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Abstract

Protein disulfide bonds are covalent links formed between the thiol groups of cysteine residues. In
many proteins, they have an important role in stabilizing the three-dimensional conformation of the
polypeptide chain. Usually proteins are physiologically active and functional only when they are
correctly folded. Protein folding takes place very soon after the synthesis of a new polypeptide chain.
Proteins which are to be secreted from the cell fold in a specialized compartment, the endoplasmic
reticulum (ER).

Folding and disulfide bond formation in the ER does not happen spontaneously, there are proteins
which are specialized in assisting in these processes. Protein disulfide isomerase (PDI) is a
multifunctional protein, which is capable of catalysing both of disulfide bond formation and folding
of a protein. In addition, it has other functions: it is an essential part of two protein complexes:
collagen prolyl 4-hydroxylase (C-P4H) and microsomal triglyceride transfer protein.

C-P4H is an enzyme essential in the formation of collagens, proteins found in connective tissue.
The function of C-P4H is to catalyse the hydroxylation of prolines, which is essential for the structural
stability of collagens. C-P4H is a tetramer, formed of two catalytic α subunits and two β subunits,
which are identical to PDI. The function of PDI in C-P4H is apparently to keep it in a soluble,
functionally active conformation.

In mammals there are several proteins similar to PDI, together forming a PDI family of proteins.
They share both structural and functional similarities. One of these proteins is ERp57. It is specialized
in assisting in the folding and disulfide bond formation of glycoproteins.

PDI consists of four domains, two of which contain a catalytic site for disulfide bond formation.
One domain is the main site of interaction with other proteins and one domain is of unknown function.
In this study, the role of these domains in the activities of PDI was investigated. The peptide-binding
domain was characterized in detail. In addition, structural similarities of PDI and ERp57 were studied
by formation of hybrid proteins containing domains of both and comparing the activities of these
recombinant proteins to those of PDI.

Keywords: collagen prolyl 4-hydroxylase, disulfide bond, protein folding catalyst
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 Abbreviations 

ATP   adenosine triphosphate 
BPTI   bovine pancreatic trypsin inhibitor 
CD   circular dichroism 
cDNA   complementary DNA 
C-P4H   collagen prolyl 4-hydroxylase 
C-terminal  carboxy terminal 
-CXYC-   cysteine-any amino acid-any amino acid-cysteine 
DSG   disuccinimidyl glutarate 
DTT   dithiothreitol 
EDTA   ethylenediaminetetracetic acid 
ER   endoplasmic reticulum 
FAD   oxidised flavin adenine dinucleotide 
GSH   reduced glutathione 
GSSG   oxidized glutathione 
HIFα   hypoxia inducible transcription factor alpha 
IPTG   isopropyl-β-D-1-thiogalactoside 
Kd   dissociation constant 
kDa   kilo dalton 
MHC   major histocompatability complex 
MTP   microsomal triglyceride transfer protein 
NMR   nuclear magnetic resonance 
N-terminal  amino terminal 
PDI   protein disulfide isomerase 
PCR   polymerase chain reaction 
RNase   ribonuclease 
SDS-PAGE  sodium dodecyl sulphate polyacrylamide gel electrophoresis 
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1  Introduction 

The flow of information in cells leading to the synthesis of proteins has several critical 
events, starting from transcription of specific segments of DNA into RNA messenger 
molecules, which are subsequently translated into proteins. However, newly translated 
proteins are not physiologically active and it is only after folding to the native state that a 
protein becomes physiologically active. The rate-limiting step for the synthesis of some 
proteins is folding, which for proteins destined for the secretory pathway takes place in 
the endoplasmic reticulum (ER). Since protein folding can be very slow, cellular 
compartments in which this process occurs, such as the ER, are augmented by the 
presence of chaperones and foldases, enzymes that both control and assist in the folding 
of newly synthezised proteins. 

Protein disulfide isomerase (PDI) is a multifunctional enzyme which is thought to act 
both as a foldase and as a chaperone. PDI belongs to a family of proteins which are all 
characterized by the presence of one or more domains with a fold similar to that of the 
protein reductant thioredoxin. Besides acting as an isomerase and an oxido-reductase of 
disulfide bonds in proteins, PDI has a crucial function as a subunit in two enxymes, 
collagen prolyl 4-hydroxylase (C-P4H) and microsomal triglyceride transfer protein 
(MTP). 

There are currently a number of known PDI family members in higher eukaryotes. 
One of these is ERp57 which has a specific function interacting with newly synthesized 
glycoproteins, through co-operation with lectins calnexin and calreticulin. ERp57 is very 
similar to PDI in its domain organization, both containing two thioredoxin-like domains 
which are responsible of the thiol-disulfide reductase activity of these proteins.  

C-P4H is a heterotetrameric protein which consists of two α subunits and two β 
subunits. The β subunits were shown to be identical to PDI. C-P4H is located in the 
lumen of the ER and catalyzes the hydroxylation of proline residues in collagens and 
proteins with collagen-like sequences. The role of PDI as the β sububit in C-P4H is 
apparently to keep the enzyme in a catalytically active, soluble conformation, whereas the 
α subunit is responsible for the catalytic activity of the enzyme tetramer.  

 While much is known about the different aspects of the different activities of PDI and 
about its characteristics, many details of the structure-function relationship of the enzyme 
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are not yet fully understood. Therefore, the roles of the individual domains of PDI in 
relation to its activities were investigated in this study. 

 
 

 



 

2 Review of the literature 

2.1  Native disulfide bond formation in proteins 

Folding is the process whereby newly synthesized polypeptide chains acquire their three-
dimensional conformation. Folding can happen spontaneously (Anfinsen 1973), however, 
uncatalyzed folding is slow and inefficient and therefore two classes of proteins have 
evolved to assist this event. Molecular chaperones (Ellis 1987) prevent off-pathway 
reactions, such as aggregation and misfolding, while protein folding catalysts (foldases) 
act by accelerating rate-limiting steps on the folding pathway (Gething & Sambrook 
1992).  

The three-dimensional structure of proteins can be stabilized by the formation of 
disulfide bonds between spatially adjacent cysteine residues. Native disulfide bond 
formation is not trivial and hence disulfide bonds are generally only found in proteins 
which pass beyond the carefully regulated intracellular environment, i.e. secreted 
proteins, outer membrane proteins or proteins which are destined to reside in organelles 
of the secretory pathway (Helenius et al. 1992). In eukaryotes all such proteins pass 
through the endoplasmic reticulum (ER) and it is here that native disulfide bonds are 
formed and the protein folds (Stevens & Argon 1999). Folding takes place even while the 
newly synthesized polypeptide chain is being translocated into the lumen of the ER 
(Bergman & Kuehl 1978, 1979), a fact which significantly increases the complexity of 
studying these essential processes. The primary enzyme responsible for catalyzing the 
formation of native disulfide bonds in proteins is the ubiquitously expressed enzyme 
protein disulfide isomerase. 

2.1.1  Disulfide bonds  

Disulfide bonds in proteins usually serve to stabilize the correctly folded three-
dimensional conformation of the protein. For some proteins the stabilization of the native 
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conformation by disulfide bonds is such that they can be unfolded simply by adding 
reducing agents into the buffer (Creighton 1986). 

The formation of native disulfide bonds between cysteines is a process which requires 
suitably oxidizing conditions and catalysts. In eukaryotes, these criteria are provided in 
the lumen of the ER, into which newly produced polypeptide chains destined for the 
secretory pathway are translocated. The redox environment in the ER is determined by 
the abundant tripeptide glutathione (Hwang et al. 1992), with the redox potential being 
dependent on the total glutathione concentration and on the ratio of the reduced (GSH) 
and oxidized (GSSG) forms (Jones 2002). In the reducing environment of the cytosol the 
ratio of GSH/GSSG is estimated to be between 30/1 and 100/1, while in the oxidizing ER 
the GSH/GSSG ratio is about 1/1-3/1 (Hwang et al. 1992). How this ratio is maintained 
or how the redox potential is regulated is not known. In vitro oxidized glutathione is 
sufficient to provide oxidizing equivalents for native disulfide bond formation (Lyles & 
Gilbert 1991) and it has long been the assumption that glutathione would be the source of 
oxidizing equivalents needed for the catalysis of disulfide bond formation in vivo. 
However, recent evidence indicates that glutathione may not be directly involved in this 
pathway (Frand & Kaiser 1998, Cuozzo & Kaiser 1999). 

2.1.2  Pathways of protein disulfide bond formation 

Even though the presence of several oxidants of protein thiol-disulfides in the eukaryotic 
ER have been known for a long time, from small molecular weight compounds such as 
glutathione (Hwang et al. 1992) and cysteamine disulfides (Poulsen & Ziegler 1977), to 
protein catalysts such as the members of the PDI family and sulfhydryl oxidases (Thorpe 
et al. 2002), the exact mechanism and the flow of oxidizing equivalents is still poorly 
understood. What is clear is that multiple pathways exist for native disulfide bond 
formation. For example for protein thiol-disulfide oxidation there is evidence at least for 
four parallel pathways: Ero1p-mediated oxidation of substrate proteins (Cuozzo & Kaiser 
1999, Frand & Kaiser 1999, Tu et al. 2000), oxidation by flavin-dependent sulphydryl 
oxidases (Suh et al. 1999, Suh & Robertus 2000, Sevier et al. 2001), oxidation by the 
members of the PDI family of proteins (PDI, ERp57, PDIp, ERp72, P5, ERp44, PDIr, 
ERdj5/JPDI and ERp18, for references see section 2.2.3.) and oxidation by oxidized 
glutathione (Hwang et al. 1992). Since both PDI and glutathione may be reoxidized, 
directly or indirectly, by Ero1p, there is clear potential for functional cross-talk between 
these pathways. 

 Ero1p is a membrane-associated ER protein which was originally identified in yeast 
as an essential protein for the oxidative protein folding process (Frand & Kaiser 1998, 
Pollard et al. 1998). It was shown that Ero1p has a distinct function from that of PDI and 
that the Ero1p-mediated pathway for oxidation is independent of the presence of oxidized 
glutathione (Frand & Kaiser 1998). The roles of Ero1p and PDI were further defined 
when it was shown that Ero1p can reoxidize PDI (Frand & Kaiser 1999) and that Ero1p 
and PDI were sufficient for the folding of RNase in vitro in the presence of FAD, which 
Ero1p strongly binds (Tu et al. 2000). The role of PDI as an oxidant in the Ero1p-PDI 
catalyzed dithiol-disulfide oxidation cycle was shown by an active-site mutation of PDI, 
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with the second cysteine of both -CXXC- active sites mutated to alanine; -CXXA-. This 
mutated PDI is not able to catalyse refolding of reduced RNase in the presence of Ero1p. 
In addition, the mutant PDI in the presence of wild-type PDI and Ero1p inhibits the 
refolding of reduced RNase, resulting in mutant PDI-Ero1p-mixed disulfides (Tu et al. 
2000). These studies potentially answer the question of how PDI is reoxidized after it acts 
as a protein dithiol-disulfide oxidant, but it still leaves open, what determines the other 
activities of PDI, such as protein disulfide isomerization.  

The Ero1-mediated oxidation pathway is sensitive to cellular levels of free FAD, as 
high levels of free FAD stimulate the oxidation of protein thiols through Ero1p-PDI cycle 
and low levels slow, but do not completely halt it (Tu & Weissman 2002). What 
mechanism is behind this regulation is not known, but metabolic or nutrional control has 
been suggested by the authors. It is not yet known by what mechanism Ero1p is 
reoxidized, but the role of molecular oxygen as a final electron acceptor has been 
established in a recent study (Tu et al. 2002). Glutathione can also appear on the Ero1p 
pathway, as it was shown to be a substrate for oxidation by Ero1p (Cuozzo & Kaiser 
1999). What role glutathione plays in vivo in this system is not known, but it has been 
suggested that glutathione may act as a buffer against hyperoxidizing conditions in the 
ER (Cuozzo & Kaiser 1999).  

 Whatever parallel pathways exist for native disulfide bond formation in proteins, 
PDIs are the only proteins shown to catalyse late-stage disulfide isomerization reactions, 
which in vitro (Weissman & Kim 1993) and in vivo (Molinari & Helenius 1999) are rate-
limiting steps in folding. 

2.2  Protein disulfide isomerase 

PDI (EC 5.3.4.1) was first identified as a catalyst of native disulfide bond formation 40 
years ago, when Anfinsen and his group studied which components in rat liver lysates 
enhanced the rate of reactivation of reduced ribonuclease. Their finding was that, in their 
system, PDI did not contribute to the net oxidation of reduced ribonuclease, but did 
markedly accelerate the formation of correct disulfides, as monitored by the recovery of 
enzymatic activity of ribonuclease (Givol et al. 1964).  

2.2.1  Structure 

PDI is found in abundance in all eukaryotes and is fairly uniformal in its main features. 
The size of the mature polypeptide in mammals is approximately 490 amino acids, with a 
molecular weight of approximately 56 kDa. First sequenced from rat by Edman et al. 
(1985), PDI has been extensively studied, in order to characterise the enzyme both 
functionally and structurally. While the overall domain organization was determined a 
while ago, studies on domain boundaries are still continuing. No high resolution structure 
for full-length PDI currently exists. 
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2.2.1.1  Cloning, sequence analysis and cellular localization of PDI  

The first full-length sequence information on PDI came from a rat liver cDNA which 
encoded for 508 amino acids, including an N-terminal ER signal sequence and C-
terminal ER retrieval signal. The mature protein was seen to contain two segments with 
homology (47% identity) to each other, regions a (amino acids 9-90) and a’ (353-431). 
The midpart of the protein, regions b and b’, corresponding to amino acids 153-244 and 
256-343 also showed some homology to each other, (28% identity) (Edman et al. 1985). 
Highly conserved sequences near the beginning of both a and a’ were seen to contain two 
cysteines separated by a glycine and histidine; these putative active sites were later 
identified as such (Hawkins & Freedman 1991, Vuori et al. 1992a, LaMantia & Lennarz 
1993, Lyles & Gilbert 1994). Upon comparison, homology to thioredoxin was seen in 
regions a and a’, but no significant homology to other proteins was initially seen in 
regions b and b’ (Edman et al. 1985). 

Despite the presence of the N-terminal ER signal sequence and the -KDEL ER 
retrieval sequence at the C-terminus of PDI, other cellular and extracellular localisations 
have been reported (for a review see Turano et al. 2002). PDI has been found to be 
secreted from hepatocytes (Terada et al. 1995), pancreatic exocrine cells (Yoshimori et al. 
1990), endothelial cells (Hotchkiss et al. 1998) and platelets (Chen et al. 1992). It has 
also been found on the cell surface of a variety of different cell types, such as the retina in 
chicken embryo (Pariser et al. 2000). PDI has also been found in the cytosol of human 
and monkey liver cells (Wroblewksi et al. 1992) and also a nuclear localization has been 
reported (Gerner et al. 1999). It is unclear what the physiological relevance of these 
observations is. 

2.2.1.2  Domain organization 

The sequence analysis by Edman et al. 1985, led to further analysis and definition of the 
modular structure of PDI. While PDI probably consists of four structural domains, the 
work required to achieve a complete picture of the structure of the enzyme and of its 
individual domains is still continuing.  

From the information gained from the DNA sequence of the enzyme, it was noted that 
PDI contains two segments with homology to thioredoxin, a small, ubiquitous protein 
which catalyses reduction of protein disulfides (Holmgren 1985). These homologous 
segments, designated a and a’, contain the active site motif -Cys-Gly-His-Cys-. Two 
other regions, b and b’ also have limited homology to each other. The initial analysis 
identifying these four segments only covered 337 amino acids, or 69% of the mature 
protein. Following limited proteolysis and homology modelling studies, a six-domain 
structure a-e-b-b’-a’-c was proposed (Freedman et al. 1994) The e domain was proposed 
to exist between a and b based on homology to the estrogen-binding domain of human 
estrogen receptor. Studies on recombinant fragments of PDI have since excluded the 
concept of the e domain (Kemmink et al. 1997, Freedman et al. 1998). A combination of 
studies based on limited proteolysis and recombinant protein production have confirmed 
the original predictions of a four-domain structure, a-b-b’-a’. However, the boundaries 
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are not those originally defined, with all four domains being longer than first thought 
(Alanen et al. 2003a). In addition to these domains, PDI has a C-terminal extension of 29 
amino acids, out of which 18 are either aspartate or glutamate (Pihlajaniemi et al. 1987). 
The significance of this very acidic tail of PDI is not known, but at the very C-terminus 
resides the endoplasmic retrieval sequence –KDEL which is necessary for retaining the 
enzyme in the lumen of the ER. 

 A schematic representation of the domain architecture of PDI is presented in Figure 1. 
 

 
 
 
 
 
        

 
 

 
Fig. 1. Domain architecture of PDI. The boundaries for the domains a and b are those defined 
by NMR (Kemmink et al. 1996, 1999), while those for the a’ domain are defined by homology 
to domain a. 

 
 
The three-dimensional structure of full-length PDI is not known. To date, the 

individual domains a (Kemmink et al. 1996) and b (Kemmink et al. 1999) have been 
structurally defined by NMR. The structures of domains a and b are represented as ribbon 
diagrams in figure 2. Both domains have a fold similar to that of thioredoxin (βαβαββα). 
This is somewhat surprising, as there is no homology, between the b domain and either a 
or a’ or thioredoxin. Work on the structure of domain a’ is underway (Dijkstra et al. 
1999) and sequence similarity to domain a strongly suggests that it also has the 
thioredoxin-like fold. The evolution of the four-domain structure of PDI probably arose 
from internal gene duplications, which during time lost homology but retained the fold. 
Phylogenetic studies show that the molecular evolution of PDI and the PDI family of 
proteins started from an ancestral enzyme with two thioredoxin-like domains (Kanai et 
al. 1998, McArthur et al. 2001). Given the homology between b and b’ it is probable that 
PDI consists of four thioredoxin-like modules, with two of these containing 
oxidoreductive active sites. 
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1  491  
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Fig. 2. Structures of domains a and b as defined by NMR (Kemmink et al. 1996, 1999). For 
the a domain the active site cysteine residues are shown. 

2.2.1.3  Thioredoxin fold 

The thioredoxin fold was named after the first protein it was discovered in, E.coli 
thioredoxin, a structure which was solved in 1990 (Katti et al. 1990). Thioredoxin is a 
small cytosolic, nuclear and mitochondrial protein found in abundance in all species from 
archaebacteria to mammals. It is a general protein reductant, involved in a wide range of 
physiological functions from inhibition of apoptosis to being an antioxidant (Powis & 
Montfort 2001). Thioredoxin is a single-domain protein formed from a five-stranded β-
sheet surrounded by four α-helices (Martin 1995). The thioredoxin fold, as found in all 
the members of the thioredoxin-like family, has an N-terminal βαβ motif, in which the 
beta strands run parallel to each other, and a C-terminal ββα motif, in which the β strands 
run antiparallel to each other. These are connected by a third α-helix which, in effect, 
forms a loop linking the two motifs (Martin 1995).  

The thioredoxin fold has been found in a number of enzyme families involved in 
sulfur metabolism. Many of these enzymes share the Cys-X-Y-Cys active site motif and 
have a functional similarity, in that they are involved in sulfur-based redox reactions in 
the cell, e.g. thioredoxins, glutaredoxins, DsbAs and PDIs. The residues between the two 
active site cysteines vary between each protein family and they are important in 
determining the active site potential and hence the physiological function of the enzyme. 
The effects the residues between active site cysteines have on the active site potential 
have been studied extensively in the bacterial periplasmic thiol-disulfide oxidoreductase 
DsbA (for example Gane et al. 1995, Grauschopf et al. 1995, Chivers et al. 1997, Guddat 
et al. 1997, Jacobi et al. 1997, Huber-Wunderlich & Glockshuber 1998). The active site 
potential of the enzyme can be modulated by mutations in the -XY- residues, which in 
part explains why enzymes with overall structural similarity, can be reducing, such as 
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thioredoxin (CGPC), or highly oxidizing, such as DsbA (CPHC) or acting as isomerase, 
such as PDI (CGHC).  

Some of the proteins that have been identified as having a thioredoxin fold in their 
structure do not have a thioredoxin-like active site and their function is also different, but 
they are involved in sulfur metabolism. For example glutathione S-transferase and 
glutathione peroxidase both interact with the cysteine-containing substrate, glutathione 
(Reimener et al. 1991, Epp et al. 1983).  

2.2.2  Functions 

PDI was identified as a catalyst of native disulfide bond formation in the refolding of 
RNase A (Goldberger et al. 1963), but other functions have since been found for this 
ubiquitous protein. In vitro it is a diverse catalyst of reduction, oxidation and 
isomerization of protein disulfides (see below) in the folding processes of polypeptides. 
PDI also has redox-independent foldase activity, it assists folding of proteins with no 
disulfides (Wang & Tsou 1993, Cai et al. 1994, Song & Wang 1995, Yao et al. 1997). PDI 
is also an essential subunit in the enzyme complexes collagen prolyl 4-hydroxylase (C-
P4H) (Koivu et al. 1987, Pihlajaniemi et al. 1987) and microsomal triglyceride-transfer 
protein (MTP) (Wetterau et al. 1990), a function which appears to be independent of its 
ability to catalyze protein folding. 

2.2.2.1  Redox-isomerase function 

Disulfide bond formation as an essential part of protein folding has been studied for 
decades. The complexity of these processes involving reduction, oxidation and 
isomerization of disulfide bonds, the variety of catalysts known in eukaryotic cells and 
the recent discovery of multiple different pathways for disulfide bond formation have 
hindered the progression of a clear understanding of actual physiological events. In vitro 
studies have offered good models to study the catalysis and kinetics of PDI activities 
towards a variety of substrates (Creighton et al. 1980, Lyles & Gilbert 1991, Goldenberg 
1992, Weissman & Kim 1993, Darby et al. 1994, Creighton et al. 1995, Darby & 
Creighton 1995a, Freedman et al. 1995, Ruoppolo & Freedman 1995, Ruoppolo et al. 
1996). However, these in vitro studies are very dependent on the conditions used and do 
not necessarily explain how PDI functions in vivo in catalyzing these reactions. The use 
of mutant forms of PDI and individual domains or domain combinations in different 
assays have provided an insight into the mechanisms of PDI function (Vuori et al. 1992a, 
LaMantia & Lennarz 1993, Lyles & Gilbert 1994, Laboissiere et al. 1995, Darby & 
Creighton 1995b, Walker et al. 1996). 

PDI is capable of catalyzing both oxidation and reduction of disulfides under 
physiological conditions as well as disulfide isomerization, and this adds considerably to 
the complexities of data interpretation. A schematic representation of the mechanisms of 
catalysis of reduction, oxidation and isomerization of disulfide bonds by PDI is presented 
in Figure 3.  
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Figure 3. Mechanisms of catalysis by PDI. 
 
 

The essential basis for the redox activity of PDI is the presence of two thioredoxin-like 
motifs -CGHC- in domains a and a’ (Edman et al. 1985), which by themselves account 
for the catalytic activity in thiol-disulfide exchange reactions (Hawkins & Freedman 
1991, Lundström & Holmgren 1993, Darby & Creighton 1995a, 1995b, Kortemme et al. 
1996). The thiol-disulfide redox state of the active sites determines the direction of 
catalysis: oxidation of a substrate requires the conversion of a disulfide -CGHC- site to a 
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dithiol, while reduction of a substrate requires the conversion of a dithiol active site to a 
disulfide. In each active site, the N-terminal cysteine is surface-exposed and reactive 
towards the substrate, forming a mixed disulfide with a substrate cysteinyl residue 
(Hawkins & Freedman 1991). Isomerization by PDI occurs via two possible pathways: 
through direct isomerisation or through cycles of reduction followed by reoxidation 
(Schwaller et al. 2003).  

The presence of two catalytic active sites in PDI probably, in part, accounts for the 
multiplicity of functions and broad specificity of the enzyme. By mutational studies both 
a and a’ active sites have been shown to account for 50% of the full activity of PDI, 
indicating that the two sites operate independently (Vuori et al. 1992a). What role each 
active site has in vivo is not known. It has been shown, however, that efficient catalysis of 
native disulfide bond formation requires domains other than just a and a’. By studying 
individual domains and their linear combinations Darby et al. (1998) showed that the 
presence of the b’ domain is essential for the catalysis of the full range of reactions 
tested. Specifically they demonstrated that simple oxidation reactions require only a and 
a’, simple isomerization reactions a linear combination of domains including b’ and 
either a or a’, while isomerisation reactions which require a significant conformational 
change in the substrate are only catalysed by full length PDI (excluding the c region). As 
the primary non-native protein binding site is located in domain b’ (Klappa et al. 1998a) 
this finding is very logical, as reactions such as the reorganisation of disulfide bonds in 
complex substrates could be predicted to require high affinity binding of the substrate. 

2.2.2.2  Folding assistant/chaperone  

In addition to its role in native disulfide bond formation PDI has been shown to catalyze 
reactivation of non-native proteins without disulfide bonds. This function, in the literature 
termed the chaperone or foldase function, is independent from the redox/isomerase 
function, as it has been shown to exist in vitro with several model substrates that do not 
contain disulfides in their native structure (Cai et al. 1994, Song & Wang 1995, Yao et al. 
1997). In addition, PDI with its active sites inactivated is still capable of reactivating such 
proteins (Quan et al. 1995) which further indicates that the redox/isomerase and foldase 
functions are distinct from each other. The foldase function of PDI must be dependent on 
the ability to bind or interact with unfolded polypeptides with broad specificity. The 
reported interaction of PDI with its substrates is weak (Kd > 100 µM) and is dependent on 
the length of the area of substrate backbone binding (Morjana & Gilbert 1991). However, 
in substrates that contain cysteine residues the interaction is stronger (Morjana & Gilbert 
1991, Klappa et al. 1997), possibly due to the formation of a mixed disulfide between 
PDI and the substrate. 

The first report on the site of peptide binding in PDI was in 1993 when Noiva et al. 
purified a tryptic fragment of PDI that had been photoaffinity-labelled with a tripeptide 
probe. They identified this site of interaction to be at the end of domain a’, near the 
highly acidic C-terminus of PDI (Noiva et al. 1993). However, the binding affinity of 
PDI to tripeptides had previously been shown to be very weak (Morjana & Gilbert 1991) 
and hence the significance of this observation is unclear. 
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 A different substrate binding site was identified by Klappa et al. (1998a). They used 
longer substrates and chemical cross-linking with individual domains and combinations 
of domains of PDI expressed in E.coli. Domain b’ was found to be essential for the 
binding of all substrates and sufficient for the binding of short peptides. However, with 
longer substrates additional domains were needed, with the shortest construct able to bind 
a synthetic 28 amino acid fragment of BPTI being b’a’c or abb’. Binding of the non-
native protein ‘scrambled’ RNase was found to require the presence of both of the b’ and 
a’ domains and efficient binding was only observed with full length PDI (excluding the c 
region).  

The binding interaction of PDI with substrates was reported to be dependent on the 
redox state of PDI by Tsai et al. (2001), who demonstrated a glutathione-dependent 
dissociation of PDI from cholera toxin. However, the reduction or oxidation state of PDI 
does not affect the interaction of PDI with either C-propeptide of procollagen, which PDI 
is known to bind in vivo (Bottomley et al. 2001), or the interaction with collagen prolyl 4-
hydroxylase α-subunit, which PDI is known to form a stable enzyme tetramer complex 
with (Pihlajaniemi et al. 1987). Furthermore, Lumb and Bulleid (2002) demonstrated that 
dissociation of PDI from cholera toxin was observed upon competition with the 14-amino 
acid mastoparan, which the authors say could explain the original observation of the 
effect of glutathione, a tripeptide which can act as a substrate to PDI binding, i.e. that 
substrate binding is independent of the redox state of PDI. 

While the binding specificity of the pancreas specific PDI homologue PDIp has been 
reported to be a tyrosine or tryptophan with nonadjacent negative charge (Ruddock et al. 
2000), the binding specificity of PDI is not known. Binding is reversible and primarily 
hydrophobic in nature (Klappa et al. 1998b), but no simple pattern is discernable for the 
full range of substrates bound by full length PDI. 

2.2.2.3  The β subunit of collagen prolyl 4-hydroxylase 

Collagen prolyl 4-hydroxylase (C-P4H) (EC 1.14.11.2) is an enzyme, which catalyzes the 
formation of 4-hydroxyprolines in collagens. Hydroxylation of prolines is an essential 
modification for the formation of the collagen triple helix at body temperature (see 
Kivirikko & Pihlajaniemi 1998 and Myllyharju 2003 for reviews). In addition to C-P4Hs, 
there exists another, only recently characterized family of cytoplasmic P4Hs, which 
regulate the hypoxia-inducible transcription factor HIFα (Bruick & McKnight 2001, 
Epstein et al. 2001). Other than their catalytic regions, C-P4Hs and HIF P4Hs do not 
share sequential homology (Myllyharju 2003). 

 In vertebrates, the C-P4H is an α2β2 tetramer with molecular weight of around 240 
kDa; the individual subunits being 63 kDa and 55kDa, respectively (Pänkäläinen et al. 
1970, Berg & Prockop 1973, Tuderman et al. 1975). Several isoforms of the α subunit are 
known in human and mouse tissue, Caenorhabditis elegans and Drosophila melanogaster 
(Helaakoski et al. 1989, Veijola et al. 1994, Helaakoski et al. 1995, Annunen et al. 1997, 
Friedman et al. 2000, Hill et al. 2000, Winter & Page 2000, Abrams & Andrew 2002, 
Riihimaa et al. 2002). There are three isoforms of the α subunit in vertebrates, the 
original α(I) isoform and the more recently identified α(II) (Helaakoski et al. 1995, 
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Annunen et al. 1997) and α(III) (Van Den Diepstraten et al. 2003). In addition, new 
human and mouse α subunit-like gene products are being characterized (Myllyharju 
2003). While vertebrate C-P4Hs are only known to exist in the α2β2 tetrameric form, in C. 
elegans some dimer formation is known to happen in vivo, although the main form is a 
mixed tetramer formed of two α isoforms PHY1 and PHY2 and two β subunits 
(Myllyharju et al. 2002). Human α subunits do not form a mixed α(I)/α(II) tetramer with 
β subunit (Annunen et al. 1997). In addition to the main enzyme α isoforms, other α 
subunit-like polypeptides are known to be encoded in the genome of C.elegans (Winter & 
Page 2000). Collagen prolyl 4-hydroxylase is a glycoprotein with all of the carbohydrate 
moieties being attached to α subunits (Kedersha et al. 1985). Glycosylation of the human 
and mouse α(I) subunit is not needed for the formation of a functional C-P4H tetramer 
(Lamberg et al. 1995) 

The β subunit of collagen prolyl 4-hydroxylase was cloned 1987 and found to be 
identical to PDI (Koivu et al. 1987, Pihlajaniemi et al. 1987). The isolated subunits have 
no prolyl 4-hydroxylase activity, but the β/PDI subunit has approximately 50% of the 
wild-type PDI activity in rearranging “scrambled” ribonuclease disulfide bonds, an assay 
which is much-used in determining the isomerase activity of PDI, even when present in 
the α2β2 enzyme tetramer. However, PDI activity is not needed for tetramer assembly or 
for prolyl 4-hydroxylase activity, as was shown by inactivating PDI active sites by 
mutating them to -SGHC-. Tetramer formation was not affected by these mutations in 
PDI and the tetramer formed was fully active in hydroxylation of prolines. Inactivating 
the N-terminal active site of PDI in domain a leads to about 50% isomerase activity of 
the PDI /β subunit in the α2β2 tetramer. However, inactivating the C-terminal active site of 
PDI in domain a’ leads to a loss of isomerase activity of the PDI/β subunit in the α2β2 
tetramer, indicating that, in the tetramer structure, the N-terminal active site is 
unavailable for reaction (Vuori et al. 1992b). As with PDI, no high resolution structure 
exists for any C-P4H, so it is not known, in what orientation the subunits assemble into a 
tetramer. 

Various studies have shown, that in the absence of the β/PDI subunit the α subunit 
aggregates and has no activity (Kivirikko et al. 1992, Vuori et al. 1992b, Veijola et al. 
1994, Helaakoski et al. 1995) The primary function of PDI in collagen prolyl 4-
hydroxylase therefore appears to be to keep the α subunit in soluble conformation. In 
addition, as the α subunit does not have an ER retention signal, PDI may be responsible 
for retaining C-P4H in the lumen of the ER (Vuori et al. 1992b). PDI probably also 
contributes significantly to the structure/function of the C-P4H, as coexpression of prolyl 
4-hydroxylase α subunit with the molecular chaperone BiP results in the formation of 
soluble complexes but no prolyl 4-hydroxylase activity was generated (Veijola et al. 
1996). 

2.2.2.4  The smaller subunit of microsomal triglyceride-transfer protein 

The microsomal triglyceride-transfer protein (MTP) has molecular weight of about 155 
kDa. It catalyzes the transport of triglyceride, cholesteryl ester and phosphatidylcholine 
through membranes and is required for the assembly of apoB-containing lipoproteins in 
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the liver and intestinal cells. It is an αβ heterodimer consisting of subunits with molecular 
weights of approximately 97 and 55 kDa. The smaller subunit has been identified as PDI 
(Wetterau et al. 1990). The isolated PDI subunit has no lipid-transfer activity, and the 
larger 97 kDa subunit is active only in the complex. PDI may have a role in the retention 
of MTP in the lumen of the ER, as the larger subunit lacks an ER retrieval signal. Also, as 
in the case of C-P4H, the α subunit aggregates after dissociation from the PDI subunit 
and therefore the role of PDI could be directly related to maintaining the complex soluble 
(Wetterau et al. 1991). This was studied further by Lamberg et al. (1996) who expressed 
the 97 kDa subunit alone in insect cells and found that it formed insoluble aggregates. 
When co-expressed with PDI, soluble dimers with MTP activity were formed. To study 
whether the redox activity of PDI is necessary for the activity of MTP dimer, the 97 kDa 
subunit was co-expressed with PDI in which both active sites had been inactivated by 
mutating them to -SGHC-. Soluble dimers with comparable levels of MTP activity were 
formed. This indicates that the role of PDI in MTP is to keep the 97 kDa subunit in a 
catalytically active, soluble conformation (Lamberg et al. 1996) 

2.2.2.5  Other functions 

A large number of other functions have been suggested for PDI in the literature. A major 
cellular tri-iodothyronine binding protein has been reported to be identical to PDI 
(Yamauchi et al. 1987). Since tri-iodothyronine is a thyroid hormone, which has nuclear 
receptors for induction and repression of transcription of selective genes, the 
physiological significance of this finding is unclear. 

PDI has also been characterized as a glycosylation-site binding protein in the lumen of 
the ER, recognising multiple polypeptide sequences for oligosaccharyl transferase 
(Geetha-Habib et al. 1988), but this finding was subsequently shown to be due to an 
artefact (Noiva et al. 1991a). PDI has also been characterized as a retinal protein r-cognin 
(Krishna-Rao & Hausman 1993), a dehydroascorbate reductase (Wells et al. 1990) and as 
a major ER phosphoprotein undergoing ATP-dependent autophosphorylation stimulated 
by the presence of denatured polypeptides (Guthapfel et al. 1996). 

In addition, calcium binding by PDI has been shown (Macer & Koch 1988). As with 
many other luminal proteins of the ER, the binding is weak, but high in capacity, as 19 
Ca2+ ions per PDI molecule has been measured (Lebeche et al. 1994). The physiological 
significance of calcium binding by PDI is poorly understood. 

A recent finding is the ability of PDI to covalently cross-link proteins, via 
transglutaminase-like activity. Transglutaminase-catalyzed cross-linking of glutamine and 
lysine through the formation of an isopeptide bond is important in creating tissue 
stability. This finding was made during the cloning of filarial nematode Dirofilaria 
immitis transglutaminase, which was found to contain some homology to PDI. Upon 
comparison, bovine PDI was shown to have transglutaminase activity (Chandrashekar et 
al. 1998).  

Under certain conditions PDI has been reported to facilitate misfolding and 
aggregation of substrates; this has been termed anti-chaperone activity (Puig & Gilbert 
1994). Denatured, reduced lysozyme aggregates strongly in the presence of low 
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concentrations of PDI (Sideraki & Gilbert 2000). This behaviour is especially 
pronounced with aggregation-prone substrates. Whether this activity has function or 
significance in vivo is not known, but it has been suggested that the anti-chaperone 
activity is due to multivalent binding of partially aggregated substrates to PDI (Primm et 
al. 1996). Furthermore, since PDI is present in the lumen of the ER at millimolar 
concentrations, folding substrates in vivo are unlikely to experience the conditions under 
which PDI has significant anti-chaperone activity. 

PDI located on the cell-surface (Hotchkiss et al. 1998) has been reported to act on the 
transfer of nitric oxide from extracellular protein into the cytosol by a mechanism which 
is not known (Ramachandran et al. 2001). Platelet-surface PDI may have a role in platelet 
activation via its oxido-reductase activity (Essex et al. 2001). A recent study reports that 
PDI binds estradiol and tri-iodotyronine through a distinct hormone-binding site and thus 
possibly acts as a hormone reservoir or mediates hormone-receptor binding (Primm & 
Gilbert 2001). 

2.2.3  PDI family  

PDI is considered to be an archetypal representative of a whole family of proteins 
identified since the original findings by Anfinsen and co-workers (1973). The main 
feature this protein family shares is the presence of one or more -CGHC- active sites 
similar to that of thioredoxin (except for ERp18, see below). Members of PDI protein 
family are eukaryotic and they all have an ER signal sequence and a variant of ER 
retrieval sequence. Only those members of PDI family that are found in higher 
eukaryotes, and specifically in mammals, are discussed here. The domain organisation of 
the members of the PDI family is presented in figure 4. 
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Fig. 4. Domain organisation of the mammalian PDI family. Catalytic domains are patterned 
with vertical lines, b-like domains with dots, b’-like with diagonal lines, c-like are white and 
regions with no homology to any of the domains of PDI are patterned with dashed diagonal 
lines. 

2.2.3.1  ERp57 

After PDI, Erp57 (ER-60, ERp60, ERp61, GRP58, P58, HIP-70, Q2) is probably the best 
characterized protein of the PDI family. It was initially incorrectly identified as a 
phospholipase, when the enzyme was first cloned using screening of rat cDNA library 
with a guinea pig uterus phospholipase antibody (Bennett et al. 1988). The mature human 
polypeptide consists of 481 amino acids, excluding the 24 amino acid N-terminal signal 
sequence (Bourdi et al. 1995, Koivunen et al. 1996). Subsequent research using sequence 
comparison and recombinant protein production has shown that ERp57 has a similar 
domain organization to that of PDI (Ferrari & Söling 1999, Alanen et al. 2003a) and has 
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two thioredoxin-like domains corresponding to domains a and a’ of PDI (Freedman et al. 
1994) with -CGHC- active-sites in similar positions to those of PDI. ERp57 has an ER 
retrieval sequence variant -QEDL. The overall sequence identity between PDI and ERp57 
is 29% and similarity 56% (Koivunen et al. 1996). ERp57 has been shown to have thiol-
dependent reductase activity similar to that of PDI (Srivastava et al. 1993, Bourdi et al. 
1995, Hirano et al. 1995). However, ERp57 does not substitute PDI as the β subunit of 
collagen prolyl 4-hydroxylase structurally or functionally (Koivunen et al. 1996).  

ERp57 has been shown to have a distict physiological function in the folding of 
glycoproteins. Cross-linking studies identified an interaction between glycoproteins, 
ERp57 and either calnexin or calreticulin (Oliver et al. 1997). Calnexin and calreticulin 
are chaperones that interact specifically with newly synthesised glycoproteins taking part 
in both the folding process and the quality control. They recognize monoglucosylated 
proteins and bind N-glycan moieties of the form GlcNAc2Man9Glc1 (Rodan et al. 1996) 
i.e. they are lectins. After this recognition, the interaction of calnexin and calreticulin 
with ERp57 then allows for thiol-dependent protein-protein interaction of ERp57 with 
substrate (Helenius et al. 1997).  

Immunohistochemical studies of murine tissues have shown a wide distribution of 
ERp57 in a variety of cell types (Kozaki et al. 1994). Erp57 is particularly abundant in 
plasma cells, mucus-secreting cells in various tissues, neuroendocrine cells including 
neurons and follicular epithelia of the thyroid gland (Iida et al. 1996). Furthermore, a 
high correlation has been observed between intracellular amounts of ERp57 and 
immunoglobulin production by hybridoma cells (Kozaki et al. 1994). This was confirmed 
by the finding of ERp57 in the assembly of MHC class I together with calnexin in 
complexes with MHC class I heavy chains (Lindquist et al. 1998).  

Recently, a novel function for ERp57 was identified in Caenorhabditis elegans. The 
C.elegans homologue of ERp57 was shown to have in vitro transglutaminase activity, in 
addition to the PDI-like activity in the refolding of denatured RNase (Eschenlauer & 
Page 2003). Transglutaminase catalyzes the cross-linking of glutamine and lysine 
residues of cellular proteins, creating tissue stability for example in the cuticle of 
nematodes. In addition, nuclear localization and an interaction with DNA has been 
reported for ERp57 (Coppari et al. 2002). 

Structural work on ERp57 is not as advanced as for PDI, but recently the a’ domain of 
ERp57 was shown to have the same overall fold as the a domain of PDI (Silvennoinen et 
al. 2001); the one significant difference being that the α3 is apparently missing in ERp57.  

2.2.3.2  Other members of the PDI protein family 

In addition to PDI and ERp57 the PDI family in higher eukaryotes includes PDIp, 
ERp72, P5, PDIr, ERp44, ERdj5/JPDI, ERp18 and ERp29/28. 

PDIp is a pancreas specific isoform of the PDI family (Desilva et al. 1996), which is 
located in the acinar cells but not in the islet cells of the pancreas (Klappa et al. 1998b). It 
has a high sequence similarity to PDI (46% identity and 66% similarity (Desilva et al. 
1996)). PDIp possesses two thioredoxin-like active sites -CGHC- and the unusual  
-CTHC- motif and an ER retrieval sequence variant -KEEL (Desilva et al. 1996). The 
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domain organization of PDIp is the same as that of PDI, with two thioredoxin-active 
domains and two thioredoxin-inactive domains, abb’a’ (Ferrari & Söling 1999, Alanen et 
al. 2003a). The highly acidic C-terminal stretch of PDI is modified in PDIp, with a 
stretch of 32 predominantly hydrophobic residues but including a short predominantly 
acidic stretch. In addition, PDIp has a 21 amino acid N-terminal acidic stretch (Klappa et 
al. 2001). PDIp has been shown to have both reduction and oxidation activities (Desilva 
et al. 1996). It has also been shown to bind protein substrates and is therefore probably 
participating in the maturation processes of newly translocated proteins (Volkmer et al. 
1997, Elliot et al. 1998, Klappa et al. 1998b). Recently the binding specificity of PDIp 
was determined by a cross-linking-based method. PDIp was found to recognize tyrosine 
or tryptophan residues within a peptide when there was no adjacent negatively charged 
residue (Ruddock et al. 2000). Substrate binding by PDIp is inhibited by certain 
oestrogens and xeno-estrogens (Klappa et al. 1998b), though the physiological 
significance of this is unclear. 

ERp72 differs from archetypal PDI domain structure by having three active 
thioredoxin-like domains, with -CGHC- active site sequences, with the domain 
distribution of -a0abb’a’- and having a 42 amino acid acidic stretch of amino acids at the 
N-terminus (Ferrari & Söling 1999). ERp72 has both redox and disulfide-isomerase 
activity (VanNguyen et al. 1993, Rupp et al. 1994, Kramer et al. 2001) but has no 
observable peptide-binding ability (Kramer et al. 2001). 

P5 was identified in 1992 (Chaudhuri et al. 1992) but little is still known about this 
protein. The domain structure includes two redox-active domains with -CGHC- active 
site sequences and in addition a C-terminal domain which has been reported to have 
similarity to b domain (Ferrari & Söling 1999), but which in a recent study was found to 
have no significant similarity to either b or b’ domains of PDI and to have a significantly 
different CD spectra from other purified domains indicating that it may not have a 
thioredoxin-like fold (Alanen et al. 2003a). P5 has been shown to have diminished PDI-
like activity in the refolding of reduced RNase (Rupp et al. 1994, Kramer et al. 2001, 
Kikuchi et al. 2002).  

Another already long known but virtually unstudied member of the PDI family is PDIr 
(Hayano & Kikuchi, 1995). PDIr has the domain architecture ba0aa’ and each 
thioredoxin-active domain has a different variant of active site sequence: -CSMC-,  
-CGHC- and -CPHC- (Ferrari & Söling 1999), with only one having the PDI consensus 
active site sequence. 

Other recently reported new members of PDI family include as least ERp29 found in 
rat tissues (Demmer et al. 1997, Mkrtchian et al. 1998, Hubbard et al. 2000) and its 
human homologue ERp28 (Ferrari et al. 1998), ERp44 (Anelli et al. 2002), human 
protein ERdj5 (Cunnea et al. 2003) and its murine homologue JPDI (Hosoda et al. 2003), 
and smallest so far, ERp18 (Alanen et al. 2003b). 

ERp28/29 is unique among the other members of the PDI family in that it has no  
-CGHC- active site in its sequence. ERp28/29 was first identified in rat (Demmer et al. 
1997, Mkrtchian et al. 1998) with molecular weight of 29 kDa, and soon after in human 
(Ferrari et al. 1998) with the molecular weight of 28 kDa, both having a C-terminal 
retrieval sequence variant -KEEL. In rat hepatoma cells, ERp29 expression was found to 
be strongly induced following stress, indicating that the function of the protein could be 
related to the stress response in the ER (Mkrtchian et al. 1998). In another study the 
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protein was found to be up-regulated during synthesis of secretory proteins and has 
highest expression in secretory tissue, suggesting a foldase-like role for ERp29/28 
(Hubbard et al. 2000). The structure of ERp28 has been solved by NMR (Liepinsh et al. 
2001). The protein comprises of two domains; the N-terminal domain having a 
thioredoxin fold similar to that of domain a of PDI and the C-terminal domain having a 
novel, all-helical structure. The protein has a tendency to dimerize both in vivo and in 
vitro, and the dimerization was found to occur through the N-terminal domain of ERp28 
(Liepinsh et al. 2001). 

ERp44 was identified as a protein associated in the human Ero1-mediated oxidative 
protein folding pathway (Anelli et al. 2002). The protein is approximately 44 kDa in size 
and has one thioredoxin-like domain with an unusual -CRFS- motif and a C-terminal ER 
retrieval sequence variant -RDEL. ERp44 is also found to be up-regulated during stress 
and forms mixed disulfides with Ero1 (Anelli et al. 2002). Otherwise, the physiological 
role of ERp44 is still unknown. 

Two recent, independent reports announced the identification of a novel member of 
PDI family, ERjd5/JPDI. ERjd5 was cloned from human (Cunnea et al. 2003) and JPDI 
from mouse (Hosoda et al. 2003). ERjd5/JPDI has an N-terminal DnaJ-like domain 
followed by four thioredoxin-like sequences with a -CXYC- motif variants -CSHC-,  
-CPPC-, -CHPC- and CGPC-. In addition, it has a C-terminal -KDEL ER retrieval 
sequence (Cunnea et al. 2003, Hosada et al. 2003). DnaJs work in co-operation with 
molecular chaperones of the class Hsp70, such as BiP. The function of ERjd5/JPDI could 
therefore be related to the protein folding and quality control mechanisms of the ER. 

Another very recently identified protein of the PDI family is ERp18 (Alanen et al. 
2003b). ERp18 has an N-terminal signal sequence and a C-terminal ER retrieval variant  
-EDEL. The protein contains one thioredoxin-like –CXYC- motif, -CGAC-. ERp18 was 
shown to have some peptide oxidase activity, although lesser than that of the isolated a 
domain of PDI. This indicates that ERp18 may have a role in disulfide bond formation in 
the ER (Alanen et al. 2003b). 

 



 

3 Outlines of the study 

PDI is a multifunctional enzyme found in abundance in eukaryotic cells. It consists of 
four structurally independent domains which function in co-operation to catalyse the 
wide range of reactions PDI is capable of. It is known that PDI consists of two 
catalytically active domains (a and a’) and two catalytically inactive domains (b and b’). 
In addition, PDI has a C-terminal, highly acidic region c. Domain b’ has been assigned 
the role of being the primary peptide binding domain of PDI, but the function of domain 
b is still unclear.  

In addition of having specific catalytic functions in the thiol-disulfide exchange of 
protein cysteines, PDI is a subunit in two known enzymes, one of which is collagen 
prolyl 4-hydroxylase (C-P4H). C-P4H is a crucial enzyme in collagen biosynthesis and 
the role of PDI in the C-P4H enzyme tetramer is essential for the formation and stability 
of a functional C-P4H.  

The aims of this research were: 
 

1. To study the roles of the individual domains and the c region of PDI in the formation 
and activity of the C-P4H enzyme tetramer and for the different catalytic activities of 
PDI. 

2. To study whether the domains of ERp57, a member of the PDI family of proteins, 
could structurally complement any of those of PDI in the C-P4H subunit function or 
the peptide binding ability of PDI. 

3. To characterize the peptide binding domain b’ in detail.  
 



 

4 Materials and methods 

The materials and methods are described in detail in the original articles I-III. 

4.1  Generation of E.coli and baculovirus                                 
expression constructs (I, II, III) 

For the generation of PDI deletion constructs, two PCR products were made using 
plasmid pVLβ (Vuori et al. 1992b) as a template excluding the areas to be deleted. These 
were then blunt-ended, kinase-treated and subsequently ligated into the EcoRI-BamHI 
sites of pVL1392 (Invitrogen) after digestion. A construct for the deletion of the region c 
was made by PCR using His-PDI as template (Annunen et al. 1997) by introducing an 
artificial stop codon at position 462 followed by a BamHI restriction site which was then 
digested and ligated to the corresponding sites of pVL1392. Baculovirus vectors for the 
site-directed mutants were made by exchanging an NcoI-HindIII fragment between wild 
type PDI in pFASTBAC1 vector (Gibco-BRL) and the corresponding human PDI mutant 
pBluescript vector. 

E.coli expression constructs for the wild type PDI and the PDI deletion and point 
mutation constructs were made in the vector pQE-31 (Qiagen), which codes for an N-
terminal His-tag onto the expressed protein. cDNA coding for the wild type PDI was 
cloned into BamHI-HindIII digested vector. All deletion mutants except for the deletion 
of entire region c were made by exchanging an ApaI-SmaI fragment between previously 
constructed corresponding baculovirus mutant vectors and the E.coli vector coding for 
the wild type PDI. The region c deletion construct (∆462-491) was made from the 
corresponding baculovirus construct with BamHI digestion, followed by blunt-ending 
that site and subsequent ApaI-digestion and the fragment generated was exchanged with 
one from the wild type PDI cDNA in pQE-31 vector. All the point mutant E.coli 
expression vectors were generated by exchanging the corresponding ApaI-HindIII 
fragment from the baculovirus vectors into the wild type PDI gene in vector pQE-31. 

Baculovirus expression vectors coding for the following PDI domain constructs were 
synthesized by PCR using human PDI cDNA (Pihlajaniemi et al. 1987) as a template: 
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PDI abb’ (amino acids 1-350 of mature human PDI), PDI bb’a’c (amino acids 119-491), 
PDI b’a’c (amino acids 217-491), PDI a’c (amino acids 348-491), PDI bb’a (amino acids 
119-351 and 1-120) and PDI abb’a (amino acids 1-352 and 1-120). If necessary, an 
artificial signal sequence and/or ER retrieval sequence was added. Coding sequences of 
constructs abb’ and abb’a were ligated after digestion into the EcoRI-BamHI sites of 
pVL1392 (Invitrogen), construct b’a’c into the XbaI-BamHI sites, construct bb’a into the 
EcoRI-SmaI sites and constructs bb’a’c and a’c into the EcoRI site of the vector 
pVL1392. Expression constructs for the PDI/ERp57 hybrids were made by PCR using 
human cDNAs of the proteins as templates (Pihlajaniemi et al. 1987, Koivunen et al. 
1996) and the following constructs were generated by blunt-ended ligation of the two 
PCR products and subsequent ligations into cohesive sites of the baculovirus vector: PDI 
abb’ERp57a’ (amino acids 1-350 and 353-465 of the mature polypeptides) into the 
EcoRI-BamHI sites, ERp57aPDI bb’a’c (amino acids 1-107 and amino acids 117-491) 
into the EcoRI-BamHI sites, ERp57ab PDIb’a’c (amino acids 1-218 and 219-491) into 
the EagI-BamHI sites, ERp57abb’ PDI a’c (amino acids 1-352 and 351-491) into the 
EagI-BamHI sites and PDI a ERp57bb’a’c (amino acids 1-117 and 110-481) into EcoRI-
BamHI sites. 

The E.coli expression vector for the b’ domain of PDI was synthesized by PCR using 
human PDI cDNA (Alanen et al. 2003b) as a template and ligated into the NdeI-BamHI 
sites of vector pLWR51 (Alanen et al. 2003a), which encodes for an N-terminal His-tag 
for purification. An artificial stop-codon was added into the 3’-end. 

4.2  Generation of recombinant baculoviruses (I, II) 

Recombinant baculovirus transfer vectors for the PDI deletion and domain constructs and 
PDI-ERp57 constructs were co-transfected with a modified Autographa californica 
nuclear polyhedrosis virus DNA (BaculoGold, PharMingen) into Spodoptera frugiperda 
Sf9 insect cells by calcium phosphate transfection (Gruenwald & Heitz 1993). Viral pools 
were collected after 4 days, amplified twice and used for production of recombinant 
proteins. Other recombinant baculoviruses used in these studies were human α(I) and β 
(Vuori et al. 1992b), ERp57 (Koivunen et al. 1996), C.elegans α (Veijola et al. 1994) and 
human α(II) (Annunen et al. 1997) which code for corresponding C-P4H subunits. Point 
mutation constructs were made similarly according to BAC-TO-BAC system (Gibco-
BRL). 

4.3  Site-directed mutagenesis (I, III) 

Site-directed mutagenesis was performed according to the manufacturer’s instructions 
using an oligonucleotide-mediated system (QuickChangeTM site-directed mutagenesis kit, 
Stratagene) with wild type E.coli vectors as templates.  
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4.4  Production, purification and analyses of recombinant         
proteins (I, II, III)  

Insect cells were cultured either in monolayers or in suspension in TNM-FH medium 
(Sigma) supplemented with 10% fetal bovine serum (Gibco-BRL and Bioclear) at 27°C 
and infected at suitable density with recombinant viruses at multiplicity of 5. Cells were 
harvested 72 h after infection, washed with a solution containing 0.15 M NaCl and 0.02 
M phosphate at pH 7.4, and homogenized in one-twentieth of the original volume into 0.1 
M glycine, 0.1 M NaCl, 10 µM DTT and 0.01 M Tris, pH 7.8 (buffer A) supplemented 
with 0.1% Triton X-100. Cell remains were pelleted by centrifugation at 10 000 g for 20 
min. Production of proteins was analyzed by 8% SDS-PAGE, 8% native PAGE and 
Western blotting. Proteins were purified from the lysate by further centrifugation at 
160 000 g for 60 min, after which the resulting supernatant was applied into a Sephacryl 
S200 High Resolution gel filtration column (Pharmacia) which was equilibrated and 
eluted with buffer A. Fractions were analyzed by measuring their absorbance at 280 nm 
followed by analysis on SDS-PAGE, and relevant fractions were pooled and applied into 
a Q-Sepharose column (Pharmacia). After washing of unbound proteins, elution with 
buffer A containing 0-0.5 M NaCl was performed. Fractions were analysed and those 
containing pure protein were pooled and ultrafiltered through a 10K membrane (Amicon) 
to remove salt. Concentrations were determined by measuring their absorbance at 230 nm 
and densitometry. 

Recombinant PDI deletion and point mutations (I) were produced in E.coli strain 
SGI3009[pREP4] (Qiagen) at 37°C according to the manufacturers guidelines. After 
induction with isopropyl-β-D-thiogalactopyranoside (IPTG) the cells were harvested, 
homogenized in 50 mM Tris, pH 8, containing 0.1% Triton X-100 and cells were 
disrupted by sonication. Cell remains were pelleted by centrifugation at 160 000 g for 60 
min at 4°C. The resulting supernatant was mixed with Ni-NTA resin (Qiagen) and 
washed in a column with buffers containing 5 and 60 mM imidazole followed by elution 
with 0.5 M imidazole. Fractions were analyzed on SDS-PAGE, relevant ones pooled and 
applied to PD-10 (Pharmacia) columns equilibrated with 50 mM Tris, pH 8, to remove 
imidazole. The purified protein was concentrated with MacrosepTM centrifugal 
concentrators (Filtron) and the protein concentration was measured with a protein assay 
kit from Bio-Rad. 

Production of proteins (III) was carried out in E.coli strain BL21 (DE3) pLysS in 
either LB or M9 minimal media at 37°C. Induction with IPTG was done at OD600 and 
after 3 h the cells were harvested. Cells were pelleted by centrifugation and the resulting 
pellet was resuspended in one-tenth volume of 20 mM sodium phosphate, pH 7.3, 
supplemented with one-thousandth volume of 10 mg/ml DNase. Cells were then lysed by 
freeze-thawing them twice and cell debris was removed by centrifugation at 12000 rpm 
for 20 min at 4°C. The supernatant was cleared by filtering through a 0.45µm filter before 
applying it to a chelating sepharose fast flow column (Amersham Pharmacia) precharged 
with Ni2+ and equilibrated with 20mM sodium phosphate, pH 7.3. The column was then 
washed with a solution of 20 mM sodium phosphate, 50 mM imidazole, 0.5 M NaCl, pH 
7.3, followed by a wash with 20 mM sodium phosphate, pH 7.3, and elution of bound 
proteins with 20 mM sodium phosphate, 50 mM EDTA, pH 7.3. The eluent was diluted 
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five-fold for further purification in a Resource Q anion exchange column (Amersham 
Pharmacia), and proteins were eluted with a linear gradient of 0 to 0.5M NaCl in 20 mM 
sodium phosphate, pH 7.3 buffer over 9 column volumes. Fractions were analyzed by 
SDS-PAGE and those containing the pure protein were pooled and their buffer was 
exchanged for removal of salt with an Amicon ultracentrifugal filter device. Protein 
concentration was determined spectrophotometrically using calculated absorption 
coefficient at 280nm. 15N-labelled protein was produced in M9 media using 15N labelled 
NH4Cl (Cambridge isotopes) and the protein was purified as the unlabelled protein. 

4.5  Enzyme activity assays ( I, III) 

P4H activities were measured by an assay based on the hydroxylation-coupled 
decarboxylation of 2-oxo[1-14C]glutarate (Kivirikko & Myllylä 1982). 

Chaperone activities were measured by analysing the renaturation of denatured 
rhodanase in the presence of wild type PDI or mutant (Song & Wang 1995). 

Isomerase activities of PDI deletion and point mutants (I) were measured as 
regeneration of the activity of a fully reduced RNase as a continuous increase of 
hydrolysis of its substrate, 2’3’cCMP (Lyles & Gilbert 1991). Isomerase activities of wild 
type PDI and the I272W mutant (III) were measured by a method based on mass 
spectrometry (Ruoppolo et al. 2003). 

Oxidase activities were measured by a method using a fluorescent decapeptide 
(Ruddock et al. 1996). 

4.6  Binding and cross-linking of synthetic peptides (II) 

The binding of labelled peptides (∆-somatostatin and scRNase) was done in 100 mM 
NaCl, 25mM KCl, 25 mM phosphate, pH 7.5, containing crude cell extracts by 
incubation of ice for 10 min followed by cross-linking using DSG (Klappa et al. 1998). 
Cross-linking products were analysed by SDS-PAGE followed by subsequent 
autoradiography. Western blotting was performed using polyclonal anti-PDI antibody and 
detection by enhanced chemiluminescence.  

4.7  Biophysical characterization and NMR analysis of proteins (I, III) 

CD spectrum measurements of wild type PDI and deletion and point mutants (I) were 
performed with a Jasco J500A spectropolarimeter in a 1 mm quarz cuvette. CD spectra of 
the isolated b’ and b’x domains of PDI were measured with a Jasco J600 
spectropolarimeter. 

Fluorescence spectra were collected on a Perkin-Elmer LS50 spectropolarimeter. 
NMR spectra were collected on a Varian Innova 600MHz spectrometer.



 

5 Results 

5.1  The role of the C-terminal region of PDI in the C-P4H enzyme 
tetramer formation and in the chaperone and isomerase activities of 

the enzyme (I) 

C-P4H in vertebrates is a tetrameric enzyme formed from two catalytic α subunits and 
two β subunits, which are identical to PDI (Pihlajaniemi et al. 1987, Koivu et al. 1987). It 
is not known in what orientation the individual subunits interact to form the tetramer, but 
it is known that the catalytic activity of PDI is not needed for the formation or activity of 
C-P4H (Vuori et al. 1992a). In addition to being a catalyst of thiol-disulfide exhange 
reactions in proteins, PDI has a well-known ability to bind peptides and proteins and 
assist in their folding into their native conformation. A previous study using a tripeptide 
probe and photoaffinity labelling has identified a peptide binding site in PDI which is 
localized to an area starting from the end of domain a’ and extending to the highly acidic 
region c (Noiva et al. 1993). Whether this region has a role in the C-P4H tetramer 
formation and activity or in the foldase or disulfide isomerase activities of PDI was 
investigated by creating deletions and point mutations into the C-terminal region of the 
full length PDI and analysing the effects of these on the different activities of the enzyme. 

Altogether 17 deletions, ranging from three to thirty amino acids in length, and 17 
point mutations made into 13 amino acids were designed and constructed. The proteins 
containing the deletions and point mutations were each individually co-expressed with 
the human wild type α(I) subunit in insect cells. The tetramer formation was studied by 
non-denaturing PAGE followed by visualization of proteins by Coomassie stain or by 
Western blotting with a PDI antibody. In addition, the individual C-P4H activities were 
measured. The peptide binding site of PDI of Noiva and co-workers was reported to 
localize to a 27-amino-acid region corresponding to residues 452-478 of mature human 
PDI. Deletion of this region (PDI ∆452-478) prevented tetramer formation and C-P4H 
activity completely. The N-terminal half (PDI ∆ 452-465) and the C-terminal half (PDI 
∆466-478) of this area were deleted separately and only the N-terminal deletion was 
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found to cause the inhibitory effect on tetramer assembly and activity, the C-terminal 
deletion mutant having tetramer formation and activity comparable to that of the wild 
type enzyme. The N-terminal area was then studied further by dividing it into four 
smaller deletions of residues ∆452-454, ∆455-457, ∆458-461 and ∆462-465. Only the 
∆452-454 deletion was seen to cause a loss of tetramer assembly and activity, the others 
having no effect. Thus the only critical region was within the 27-residue area is its most 
N-terminal triplet, 452-454, which correspond to amino acids Phe-Leu-Glu. This region 
is predicted to be at the end of the last α helix of domain a’.  

Additional deletions which would extend towards the N-terminus from the ∆452-454 
were designed, constructed and tested. By deleting small areas, three to four residues at a 
time, the critical region was found to start from residue 436 and extend to the previously 
studied region 452-454, the last α helix of domain a’. According to a model based on the 
known structure of the homologous a domain, this area corresponds to the whole of the 
last α helix and to the preceding loop region. Deletions made to the β-strand region 
residing before these regions did not have a negative effect on tetramer assembly and 
these mutants also gave most of the activity of the wild type enzyme. One deletion 
(∆432-435) was found to cause an abnormal mobility of the tetramer but 60 % of the 
activity of the wild type enzyme was still detected. 

The deletion of whole of the region c or the C-terminal half of it did not have an 
inhibitory effect on either the tetramer assembly or the C-P4H activity of the enzyme.  

To study the effects of these deletions on the C.elegans C-P4H αβ dimer formation, all 
of the deletion mutants described above were tested by co-expressing the C.elegans α 
subunit together with human PDI deletion mutants. The results were identical to those 
obtained with human α(I). 

Thirteen residues from the previously identified critical region were mutated to other 
amino acids and the effects of these mutations were studied in detail. Substantial or 
complete inhibitory effect on the C-P4H assembly and activity was seen to be caused by 
mutations R444A, L453E, F449R, F449E, F449W and F449A. 

Selected deletion mutants and one point mutant were tested for the chaperone activity 
of PDI by the use of purified proteins and the rhodanase assay. The critical region for this 
assay was found to be shorter than that for the C-P4H assembly and activity, as only the 
deletions in the region 446-455 were found to have a substantial inhibitory effect on the 
chaperone activity. The one point mutant tested, F449R, which was found to completely 
inhibit C-P4H assembly and activity was found not to inhibit the chaperone activity of 
PDI.  

The effects of some of the deletion and point mutations in PDI on the isomerase 
activity, as tested by an assay measuring the refolding of reduced RNase, and on the 
reductase activity, as tested by an assay measuring the reduction of insulin disulfides, 
were studied with the use of purified mutant proteins. Deletion of region c of PDI was 
found to have no inhibitory effect on either the isomerase or reductase activity of PDI. A 
critical region for PDI activity in the isomerase assay was found to be the region 431-461, 
and in the reductase assay 431-454. Out of the point mutations, F449R and L435E were 
found to decrease both the isomerase (by 79% and 77%, respectively) and reductase (by 
77% and 52%, respectively) activites of the purified mutant proteins. Overall, the effects 
were found to be more pronounced in the isomerase assay. 
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Far UV CD spectra of some of the purified mutant proteins were recorded to look 
whether the mutations had caused a major change in the secondary structure of PDI. 
Compared to wild type PDI, one deletion mutant, ∆449-451, showed a major difference 
in the CD spectrum, whereas ∆452-478 and F449R, were very similar to that of the wild 
type PDI. 

5.2   The effect of the domain constructs of PDI and of PDI/ERp57 
hybrid constructs in C-P4H assembly and activity and in the binding 

of ∆-somatostatin and scRNase (II) 

To study which domains of PDI are critical in the assembly of the C-P4H tetramer and for 
the activity of the enzyme a set of constructs of linear combinations of PDI domains and 
two constructs with domain a’ replaced by domain a were designed and expressed in 
insect cells and the C-P4H tetramer formation and activity was tested. In addition, a set of 
hybrid constructs with domains of both PDI and ERp57 were designed and tested 
accordingly. The binding of a synthetic peptide ∆-somatostatin by these constructs and 
the interaction of the mutant proteins with scRNase was also tested by a cross-linking 
based method. 

 Each PDI and PDI/ERp57 construct was co-expressed with human α(I) or α(II) 
subunits in insect cells. Tetramer assembly was tested from cell lysates by non-denaturing 
PAGE followed by visualization of proteins by Coomassie stain or by immunostaining 
with an anti-human PDI antibody. C-P4H enzyme activity was tested by an assay based 
on the hydroxylation-coupled decarboxylation of 2-oxo[1-14C]glutarate.  

A PDI abb’ construct co-expressed with either the α(I) or α(II) subunits did not result 
in the formation of any detectable C-P4H tetramer or significant enzyme activity. PDI 
bb’a’c coexpressed with α(II) resulted in the formation of some C-P4H tetramer and 
about 40 % of activity compared to that of the wild type enzyme. When this PDI 
construct was co-expressed with α(I), a tetramer complex with very slow mobility was 
detected, but this complex had no activity. PDI b’a’c coexpressed with α(I) did not lead 
to assembly of tetramer, but some could be detected with the α(II) subunit with little 
activity. No assembly or activity was detected with PDI a’c with either α(I) or α(II) 
subunit. 

To test whether the highly homologous catalytic domains a and a’ of PDI are 
interchangeable, the a’ domain was replaced by the a in two constructs, bb’a and abb’a. 
No assembly or activity with either α(I) or α(II) subunits was detected for either of these 
constructs.  

In addition to these, domains of PDI were replaced by those of ERp57 in every 
possible linear combination. These hybrid constructs were tested again for C-P4H 
assembly and activity by co-expressing them with human α(I) and α(II) subunit.  
PDI abb’ERp57 a’ resulted in no detectable tetramer formation or C-P4H activity with 
either α subunit. ERp57aPDIbb’a’c formed tetramer with both subunits which had 23% 
activity of that of wild type PDI with α(I) and 40% with α(II). Compared to the PDI 
construct bb’a’c co-expressed with the α(I), the effect of adding the a domain of ERp57 
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was positive, as PDI bb’a’c with α(I) gave only 5% activity, whereas with α(II) the 
activity of the shortened PDI construct was similar to that of the one with additional 
ERp57 domain a. Extending the number of domains of ERp57 in the construct 
ERp57abPDIba’c had a more drastic effect when compared with the corresponding PDI 
construct. Approximately double enzyme activity compared with the corresponding PDI 
construct was generated with both of the α subunits, even though no detectable tetramer 
was seen with the α(I) subunit, possibly due to the lability of the tetramer. 
ERp57abb’PDIa’c did not form any tetramer or generate activity with either α subunit, 
nor did the construct PDIaERp57bb’a’c.  

Interaction of all of the constructs with radiolabeled ∆-somatostatin was tested from 
insect cell lysates by subsequent cross-linking and visualization by autoradiography. 
Cross-linking products were detected with the wild type PDI, PDIabb’, PDIbb’a’c, 
PDIb’a’c, PDIbb’a, PDIabb’a, PDIabb’ERp57a’, ERp57aPDIbb’a’c and 
ERp57abPDIb’a’c. No cross-linking was observed with the wild type ERp57, PDI a’c, 
ERp57abb’PDIa’c or PDIaERp57bb’a’c. When testing the interaction of PDI domain 
constructs expressed in insect cells with a larger substrate, scrambled RNase, a 
requirement for more domains of PDI for interaction was seen. Only wild-type PDI and 
the constructs PDIabb’, PDIbb’a’c, PDI bb’a and PDIabb’a formed a cross-linking 
product with scRNase. A cross-linking product was also seen with PDIabb’ produced in 
E.coli.  

5.3  Molecular characterization of the main substrate binding site, the 
b’ domain of PDI 

PDI consists of four domains; a, b, b’ and a’, the boundaries of which have been roughly 
estimated initially with sequence comparison (Edman et al. 1985) and proteolytic 
(Freedman et al. 1998) methods and only recently refined with theoretical (Ferrari & 
Söling 1999) and protein engineering (Alanen et al. 2003b) studies. Sequence alignment 
of domains b and b’ and subsequent secondary structure predictions by PredictProtein 
(Rost 1996) and PREDATOR (Frishman & Argos 1997) programs resulted in a prediction 
of new boundaries for domain b’, so that while previously the b’ domain has been 
predicted to consist of the amino acids residing between the end of the domain b and 
beginning of the domain a’, an 18-amino acid linker region between the b’ and a’ 
domains, designated x, was shown to exist. Corresponding constructs for b’ (residues 
P218-G332 of mature human PDI) and b’x (residues K213-P351) were designed with N-
terminal hexa-His tags for purification. Both were expressed in E.coli and purified. A 
significant yield of pure protein was obtained from expression of both constructs 
indicating that both were stable structures and the linker region x was not a part of the 
structure of b’.  

The ability of both b’ and b’x to bind peptide, the 14-amino acid synthetic ∆-
somatostatin, was tested. The primary peptide binding function of PDI has previously 
been assigned to b’x by testing the binding of both small peptides and larger substrates by 
a cross-linking method (Klappa et al. 1998). Both b’ and b’x were able to bind ∆-
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somatostatin in amounts comparable to wild type PDI, indicating that x is not required for 
binding.  

Some biophysical analyses were undertaken to further characterise the b’ domain and, 
in comparison, the b’x construct. Far UV CD spectra of both proteins showed a folded 
protein containing significant amounts of α-helical and β-sheet structures. To compare 
these to a structural relative of other domains of PDI, the far UV CD spectra of E.coli 
thioredoxin was recorded and in addition, of domain b of PDI. All were found to be 
somewhat similar, suggesting that the b’ domain also has a thioredoxin-fold. 

Detailed fluorescence analysis of b’ was not an option due to the fact that it does not 
contain any tryptophans, whereas b’x has one. The fluorescence spectra of b’x showed 
two peaks with λmax values of 338nm and 349 nm. The existence of two peaks suggests 
that two species are present or that there is a conformational exchange happening. The 
existence of two species was excluded by ES-MS, which showed that only a single 
species of correct mass was present. The λmax value of the 338-nm peak indicates that the 
tryptophan resides in hydrophobic environment while the 349-nm peak indicates one in 
hydrophilic environment. As high sensitivity in the relative fluoresence intensity and the 
ratio of the two peaks was seen for any changes in physical properties such as ionic 
strenght, temperature and pH, a dynamic process probably exists in the system. This is 
possibly due to the intramolecular interaction of b’ and x or intermolecular association 
through the peptide-binding region present in b’ domain. Native gels revealed the 
presence of two distinct bands suggesting a dimer or multimer formation in b’x solution, 
which was mostly inhibitable by addition of a low molecular weight PDI-peptide binding 
inhibitor 2-propylphenol (Klappa et al. 2001) or a hexapeptide ligand. In b’, no definite 
band, indicating a dimer/multimer formation could be seen, but a slower migrating broad 
smear was observed which could be reduced in intensity with 2-propylphenol or 
hexapeptide like with b’x. No multimer formation was seen with b domain of PDI. 
Denaturation of b’x by 6M guanidinium chloride results in one peak with λmax of 356nm. 
Denaturation curve experiment indicates that a single phase transition from the native to 
denaturated state occurs with a mid-point of 2.48 M guanidium chloride. 

To identify the location of the peptide binding site in the b’ domain, a model of the 
thioredoxin-like section of b’ was build based on the solved structures of E.coli 
thioredoxin (Katti et al. 1990), human thioredoxin (Forman-Kay et al. 1991) and a 
domain of human PDI (Kemmink et al. 1996) using the homology modelling program 
MODELLER (Sali & Blundell 1993). The model of b’ resembled that of the structure of 
the b domain of PDI, which at the time of the modelling was not yet available. Previous 
studies indicate that substrate recognition motif of PDI is hydrophobic in nature (Klappa 
et al. 1998, Ruddock et al. 2000) therefore a hydrophobic pocket or surface exposed 
hydrophobic patches were looked for in the model of b’. A small pocket was identified 
and a series of single amino acid mutations were designed and made in isolated b’ 
domain and full-length PDI and they were expressed in E.coli. All solubly expressed 
mutant proteins were tested for their ∆-somatostatin binding ability. The results validated 
the presence of the binding motif in the identified hydrophobic pocket, as mutations in 
that area significantly reduced the peptide binding whereas mutations in other areas did 
not. Of special sensitivity for mutations was amino acid I272 in which all mutations made 
(to tryptophan, alanine, glutamine, asparagine and leucine, I272A, Q, N, L and W) 
significantly decreased the binding of peptide. Similar effects were seen for mutants both 
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in isolated b’ and in the full-length PDI. The binding of a non-native protein substrate of 
PDI, scRNase, was also tested with the full-length PDI I272W mutant, and reduced 
binding compared to wild-type PDI was seen.  

Protease stability of some of the full-length mutants and wild-type PDI was tested in 
order to exclude any major effect of protein stability that the mutation might have caused. 
While some showed a decreased stability, many including I272W, behaved as wild-type 
PDI. I272W was produced in E.coli and purified and the far UV CD spectra was 
recorded. That was essentially identical to that of wild-type PDI. The fluorescence 
spectra were different, due to the extra tryptophan in I272W, but denaturation curves 
were similar with nearly identical midpoints (1.35M for wild-type PDI compared to 
1.36M for PDI I272W) indicating that no gross structural changes have been caused by 
the mutation. 

Direct experiments of peptide binding could be done with the use of NMR. 15N 
labelled b’ sample was prepared and the NMR spectrum was recorded, but this spectrum 
gave poor resolution and dispersion. This was thought to be due to conformational 
exchanges happening between two or more states. This was confirmed by the addition of 
a hexa-peptide ligand which dramatically improved quality of the spectra due to 
stabilisation of a single b’ structure. Initial NMR spectra recorded for the I272W mutant 
were very similar to that of the wild type b’. Consistent with the abolishment of the 
peptide binding ability of this mutant observed in the peptide binding experiments, no 
improvement in the NMR spectra of I272W was seen upon addition of the hexa-peptide 
ligand. 

Preliminary studies on the role of the primary substrate binding site of PDI on its 
different activities were performed. The oxidase activity was examined by a 
fluorescence-based peptide assay and the ability to catalyse disulfide-bond formation in a 
model protein was measured by mass spectrometry. Disulfide bond formation in the test 
peptide catalysed by wild type PDI and the I272W mutant were found to be similar 
indicating that the oxidase activity was unaffected by mutation in the peptide binding site 
in b’. Disulfide-bond formation in a protein substrate, RNase A, catalysed by both wild-
type PDI and I272W mutant was monitored. Overall, the catalysis by the I272W mutant 
was significantly less efficient than that by wild-type PDI (half-time of apprearance of the 
fully oxidised species 150-180 min compared to 30 min for wild-type PDI and 300 min 
for the non-catalysed reaction). Some aspects of the appearance, persistance and 
disappearance of the different species of the substrate suggest that the oxidase and 
reductase acitivites are unaffected by the I272W mutation, but the isomerase activity is 
drastically reduced compared to the wild-type enzyme.  

 
  

  
 

   



 

6 Discussion 

While the chemistry of dithiol-disulfide exhange activity of PDI is dependent on the  
-CGHC- active sites in the domains a and a’, it is probable that all domains are needed to 
fulfill the full range of activities associates with PDI, including the oxidase, reductase and 
isomerase acitivities, foldase/chaperone activity and subunit activites of the protein. 

6.1  Region c of PDI is not crucial for the main functions of the 
protein, but the end of domain a’ contains an area sensitive to 

mutations 

The proposed peptide-binding site of PDI, as identified by the use of a tripeptide probe 
and photoaffinity labelling, in a single tryptic peptide that corresponded to a 27 amino 
acid sequence beginning at the end of a’ and extending over the highly acidic C-terminal 
region c (Noiva et al. 1993) was studied here for its role in C-P4H subunit function and 
for the isomerase and chaperone functions of PDI. The results presented here indicate that 
while the c region is totally expendable for these functions, the end of domain a’ plays a 
role since these functions are sensitive to changes in this region, as studied by a range of 
small and larger deletions and single amino acid mutations.  

The region in a’ that was identified as being sensitive for mutations in the C-P4H 
function and the chaperone and isomerase functions consists, according to secondary 
structure predictions, of its most C-terminal α helix and the preceding loop region while 
the β-strand preceding these was not identified as critical. Whether the mutations 
introduced in this region caused major structural changes was assessed by recording the 
CD spectra of three mutants. While some differences were seen in all of these compared 
to the wild type PDI, the most significant differences were seen in ∆449-451 mutant. The 
nature of these alterations cannot be assessed directly by CD; the differences indicating 
small changes in secondary structure, but giving no indication of possible changes in 
tertiary structure or in domain-domain interaction. Subsequent studies showed that many 
of these mutants were indeed more sensitive to proteolytic cleavage due to 
conformational disruption (Klappa et al. 2000). Peptide binding studies using chemical 
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cross-linking showed that mutants that were unable to form functional C- P4H tetramer 
were also less efficient in peptide binding. These mutants were more protease sensitive 
and it was also shown that proteolytic cleavage of F449R mutant resulted in a fragment 
that co-migrated with the abb’ domain construct of PDI and N-terminal sequencing 
revealed an intact N-terminus indicating that the whole of the a’ domain had been 
cleaved. This fragment was also able to bind peptides. It could therefore be that the 
mutations in the a’ domain indirectly inhibit peptide binding to domain b’, possibly by 
occupying the peptide binding site through intramolecular association or by causing 
subtle structural changes in the b’ domain that prevent the association (Klappa et al. 
2000).  

6.2  C-P4H tetramer assembly requires the minimum of b’a’ domains 
of PDI but effective association requires longer constructs, in part 

substitutable by domains of ERp57 

The role of different domains of PDI in the C-P4H tetramer formation was studied by 
creating constructs of PDI domains and expressing them in insect cells together with C-
P4H α(I) and α(II) subunit to see which domains are needed for C-P4H tetramer 
assembly. Hybrid constructs of PDI and ERp57 domains were also tested to study 
whether the homologous protein could functionally substitute any part of PDI as the β 
subunit of C-P4H or compensate the lack of PDI domains. These constructs were also 
tested in their ability to bind peptides or non-native proteins. 

The minimum sequence requirement for the assembly of an active tetramer was found 
to be PDI b’a’. However, additional domains increased the activity of the complex so that 
only the full length PDI allowed for the activity comparable to the wild-type C-P4H 
enzyme. As has been shown before, the primary peptide binding site in PDI lies in the b’ 
domain, but in the case of longer substrates such as the α subunit of C-P4H, other 
domains are needed for association. What role domains a and b provide is not known, but 
it is possible that they stabilize the tetramer or contribute directly by forming an extended 
binding groove with the b’ and a’ domains. 

Major differences were found in the two human α subunits in both association and 
activities that were formed with the constructs tested here. In general, α(II) was more 
effective in tetramer formation and levels of activities. No reason for this is known, only 
that while the catalytic properties of the α(I)2β2 and α(II)2β2 tetramers are highly similar, 
there are differences in their substrate binding properties and sites (Annunen et al. 1997, 
Myllyharju & Kivirikko 1999). 

ERp57 cannot replace PDI as the subunit in C-P4H (Koivunen et al. 1996) but the 
domains a and b are homologous enough to provide structural stability or to contribute to 
the tetramer formation, as their presence in hybrid proteins improved the tetramer 
formation and activity when compared to PDI domain constructs b’a’c or bb’a’c. The 
overall similarity between PDI and ERp57 is highest in the catalytic domains a and a’, 
but in contrast to the situation observed with the a domain, replacement of the a’ domain 
of PDI with that of ERp57 does not result in any tetramer formation, reflecting the 
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observation that the main sites of interaction with the α subunit are in the b’ and a’ 
domains.  

The ability of these constructs to bind ∆-somatostatin followed previous findings so 
that any construct containing the b’ domain of PDI was able to bind while any construct 
which did not contain the b’ domain of PDI was unable to bind. The b’ domain of ERp57 
was not able to bind this test peptide and it is now known that ERp57 has a specialized 
function in the folding of glycoproteins in conjunction with calnexin and calreticulin. 
Calnexin and calreticulin recognize misfolded substrates and allow for the thiol-
dependent interaction with ERp57 (Helenius et al 1997). The binding site of ERp57 may 
thus be specialised for interacting with calnexin/calreticulin or dependent on other 
protein-protein interactions.  

6.3  Molecular characteristics of the primary peptide                 
binding site of PDI 

Protein-protein interaction mediated by efficient binding of substrates is an essential 
prerequisite for all of the functions of PDI. The b’ domain is known to be the primary 
peptide binding domain of PDI and sufficient in itself for binding of small substrates, 
whereas for longer peptides and non-native proteins the presence of domains a or a’ is 
necessary (Klappa et al. 1998). For C-P4H tetramer assembly the minimum requirement 
are both of domains b’and a’.  

In this work the precise boundaries for domain b’ were defined and the localization of 
the primary substrate binding site identified. A linker region of 18 amino acids, termed x, 
was identified between domains b’ and a’ which has previously been thought to be part 
of the structure of the domain b’.  

The binding site was identified based on a molecular model and validated by 
mutational analysis. Amino acids L242, L244, F258 and I272 define a small hydrophobic 
pocket in b’ and mutations introduced into these residues greatly diminish or abolish the 
ability of the protein to bind peptides. The biggest effects were seen for residue I272, as 
even a conservative mutation of isoleucine to leucine has a negative effect on the peptide 
binding ability of the protein. Further validation was given by NMR. While the NMR 
spectra of b’ can be improved by stabilization of the protein into a single state by addition 
of a hexa-peptide ligand, I272W mutant shows no improvement upon the addition of the 
ligand.  

The only previously reported specificity of substrate binding for any member of the 
PDI family is for the pancreas specific PDIp, in which the recognition motif is a single 
amino acid tyrosine or tryptophan with no adjacent negative charge (Ruddock et al. 
2000). Therefore it is not surprising that the binding site identified in PDI is also small in 
size. While the specificity of PDI was not solved here, it seems according to the 
preliminary studies that a single amino acid may provide the recognition motif for PDI as 
per PDIp. It is likely the interaction between PDI and misfolded protein substrate may 
require interaction by hydrogen bonding to the substrate backbone in addition to the 
binding of a hydrophobic side chain into the binding site in b’ .  
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NMR and fluorescence studies revealed that there is a dynamic structural exchange 
occurring in b’ which may be important in the binding processes and in elucidating the 
complexities of how PDI acts as a folding catalyst. In addition, it was shown that 
mutating the binding site in b’ domain of PDI has a negative effect on the isomerase 
activity, but not the oxidase activity of the enzyme. This is consistent with previous 
observations, that for simple oxidation the isolated catalytic domains are sufficient, but 
for complex reactions such as isomerisation of disulfides the presence of b’ domain is 
needed, most probably due to its binding site (Darby et al. 1998). 
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