization may not 

be rate-limiting in the proteins essential for viability. 
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ai., 2001; Xiao et al., 2004), but to date no cellular redundancy has been discovered in the 

isomerization function ofPDI. 

1.4 Small Molecule Mimics of PDI 

19 

The primary determinants of isomerization efficiency are an EOI near -0.18 V and a thiol pKa 

near 7.0. Using these criteria, it should be possible to design small-molecule mimics of Nature's 

enzymic isomerase. Such a small-molecule "foldase" would have a number of practical 

applications. Large-scale production of secretory proteins in E. coli is often complicated by 

aggregation or proteolysis associated with unfavorable conditions for disulfide formation in the 

bacterial cytosol (Marston, 1986; Gilbert, 1990). Insoluble protein aggregates must be solublized 

and folded in vitro in an appropriate redox buffer. Glutathione is often used for this task, but is 

not an efficient catalyst of oxidative protein folding. PDI is not a practical catalyst for large-scale 

protein production due to the high cost of its production, its instability, and the necessity to 

separate it from a target protein. An effective small-molecule catalyst would be desirable for 

oxidative protein folding in vitro, as well as for addition directly to cell cultures to improve 

heterologous protein production (Robinson et ai., 1994). 

Although only one cysteine residue is required for catalysis of disulfide isomerization, the 

presence of two cysteine residues in the active site enhances the overall effectiveness ofPDI in 

the formation of native disulfide bonds (Walker & Gilbert, 1997; N0rgaard & Winther, 2001). 

Hence, it is reasonable to assume that a small-molecule dithiol would be a more active catalyst of 

protein folding than would an analogous monothiol. This assumption has been confirmed by 

experiments. The dithiol (±)-trans-l ,2-bis(mercaptoacetamido )cyclohexane (BMC or 

Vectrase™-P) has thiol pKal = 8.3 and pKa2 = 9.9 and EOI = -0.24 V (Table 1.4) 
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(Woycechowsky et al., 1999). These values approach those of the CXXC motif in PDI, 

suggesting that this molecule may be efficient in catalyzing disulfide isomerization. Indeed, 

BMC increases both the rate of reactivation of sRNase A and the final yield of native RNase A 

over that attainable with glutathione (Woycechowsky et al., 1999). In addition, BMC (a dithiol) 

shows an increase in activity and recovery over that with N-methylmercaptoacetamide (NMA, a 

monothiol) (Woycechowsky et al., 1999). The presence of two sulfhydryl groups allows rescue 

from trapped mixed disulfides between catalyst and substrate, resulting in greater recovery of 

active RNase A and an increased rate of isomerization. 

BMC is also an effective disulfide isomerase in vivo. S. pombe acid phosphatase is a 30-kDa 

homodimer with eight disulfide bonds (Robinson et al., 1994; Wittrup, 1995). S. cerevisiae cells 

grown in the presence ofBMC (0.1 giL) secrete 3-fold more acid phosphatase, an increase 

equivalent to that achieved with IS-fold overproduction ofPDI (Woycechowsky et a!., 1999). 

Likewise, the presence ofBMC (2 Jlg/L) in an E. coli culture medium increases the yield of 

proinsulin, which has three disulfide bonds, by 60% (Winter et al., 2002). These data indicate 

that a small-molecule mimic ofPDI can enhance the yield of heterologous protein production in 

both eukaryotic and prokaryotic systems. 

Aromatic thiols are also efficient small-molecule foldases. Aromatic thiols have low pKa 

values (pKa = 3-7) compared to their aliphatic counterparts (pKa = 7-11) and are more reactive 

for thiol-disulfide interchange reactions at physiological pH (Whitesides et al., 1977; Wilson et 

al., 1977; Szajewski & Whitesides, 1980). Of particular interest is 4-mercaptobenzeneacetate, 

which was chosen because its pKa value (pKa = 6.6) closely resembles that of the active-site 

thiols ofPDI (DeCollo & Lees, 2001). This reactive monothiol is able to catalyze the 






















































































































































































































































































































