
ABSTRACT 
 
 

HOUSTON, NORMA. Identification and Characterization of the Protein Disulfide 
Isomerase Multigene Family in Plants. (Under the direction of Rebecca S Boston). 
 
Protein disulfide isomerases (PDIs) contain thioredoxin domains and aid in the formation 

of proper disulfide bonds during protein folding.  Iterative BLAST searches of sequence 

databases were used to identify 22 PDI-like (PDIL) genes in Arabidopsis thaliana and 

maize (Zea mays) and 19 in rice (Oryza sativa).  The PDIL genes were resolved into 10 

phylogentic groups.  Genes in groups I-V had two active thioredoxin domains while 

members of  groups VI-X had one active thioredoxin domain.  One single domain PDIL, 

maize PDIL5-1, showed increased accumulation in the endosperm mutants that produced 

defective storage proteins, but PDIL5-1 was not localized to endomembrane fractions.   

Expression analysis was done in eighteen PDIL genes in maize endosperm, a storage 

tissue, and two vegetative organs, embryo and leaves.  Eight PDIL genes were expressed 

mainly in endosperm, and two of these genes (PDIL1-2 and 2-3) had increased 

expression levels only in the endosperm that produced defective storage proteins.  There 

were three PDIL genes (1-3, 1-4, 1-5) that showed the highest expression levels in the 

embryo, while two other genes, adenosine 5’-phosphosulfate reductase-like (APRL) 2 

and APRL8, had elevated expression levels in leaves.   

To further characterize members of the gene family, isomerase and reductase assays were 

conducted to test for recombinant maize PDIL1-1, 1-3, 2-3 and 5-1 enzymatic activity in 

vitro.  Recombinant and endogenous maize PDIL1-1 showed both isomerase and 

reductase activity while recombinant PDIL1-3 showed anti-chaperone activity.  



Recombinant PDIL2-3 and PDIL5-1 showed no activity under the assay conditions 

tested.  
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INTRODUCTION 

Summary 

Disulfide bonds stabilize secretory proteins as they fold into their three-

dimensional structures.  In the eukaryotic endoplasmic reticulum (ER) an elaborate 

system of chaperones and folding catalysts ensure that proper disulfide bonds are 

formed and that the folding proteins do not make improper interactions that could 

lead to aggregates.  This chapter focuses on one of these folding assistants, protein 

disulfide isomerase (PDI), an enzyme that catalyzes disulfide formation and 

isomerization. 

General Introduction 

The ER is one of the main folding compartments of the eukaryotic cell.  This 

compartment is the site of synthesis and maturation of proteins destined for secretion 

and the plasma membrane.  These proteins will be referred to as secretory proteins.  

The ER contains a small thiol (SH) containing molecule, glutathione, and the ratio of 

oxidized (GSSG) to reduced (GSH) glutathione is higher in the ER relative to the 

cytosol (Hwang et al., 1992).  The oxidizing environment of the ER promotes a 

critical step in the maturation of secretory proteins, namely formation of a covalent 

disulfide bond between sulfides (S-) in cysteine residues of folding proteins (Hwang 

et al., 1992).  The correct formation of such disulfide bonds is not a simple process 

and requires the assistance of a foldase catalyst that aids in the reduction, formation, 
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and rearrangement of bonds in newly synthesized and misfolded proteins in the ER 

(reviewed in Ferrari and Soling, 1999).  

One such foldase, protein disulfide isomerase (PDI), was originally discovered 

by Christian Anfinsen and shown to refold ribonuclease A in vitro (Goldberger et al., 

1963).  PDI is considered to be the classic representative of a whole family of proteins 

that will be referred to as the PDI gene family.  Unless otherwise stated, I will be 

referring to the well characterized PDI as PDI-like1-11 (PDIL1-1) to distinguish it 

from other members of the PDI gene family.  Since its discovery, PDIL1-1 has been 

detected in subcellular locations other than the ER, such as the cell surface, 

chloroplast, and mitochondria and has been identified in a variety of plants, animals, 

and lower eukaryotes (reviewed in Turano et al., 2002).   

The purpose of this review chapter is to provide basic background on PDIL1-1 

and other members of the PDI gene family.  In addition, new areas of PDI gene 

family research will be discussed.  Numerous reports in yeast and animal fields have 

identified PDI gene family members and described their foldase activity.  Still, there 

is a relatively poor understanding of how many of these enzymes function as disulfide 

isomerases in plants.  The most obvious questions are: What is the activity performed 

by PDIL proteins in vivo? What is the nature of their endogenous substrates?  Do they 

have specific substrates? Are the various PDIL proteins functionally redundant?  In 

                                                 
1 In this chapter, I will refer to the ~60kD protein that has been well-characterized in many organisms as 
PDIL1-1 (Wilkinson and Gilbert, 2004; Houston et al., 2005).   
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this chapter, I will discuss current ideas about structure, function and subcellular 

localization of the PDI gene family members in eukaryotes.  Chapters 2 and 3 will 

focus on my identification and characterization of the PDI gene family in plants.   

Protein Disulfide Isomerase (PDIL1-1) 

PDIL1-1 Structure 

Analysis of the PDIL1-1 intron/exon boundaries, NMR, and crystal structures 

show that it is composed of five domains (Tian et al., 2006).  Figure 1 shows the 

domain organization of the PDIL1-1 protein as a-b-b’-a’-c where a and a’ represent 

active domains, and b, b’, and c are inactive domains.  The active domains (a and a’) 

show sequence similarity to thioredoxin, proteins, a protein with the ability to 

catalyze disulfide reduction.  These domains also have structural folds called 

thioredoxin folds (Martin, 1995).  The general organization of a thioredoxin fold 

consists of β-sheets and α-helices arranged as βαβ-α-ββα.  All active thioredoxin 

domains contain a CGHC catalytic motif that is exposed on the first β-strand and α-

helix.  The catalytically inactive b and b’ domains have thioredoxin folds that have 

been shown to be substrate binding sites (Klappa et al., 1998).  The PDIL1-1 protein 

also contains a c domain that includes numerous acidic residues and a KDEL ER-

retention signal (Tian et al., 2006). 

The recently solved crystal structure of the yeast PDIL1-1 protein has brought 

new insight into the catalytic mechanism and substrate binding of PDIL1-1 (Tian et 

al., 2006).  The yeast PDIL1-1 protein is composed of four thioredoxin folds that are 
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arranged in the shape of a twisted “U”.  The active thioredoxin domains a and a’ face 

each other on the long sides of the “U” while the inactive domains b and b’ form the 

base.  The c domain, which forms an α-helix, extends from the a’ domain on the leg 

of the U-shaped structure.  The contribution each domain in the yeast PDIL1-1 

protein was characterized by deletion mutants in an isomerase assay in vitro.  

Deletion of either active domain caused on average a 40% loss of isomerase activity.  

The absence of the c domain resulted in a 50% loss of isomerase activity while the 

absence of the b’-a’-c domains yielded an 80% loss of isomerase activity.  These data 

suggest that each domain in the U-shaped structure contributes to either substrate 

binding or catalytic activity of PDIL1-1 proteins.   

PDIL1-1 Enzymatic Activity 

PDIL1-1 proteins catalyze disulfide exchange from the enzyme to the substrate 

by forming mixed disulfides.  Figure 2 shows the PDIL1-1 protein catalyzed 

reduction, oxidation, and isomerization of disulfide bonds.  The PDIL1-1 enzymatic 

activity is due to sulfhydryl groups in cysteine residues of the conserved catalytic 

motif (CGHC).  These two cysteines can form an intramolecular disulfide (oxidized 

PDIL1-1) or exist in the dithiol form (reduced PDIL1-1).  When the cysteines in the 

CGHC are in the oxidized form, PDIL1-1 inserts disulfide bonds into protein 

substrates that result in the pairing of two substrate cysteines into disulfide bonds and 

the reduction of the PDIL1-1 active site (Figure 2A; Sevier and Kaiser, 2002).  

Conversely, if these cysteines are in the reduced form, the PDIL1-1 enzyme breaks 
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disulfide bonds in protein substrates, producing reduced substrates and the oxidation 

of the PDIL1-1 cysteines (Figure 2A; Sevier and Kaiser, 2002).  When incorrect 

disulfide bonds form, isomerization is required to convert the disulfide bonds to their 

proper arrangement.  Isomerization requires breaking a substrate disulfide bond and 

reforming a disulfide bond with different cysteines (Figure 2B).  The amino-terminal 

cysteine in the catalytic motif (CGHC) of the PDIL1-1 protein initiates isomerization 

by attacking a substrate disulfide bond.  Once the substrate disulfide bond has been 

attacked by the PDIL1-1 protein, the neighboring sulfide (S-) displaces a second 

disulfide bond in the substrate and forms the first correct disulfide bond.  Next, the 

remaining sulfide (S-) attacks the mixed disulfide between the substrate and PDIL1-1.  

The disruption of the mixed disulfide bond results in formation of the second correct 

disulfide bond and the release of the reduced PDIL enzyme.  Through this pathway, 

isomerization can be viewed as repeated cycles of reduction and re-oxidation that 

result in disulfide rearrangements until the disulfide bonds are formed correctly 

(Schwaller et al., 2003).   

Despite the ability of the PDIL1-1 protein to enhance disulfide bond 

formation, how the enzyme is regenerated in the ER remains unclear.  For years, 

glutathione was considered to be the major regenerating source of the PDIL1-1 

protein in the ER (Hwang et al., 1992).  This role was called into question, however, 

by recent genetic and molecular studies showing that glutathione is not required for 

disulfide formation in yeast secretory proteins.  Instead a sulfhydryl oxidase protein, 
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Ero1, is the ER oxidant of PDIL1-1 in yeast (Frand and Kaiser, 1998; Tu et al., 2000).  

Figure 3 shows the oxidation of the PDIL1-1 protein by Ero1 during disulfide bond 

formation in the ER.  Ero1 is a membrane-associated protein that interacts directly 

with the PDIL1-1 protein and transfers electrons from PDIL1-1 to an attached FAD 

molecule, which in turn reduces molecular oxygen.  Ero1 activity and interactions 

with PDIL1-1 are likely not limited to yeast and because Ero1 is conserved in both 

human and Arabidopsis (Cabibbo et al., 2000; Dixon et al., 2003).  

Thioredoxin Superfamily 

 PDIL1-1 is a member of the thioredoxin superfamily.  This superfamily is 

characterized by having one or more domains with sequence and structural similarity 

to thioredoxin (reviewed in Lemaire and Miginiac-Maslow, 2004).  Five major groups 

of proteins are part of this superfamily: thioredoxins, glutaredoxins, PDIs, 

peroxidoxins, and ferredoxins.  Members of the superfamily are involved in one or 

more of the disulfide reduction, oxidation, and isomerization activities.  Of 

superfamily members, the PDI group is capable of all three of these activities 

involving disulfide bonds.   

PDI Multigene Family 

In S. cereviseae, there are five members of the PDI gene family (Norgaard et 

al., 2001).  Figure 4 shows the domain structure of members of the PDI gene family 

in yeast.  One member, Pdi1p, has the classical a-b-b’-a’-c structure and is an 
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essential gene (Pdi1p is the yeast ortholog of PDIL1-1).  Three of the remaining 

members (Mpd1p, Mpd2p, Esp1p) each have one catalytic domain, while Eug1p has 

an a-b-b’-a’ domain structure.  Expression levels of the PDI gene family members in 

yeast were measured, and MPD1, MPD2, ESP1, and EUG1 had only 0.2-5% of the 

expression of PDI1 (Norgaard et al., 2001).  With such low expression levels it is not 

surprising that none of these PDIL genes are essential nor can they replace PDI1 

function when expressed in yeast with their own promoters (Norgaard et al., 2001).  

However, MPD1 can replace PDI1 when expressed in yeast with the PDI1 promoter 

(Norgaard et al., 2001).  Mpd1p replacement of Pdi1p function may be due to the 

presence of the same catalytic motif CGHC that is found in Pdi1p.   

Fifteen human PDIL genes have been identified.  The known family members 

are PDI, PDIp, PDILT, ERp57, ERp72, P5, PDIr, ERp18, ERp44, ERp46, ERdj5, 

thioredoxin-related transmembrane protein (TMX), TMX2, TMX3, and TMX4 (PDI 

is the human ortholog of PDIL1-1; reviewed in Ellgaard and Ruddock, 2005).  All 

members of the gene family have been localized to the ER and shown to have a wide 

range of catalytic motifs, domain structures and activities.  Figure 5 shows the domain 

structure for members of the PDI gene family in humans.  There are twenty-nine 

known catalytic motifs present in human PDIL proteins and of these more than half 

(sixteen) are identical (i.e., they contained the CGHC motif).  Members with CGHC 

catalytic motif include eight of the nine PDIL proteins shown to catalyze disulfide 

exchanges (Ellgaard and Ruddock, 2005).  Six of the PDI gene family members lack a 
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CGHC motif.  Of the six, only TMX has been shown to catalyze disulfide reactions 

(Maattanen et al., 2006).  Whether this reflects the paucity of enzymatic 

investigations that have been attempted with human PDIL proteins, or that they really 

do not function in disulfide exchange, remains to be determined.  Differences in 

catalytic motif and domain structure between members may determine their 

respective roles in protein folding, but also contribute to unique functions in other 

pathways.  Still, the reason for the multiplicity of PDILs remains a mystery.  

Furthermore it is not know whether or if they function together or alone to fold 

proteins.   

One possible explanation for multiple PDIL proteins is that family members 

have different redox potentials.  In this scenario, PDIL proteins could form disulfide 

bonds in folding proteins and pass the protein to another PDIL protein with a 

specialized role as an isomerase to rearrange the disulfide bond.  Although a 

comparison of the oxidase, reductase, and isomerase activities of all PDIL proteins 

has not been conducted in any organism, deletion constructs of PDI in human showed 

that each active domain possesses both oxidation and reduction activities.  Only the 

full-length PDI however could efficiently catalyze the isomerization of bovine 

pancreatic trypsin inhibitor (BPTI).  Thus, both active and inactive domains are 

required for isomerization reactions (Darby et al., 1998).  Based on these findings, 

PDIL proteins without inactive domains (b or b’), such as ERp18, TMX, ERp46, or 

TMX2 might act as specialized oxidases or reductases.  In fact, ERp18 appears to be a 
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specialized oxidase, because it shows no reductase or isomerase activity (Alanen et 

al., 2003).   

Differences in the catalytic motif (CXXC) could reflect separate roles in 

oxidation, reduction, and isomerization.  For example, PDIr has three distinct CXXC 

motifs, CSMC, CGHC, and CPHC that contribute differently to isomerase and 

oxidase activities (Horibe et al., 2004).  PDIr thioredoxin domains containing these 

motifs ranked as CGHC>CPHC>CSMC in order of contribution to isomerase activity 

in an insulin refolding assay.  These same thioredoxin domains ranked as 

CSMC>CGHC>CPHC in order of contributions to oxidase activity in a denatured α1-

antitrypsin assay.  These results indicate that of the three CXXC motifs, CGHC is the 

most important for isomerase activity and CSMC is the most important for oxidation 

activity.  When the dipeptides SM and PH of the CXXC motif were replaced with 

GH, isomerase activity was increased and oxidative activity was decreased.  These 

observations indicate that the central dipeptide of the CXXC motif, along with the 

cysteines in PDIL proteins, affects both oxidation and isomerase activity.    

A second explanation for the multiple PDIL proteins is that the members may 

have specific substrate requirements such as types and number of post-translational 

modifications.  For example, ERp57 rearranges disulfide bonds in glycosylated 

proteins only and probably binds the proteins though interactions with ER resident 

chaperones, calnexin or calreticulin, because ERp57 does not have lectin-like 

properties (Van der Wal et al., 1998; Zapun et al., 1998).  This is in contrast with PDI, 
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which interacts with proteins independently of their glycosylation status (Klappa et 

al., 1995; Elliott et al., 1997).  Furthermore, the presence of calnexin or calreticulin 

increases the disulfide-isomerase activity of ERp57 on a glycosylated protein, but 

calnexin and calreticulin reduce PDI isomerase activity and peptide binding (Baksh et 

al., 1995; Zapun et al., 1998).   

PDIL genes in plants 

PDIL1-1 is relatively abundant at the mRNA and protein levels in plant seeds.  

In castor, Northern blot analysis showed that PDIL1-1 expression levels were 

increased in beans compared to root, leaf, and stem samples.  Immunoblot analysis 

showed PDIL1-1 protein is enriched in castor, maize and wheat endosperm where it 

aids in the formation of disulfide bonds of storage proteins (Shimoni et al., 1995; 

Coughlan et al., 1996; Li and Larkins, 1996).  PDIL1-1 protein was also purified from 

developing castor, maize and wheat endosperm.  PDIL1-1 protein also has been 

detected in the seeds of alfalfa and soybean (for review, see Boston et al., 1996).   

The increased mRNA and protein levels of PDIL1-1 in endosperm may be 

indicative of an important role in seeds where predominant storage proteins are highly 

disulfide bonded.  The best evidence to support this idea comes from the mutant esp2 

which lacks PDIL1-1 mRNA and protein according to northern blots and immunoblot 

analysis (Takemoto et al, 2002).  The rice mutant esp2 over accumulates glutelins in 

the ER.  In normal rice endosperm, storage proteins, prolamins and glutelins, are 

packaged into two kinds of protein bodies, PB-I and PB-II (Takemoto et al., 2002).  
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Prolamins accumulate in the ER lumen and are packaged into PB-I while glutelins are 

transported from the ER to the vacuole and are packaged into PB-II.  In the esp2 

mutant, some glutelins are transported to the vacuole and into PB-II while other 

glutelins remain in the ER and are packaged into a new form of protein body along 

with prolamins.  Most likely, the lack of PDIL1-1 promotes the interactions between 

prolamins and glutelin in the ER which causes them both to be packaged into the new 

form of protein body.   

Compared to what we know about the biochemical and enzymatic activity of 

PDIL1-1, very little is known about the number and characteristics of other members 

of the PDI gene family in plants.  A key question is how many PDIL genes are in the 

plant gene family?  With the development of the complete Arabidopsis genome 

sequence , two studies conducted by Meiri et al. (2002) and Lemaire and Miginiac-

Maslow (2004) identified eleven and sixteen members of the PDIL gene family in 

plants, respectively; however, these studies were very simplistic sequence-based 

searches and lacked support for phylogenetic relationships.  I used iterative BLAST 

searches to identify the complete PDI gene family in Arabidopsis, rice and maize.  

This list was generated from an initial compilation of 104 Arabidopsis proteins that 

contained thioredoxin domains.  The thioredoxin domains were extracted from these 

proteins and aligned for phylogenetic analysis.  From the phylogenetic tree, the 22 

PDIL proteins were identified in a well-supported clade that contained orthologs to 

enzymatically characterized PDIL proteins in castor (Shimoni et al., 1995).  In 
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addition, orthologs of the Arabidopsis PDIL proteins were identified in maize (22) 

and rice (19).  Figure 6 shows the domain structure of members of the PDI gene 

family in maize.  The cDNA sequence of each maize PDIL gene was deposited in 

Genbank.  This research is described further in chapter 2. 

PDI Gene Family Evolution 

Although it is clear that PDI gene family members have diverse domain 

structures, it is not clear how these members evolved.  A key part of the structural and 

functional gene family evolution is the identification of the ancestral PDIL.  

Phylogenetists examined molecular evolution to unravel the domain structure of the 

ancestral PDIL gene.  Currently two hypotheses exist for the emergence of the 

ancestral PDIL gene: (1) two thioredoxins fused to form the ancestral PDIL gene that 

diverged to produce a variety of domain structures and (2) duplication and deletion 

events of a PDIL gene with a single active thioredoxin domain produced the various 

domain structures.  Three evolutionary studies, Sahrawy et al. 1996, Kanai et al. 

(1998), and McArthur et al. (2001) collectively suggest the following points in 

support of hypothesis 2: (1) Sequence similarity and common intron positions are 

consistent with a common ancestry for PDIL genes; (2) The formation of a PDIL 

monophyletic group suggests that PDIL genes are not derived by the fusion of 

thioredoxins; (3) Sister clades of active domains suggest several independent domain 

duplications and deletions events have occurred during the evolution of PDIL genes.  

Nevertheless the ancestral domain structure remains to be solved and therefore, 
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hypothesis 1 cannot be discounted conclusively.  To gain more insight into the PDI 

gene family evolution, I added twenty-two plant genes to previously analyzed animal 

genes in chapter 2 and showed that the PDI gene family evolved prior to the 

divergence of plants and animals.  Even with the larger dataset, the ancestral PDIL 

domain structure is still unknown.    

Subcellular Localization of PDIL Proteins outside of the ER 

 There have been several reports on the possible extracellular localization of 

PDIL-1 protein in some cell types, despite the presence of a KDEL ER-retention 

signal.  Of these, perhaps the most noteworthy is the presence of PDIL1-1 protein on 

the surface of neutrophils (Bennett et al., 2000).  PDIL1-1 proteins were identified by 

indirect immunofluorescence labeling of neutrophils with monoclonal PDIL1-1 

antiserum and a fluorescent secondary antiserum.  Neutrophil PDIL1-1 was also 

implicated in the inhibition of the adhesion protein, L-selectin, release from the cell 

surface.  Moreover, L-selectin shedding can be induced by treatment with the PDIL1-

1 inhibitors such as DTNB, bacitracin, and PDIL1-1 antiserum.  Cell surface PDIL1-1 

inhibitors can interfere with cell-cell interactions mediated by L-selectin and could 

prevent chronic inflammatory diseases that have been associated with increased levels 

of released L-selectin.  The PDIL1-1 protein localization on the cell surface suggests 

that it regulates cell-cell interactions of neutrophils.  

Within the cell PDI gene family members may also be found in different 

compartments.  Two convincing examples have been reported.  First, RB60 was 
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localized in the chloroplast and ER.  RB60 is directed to the ER by a signal peptide 

and contains a KDEL ER-retention signal but it is also directed to the chloroplast by 

an amino-terminal chloroplast target sequence.  Levitan et al. (2005) monitored GFP-

fusion proteins in C. reinhardtii cells to show that RB60 resides in the chloroplast and 

in the ER where it co-localized with BiP, an ER marker protein.  In the ER RB60 acts 

as a foldase catalyst, while in the chloroplast RB60 serves as a redox sensoring 

component of a light regulated mRNA-binding protein complex (Kim and Mayfield, 

1997; Dannon and Mayfield, 1994a; Dannon and Mayfield, 1994b; Trebitsh and 

Dannon, 2001).  The research conducted by Levitan et al. (2005) suggests dual 

localizations for PDIL proteins that may lead to novel roles in different cellular 

compartments.   

Second, a PDIL protein was purified from isolated rat liver mitochondria by 

ion exchange chromatography (Rigobello et al, 2000).   Purified fractions that 

contained isomerase activity in a RNase refolding assay showed a single band when 

subjected to SDS-PAGE and stained with Commassie brilliant blue.  Purified 

mitochondrial PDIL proteins also possessed oxidase and reductase activity.  These 

data suggest that the mitochondrial PDIL has disulfide exchange activity even though 

it is not located in the ER.  In the mitochondria, the PDIL protein might be a substrate 

of thioredoxin reductase and involved in the modulation of membrane permeability 

through the use of its reductase activity.  
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PDIL Genes Induced by the Unfolded Protein Response 

In eukaryotic cells, the ER plays an essential role in the synthesis and 

maturation of many secretory proteins.  Still, protein misfolding is not uncommon in 

the ER.  Improperly folded proteins are subject to ER quality control mechanisms that 

ensure that misfolded proteins do not proceed further than the ER.  A number of 

diseases result from the retention of mutant proteins in the ER.  These include cystic 

fibrosis and emphysema (Schroder and Kaufman, 2005).  The retention of mutant 

proteins in the ER is in part performed by PDIL1-1 and other members of the PDI 

gene family (Ellgaard et al., 1999).  PDIL1-1 is up-regulated in the unfolded protein 

response (UPR), a quality control mechanism that reduces misfolded or unassembled 

polypeptides that would otherwise accumulate and aggregate (Klausner and Sitia, 

1990).  In yeast microarray data, PDIL1-1, MPD1, and EUG1 are strongly induced in 

response to pharmacological agents such as tunicamycin and DTT that result in the 

UPR (Travers et al., 2000).  There have been two microarray analyses of the 

Arabidopsis transcriptome during drug-induced UPR. These analyses lacked a full 

complement of Arabidopsis PDIL genes and contained only nine of twenty-two PDIL 

genes.  Of these nine PDIL genes, four showed induction in the UPR-induced 

Arabidopsis plants (Martinez and Chrispeels, 2003; Kamauchi et al., 2005). 

In yeast, mammals, and plants the UPR is sensed by inositol-requiring 

enzyme-1 (IRE1).  IRE1, an ER transmembrane protein, is phosphorylated such that 

its endonuclease activity is triggered to allow splicing of a transcription factor mRNA 
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(Sidrauski and Walter 1997).  In mammals and yeast the transcription factor protein 

subsequently activates the transcription of a group of genes with UPR cis-acting 

elements in their promoters (Nikawa et al., 1996; Yoshida et al., 1998).  To identify 

the transcription factor in plants, Iwata and Koizumi (2005) analyzed transcripts of 

putative bZiP transcription factors in Arabidopsis and only AtbZIP60 was induced by 

drug-induced UPR.  Iwata and Koizumi (2005) also showed that AtbZIP60 was able 

to activate the transcription of the UPR cis-acting elements; however, it is not known 

how AtbZIP60 is involved in the UPR.   

Many examples of the UPR have been described in yeast and mammalian 

cells, and a few examples have been found in plants.  One such example in plants is in 

maize UPR endosperm mutants that are characterized by the presence of misfolded 

storage proteins that accumulate in the ER and by alterations in protein body 

morphology in endosperm.  The UPR mutants, floury-2, Defective endosperm*B-30 

and Mucronate have a defective storage protein (Gillikin et al., 1997; Kim et al., 

2004; Kim et al., 2006).  In chapter 3 I show that two maize PDIL genes (PDIL1-2 

and 2-3) had a strict correlation of higher expression in UPR mutants when compared 

to the other samples.   

Thesis Plan 

The major emphasis of this thesis is to characterize the PDI multigene family 

in plants.  In Chapter 2 we used iterative BLAST searches of private and proprietary 

databases to identify PDIL genes in Arabidopsis, maize and rice.  I identified 19 PDIL 
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genes in rice and 22 in Arabidopsis and maize.  I used nucleotide and protein 

sequences to group the PDIL into ten phylogenetic groups.  Furthermore, like the well 

characterized maize PDIL1-1, the group VI maize homologue, PDIL5-1 has increased 

protein levels in maize endosperm that is undergoing the unfolded protein response 

(UPR).  This chapter was published in Plant Physiology (Houston et al., 2005).  In 

Chapter 3, we use quantitative real-time reverse-transcription PCR to analyze PDIL 

gene expression in maize endosperm.  We showed that eight maize PDIL genes were 

predominantly expressed in maize endosperm and two of these genes were up-

regulated only in the UPR maize mutants.  We also produced recombinant protein for 

maize PDIL1-1, 1-3 2-3, and 5-1.  Recombinant maize PDIL1-1 protein showed 

isomerase and reductase activities.  However, PDIL1-3 showed anti-chaperone 

activity while PDIL2-3 and 5-1 showed no isomerase or reductase activity.   
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Figure 1.  Diagram of the PDIL1-1 domain structure. Active thioredoxin domains are 
depicted as rectangles (a and a’), while inactive thioredoxin domains are represented 
by ovals (b and b’). Vertical lines in the rectangles (catalytic domains) represent the 
CGHC catalytic motif. A circle (c) denotes the carboxy-terminal an acidic domain 
that also contains the KDEL ER retention signal.  
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Figure 2.  PDIL1-1 catalyzed oxidation, reduction, and isomerization of disulfide 
bonds. A.  Oxidation and reduction of disulfide bonds.  B. Isomerization of incorrect 
disulfide bonds.  Disulfide exchange of bonds proceeds via mixed disulfide 
intermediates between the PDIL1-1 and the substrate protein.  Mixed disulfide 
intermediates are shown in brackets.  PDIL1-1 proteins are noted as ovals while 
substrates are depicted as simple lines.  Disulfide bonds are denoted as S-S.  
Sulfhydryl groups are represented as SH while sulfides are noted as S-.   
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Figure 3.  A pathway for protein disulfide bond formation in the ER.  Ero1 transfers 
electrons from PDIL1-1 to FAD molecules, and its final electron acceptor is 
molecular oxygen.  Oxidizing equivalents flow from Ero1 to PDIL1-1 and then from 
PDIL1-1 to secretory proteins, through a series of direct disulfide exchanges 
reactions.  Ero1 is represented by open circles and FAD molecules are denoted with 
shaded ovals.  PDIL1-1 is depicted as ovals while the substrate is represented by 
rectangles.  Disulfide bonds are denoted as S-S.  Sulfhydryl groups are represented as 
SH. 
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Figure 4.  Domain structure of the yeast PDI gene family members.  Active 
thioredoxin domains are represented by rectangles (a and a’), while inactive 
thioredoxin domains are represented by ovals (b and b’). The CXXC catalytic motif is 
shown in the catalytic domains.  Filled circles represent acidic domains while the 
open triangle denotes a transmembrane domain.  
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Figure 5.  Domain structure of the human PDI gene family members.  Active 
thioredoxin domains are represented by rectangles, while inactive thioredoxin 
domains are represented by ovals. The CXXC catalytic motifs are shown in the 
catalytic domains.  Filled circles represent acidic domains.  The dnaJ domain is 
represented by a filled triangle while an open triangle denotes a transmembrane 
domain. Stars denote PDIL proteins capable of disulfide exchange in enzymatic 
assays in vitro.  
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Figure 6.  Domain structure of the maize PDI gene family members.  Active 
thioredoxin domains are represented by rectangles, while inactive thioredoxin 
domains are represented by ovals. The CXXC catalytic motifs are shown in the 
catalytic domains.  Filled circles represent acidic domains.  The phosphoadenosine 
phosphosulphate (PAPS) reductase domain is represented by a closed triangle while 
an open triangle denotes a transmembrane domain. An open diamond denotes an ERV 
(essential for respiration and vegetative growth) domain.  Some domain structures are 
found in more than one maize PDIL protein.   
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EXPRESSION OF THE PROTEIN DISULFIDE ISOMERASE GENE FAMILY 
IN MAIZE ENDOSPERM 

 

ABSTRACT 

Protein disulfide isomerases (PDI’s) belong to a highly conserved group of foldase 

catalysts that aid in the formation and rearrangement of disulfide bonds.  In maize 

kernels, PDI’s aid in the production of highly disulfide bonded storage proteins and 

promote endosperm integrity.  The genome of Zea mays encodes twenty-two PDI-like 

(PDIL) genes; however, the function of each individual PDIL gene in the endosperm 

remains unclear.  As a step toward understanding PDIL function, we used quantitative 

real-time reverse transcription-PCR (qPCR) analysis to investigate the expression of 

eighteen PDIL genes in the maize endosperm storage tissue and two vegetative 

organs, embryo and leaves.  Eight PDIL genes were predominantly expressed in the 

endosperm.  Two of these genes (PDIL1-2 and 2-3) had higher expression levels in 

unfolded protein response (UPR) endosperm mutants than in the other samples.  

Three PDIL genes (1-3, 1-4 and 1-5) showed the highest level of expression in maize 

embryo, while two other genes, adenosine 5’-phosphosulfate reductase-like (APRL) 2 

and APRL8, had high expression levels in leaves.  To further characterize members of 

the gene family, we used bovine pancreatic trypsin inhibitor (BPTI) refolding and 

insulin reductase assays to test for recombinant maize PDIL1-1, 1-3, 2-3 and 5-1 

enzymatic activity.  Recombinant PDIL1-1 and endogenous maize PDIL1 possessed 

isomerase and reductase activities while recombinant PDIL1-3 showed anti-
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chaperone activity.  Under the assay conditions used here, PDIL2-3 and 5-1 were 

inactive. 

INTRODUCTION 

Secretory, luminal, and integral membrane proteins are processed in the 

endoplasmic reticulum (ER) in several steps that include the formation and 

reshuffling of disulfide bonds (Hammond and Helenius, 1995).  Folding reactions are 

assisted by the ER resident protein, protein disulfide isomerase (PDI; Noiva and 

Lennarz, 1992; Freedman et al., 1994).  The major PDI1 is a member of the PDI-like 

(PDIL) multigene family and a foldase catalyst that consists of an a-b-b’-a’-c domain 

structure (Edman et al., 1985; Pihlajaniemi et al., 1987; Kemmink et al., 1995).  Four 

of these domains a, a’, b and b’ share structural similarity to the protein thioredoxin.  

The a and a’ domains contain the motif CXXC that acts as an independent catalytic 

site for enzymatic activity (Hawkins and Freeman, 1991; Vuori et al., 1992), while 

the b and b’ domains have a thioredoxin fold but no CXXC catalytic site or sequence 

homology to the a and a’ domains (Kemmink et al., 1997).  The carboxy-terminal 

domain, c, represents an acidic domain that is a putative Ca2+-binding region 

(Freeman et al., 1994).  The major PDI aids in protein folding by catalyzing the 

oxidation, reduction, and isomerization of disulfide bonds (Freedman et al., 1994).  

The activity of the major PDI depends on cysteines found in the motif CXXC within 

                                                 
1 In this study, I will refer to the 60kD protein that has been well-characterized in many organisms as the 
major PDI (Wilkinson and Gilbert, 2005).  In Houston et al., (2005) I identified plant thioredoxin domains 
with clear paralogous and orthologous relationships.  I will refer to genes that encode these thioredoxin 
domains as PDI-like (PDIL) or PDI’s.    
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thioredoxin domains (Chivers et al., 1996).  When these cysteines are in the oxidized 

form, the major PDI forms disulfide bonds in folding proteins; however, cysteines 

present in reduced form can reduce and reshuffle disulfide bonds (Wilkinson and 

Gilbert, 2004).  The major PDI when present in low concentration compared to the 

substrate possesses anti-chaperone activity in vitro and facilitates the formation of 

large aggregates (Puig and Gilbert, 1994a, b).       

In maize, the major PDI aids in storage protein packing and promotes seed 

integrity (reviewed in Shewry et al., 1995).  The major PDI is enriched in the maize 

kernel where it aids in the formation of disulfide-bonds in zeins, the predominant 

storage proteins (Li and Larkin, 1996).  In mature seeds, zeins represent more than 

60% of the total endosperm proteins (Soave and Salamini, 1984).  In maize 

endosperm, zeins are synthesized on the ER, translocated into the ER lumen, and 

packaged into protein bodies.  When storage proteins are defective and packaging is 

altered, seed quality is diminished.  Three maize mutants, floury-2 (fl2), Mucronate 

(Mc) and Defective endosperm* B-30 (De*-B30), were found to contain elevated 

levels of the major PDI protein in the endosperm (Li and Larkins, 1996; Houston et 

al., 2005).  The fl2 and De*-B30 mutants have an abnormally processed α-zein, while 

Mc has a mutant γ-zein that is the result of a frame-shift (Gillikin et al., 1997; Kim et 

al., 2004; Kim et al., 2006).  Due to the presence of the defective zeins, these maize 

mutants exhibit an unfolded protein response (UPR), have decreased storage protein 

synthesis and produce abnormally shaped protein bodies (Lending and Larkins, 1989; 
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Coleman et al., 1995).  Another endosperm mutant, opaque-2 (o2) lacks a functional 

o2 transcription factor that normally regulates zein mRNA synthesis (Schmidt et al., 

1992).  The o2 mutant has a decrease in storage protein synthesis and protein body 

size but does not elicit an unfolded protein response.  Because the UPR response in 

fl2, Mc, and De*-B30 is restricted to the endosperm during accumulation of storage 

proteins, these mutants are excellent model systems for studying PDIL gene 

expression in the endosperm and PDIL protein involvement in protein folding.   

In higher eukaryotes, the major PDI is a member of a multigene family 

(Norgaard et al.; 2001; Houston et al., 2005; Ellgaard and Ruddock, 2005).  In 

humans there are fifteen PDIL genes (Ellgaard and Ruddock, 2005), and in yeast 

there are five (Norgaard et al., 2001).  A genome-wide search of Zea mays identified a 

set of twenty-two PDIL genes that are separated into 10 phylogenetic groups 

(Houston et al., 2005).  Groups I-V have two active thioredoxin domains with the 

domain positions within the primary PDIL amino acid sequences differing between 

groups I-III and IV-V.  The remaining five groups have one active thioredoxin 

domain.  Of these single thioredoxin domain groups, the quiescen sulfydryl oxidase-

like (QSOXL) and adenosine 5’-phosphosulfate reductase-like (APRL) groups have 

non-isomerase enzymatic activities due to the presence of additional domains (Setya 

et al., 1996; Coppock et al., 1998; Wray et al., 1998; Prior et al., 1999; Thorpe et al., 

2000).  The number of PDIL proteins that differ in domain structure suggests that 
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there must be some functional differentiation, but little is known about the activities 

of most family members in vivo.  

In yeast and mammals, many members of the PDIL gene family have similar 

expression patterns and have retained reductase, oxidase, and isomerase activity 

(Norgaard et al., 2001; Ellgarrd and Ruddock 2005).  It seems likely that expression 

patterns and enzymatic activity may be conserved within the maize PDIL family; 

however, there is no experimental evidence to support this hypothesis.  To begin to 

address this question and investigate the basis for the enhanced level of PDIL 

expression in maize endosperm, we used quantitative real-time PCR (qPCR).  

Subsequently, we characterized the enzymatic activities of three PDIL genes 

expressed in the endosperm and one PDIL with an unusual domain structure.     

RESULTS 

Expression Profile of 18 PDIL Genes in Maize Endosperm 

A qPCR technique was used to determine the transcript levels of the eighteen 

maize PDIL genes.  The qPCR technique monitors the accumulation of PCR products 

in each amplification cycle with Taqman® probes that are extremely specific.  For the 

amplification among the highly conserved PDIL gene family, we carefully designed 

the primer sets listed in Table 1 for each specific target gene (see Materials and 

Methods for details).  The qPCR data were analyzed to estimate the abundance and 

calculate the relative transcript levels as described in Materials and Methods.   
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 Eighteen maize PDIL genes were chosen for a detailed expression analysis.  

The other four PDIL genes (APRL1, 6, 7, 9) were omitted because they had little or 

no detectable expression in the endosperm (Houston et al., 2005).  We compared 

PDIL gene expression in normal and mutant endosperm, embryo, and leaf tissues.  

The endosperm is a terminal storage tissue with an elaborate secretory pathway 

compared to the control organs, the embryo and leaves.  We chose the mutant 

opaque-2 (o2) as an endosperm control that is not exhibiting an unfolded protein 

response and the UPR endosperm mutants2, floury-2 (fl2), Mucronate (Mc), and 

Defective Endosperm* B-30 (De).  An important function of the UPR is presumably 

to reduce the accumulation of misfolded proteins.  Each of the UPR endosperm 

mutants makes a defective storage protein that triggers a signal transduction pathway 

and leads to the up-regulation of molecular chaperones and foldases.  If a subset of 

PDIL proteins is involved in the cellular response to correct protein misfolding, the 

corresponding genes are predicted to have higher expression levels in endosperm of 

the UPR mutants compared to the normal and o2 endosperm, embryo and leaves.    

Table 2 shows the estimated transcript abundance expressed as the number of 

amplification cycles required to produce a fluorescent signal for each of the eighteen 

PDIL genes in the normal endosperm samples.  Given the exponential nature of PCR, 

a low number of amplification cycles suggests high transcript abundance.  The 

amplification cycle numbers varied from gene to gene, and the eighteen PDIL genes 

                                                 
2 The term UPR endosperm mutants will be used collectively to describe floury-2, Mucronate, and 
Defective Endosperm* B-30 mutants.   
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were ranked based on the number of cycles required to produce a fluorescent signal 

from a starting amount of 20 nanograms of RNA.  PDIL1-1 was the most abundant 

transcript and was detected at 16 cycles, while APRL3 was detected 5 amplification 

cycles later.  The remaining PDIL transcripts were detected at 27-32 amplification 

cycles.   

Figure 1 shows PDIL gene expression levels calibrated to gene expression in 

the normal endosperm sample.  These experiments were repeated three times, and the 

histograms (Figure 1) represent the mean values and standard errors (bars) of separate 

experiments conducted with different RNA preparations.  We identified four PDIL 

expression patterns in the samples.  Pattern one described by PDIL2-3 and 1-2 

showed a strict correlation of having higher expression in UPR mutants when 

compared to the other samples.  Pattern two shown by six PDIL genes (1-1, 2-1, 5-1, 

5-4, APRL3, QSOXL) showed higher expression levels in both UPR and o2 mutants 

compared to the normal endosperm, embryo and leaf samples, and all PDIL genes 

except APRL3 followed a trend of expression as De > fl2>Mc.  Pattern three 

described by five PDIL genes (1-3, 1-4, 1-5, APRL2, APRL8) showed higher 

expression levels in the embryos and leaves than in endosperm tissue.  In the embryo 

samples, PDIL1-3, 1-4 and 1-5 showed the most dramatic differences compared to the 

endosperm and leaf samples.  APRL2 and APRL8 showed higher expression levels in 

the leaf samples relative to the other samples. Four PDIL genes (PDIL5-2, 5-3, 

APRL4, and APRL5) have expression levels similar to genes in both expression 
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patterns 2 and 3.  These PDIL genes have increased expression in De and o2 

compared to the other samples.  PDIL2-2 gene expression shows little change among 

the samples analyzed.   

Enrichment of the PDIL1 Protein from Maize 

 The major PDI protein levels are elevated within developing maize kernels (Li 

and Larkins, 1996).  Therefore, we produced enriched fractions of the major PDI, 

maize PDIL1 protein, by homogenization of maize kernels, ammonium sulfate 

precipitation, and chromatography on a High Q anion exchange column followed by a 

Concanavalin A (Con A) sepharose column.  The Con A sepharose column binds 

glycoproteins and previous studies have shown that the major PDI protein from 

several organisms may be glycosylated (Shimoni et al., 1995).  Figure 2A shows the 

onput sample, flow-through washes and eluate fractions of the Con A sepharose 

column separated by SDS-PAGE.  One major band was observed in the eluate 

fractions while many bands are in the onput sample and flow-through washes.  To 

confirm that the band eluted from the Con A sepharose column was indeed the maize 

PDIL1, the enriched fractions from the column were subjected to immunoblot 

analysis and probed with wheat PDI anitsera (Figure 2B; Shimoni et al., 1995).  The 

maize PDIL1 protein and enzymatic activity in an insulin reductase assay (data not 

shown) were detected in the onput sample, flow-through washes and eluate fractions 

from the Con A sepharose column. 
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Production of Recombinant Maize PDIL Proteins 

Enriched proteins that cross react with the wheat PDI antisera migrate at the 

predicted size; but based on immunological assays alone I could not determine 

whether the fractions contained PDIL1-1, PDIL1-2, or both.  Also, the maize PDIL1 

protein is so abundant in endosperm that it may obscure other PDIL proteins of 

similar molecular weight.  To characterize enzymatic activity of PDIL family 

members individually we produced recombinant protein versions of PDIL1-1, 1-3, 2-

3, and 5-1 proteins.  PDIL1-1 has been shown to affect storage protein synthesis.  It is 

the maize homolog of the enzymatically characterized castor PDI (Coughlan et al., 

1996).  PDIL1-3 shares domain structure with PDIL1-1 but has an additional amino-

terminal acidic region, and it did not share seed prevalence.  Like PDIL1-1, PDIL2-3 

showed selective mRNA accumulation in UPR mutants when compared to other 

samples.  PDIL5-1 protein is strongly associated with endosperm, but unlike the 

others, it is plant-specific (Houston et al., 2005) 

Figure 3A shows the domain structure and other physical characteristics of 

maize PDIL1-1, 1-3, 2-3 and 5-1.  Maize PDIL1-1 and PDIL1-3 proteins are 

composed of 514 and 542 amino acids, respectively, and each has a predicted signal 

peptide, two active thioredoxin domains, and a carboxyl-terminal ER retention signal.  

The two proteins differ by a fifty-three amino-terminal acidic domain in the maize 

PDIL1-3 primary sequence between the predicted signal peptide and the first 

thioredoxin domain (Figure 3B).  Maize PDIL2-3 protein contains 439 amino acids 
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and has a carboxy-terminal ER retention signal, but unlike PDIL1-1 and 1-3, the 

catalytic thioredoxin domains in PDIL2-3 occur in tandem.  The PDIL5-1 protein has 

150 amino acids, a single thioredoxin domain, and a signal peptide.  It also lacks a 

KDEL-like motif but does have two charged amino acids with the COOH terminal 

tetrapeptide (LEAD). 

We produced recombinant PDIL1-1, 1-3, 2-3, and 5-1 proteins.  The 

recombinant maize PDIL proteins were recovered from E. coli by nickel-chelating 

affinity chromatography.  E. coli produced 1.5-3 mg/L of PDIL1-1, 2-3, and 5-1 

proteins and when compared to molecular markers, the recombinant protein 

molecular masses were close to predicted size.  Recombinant maize PDIL1-3 yields 

were lower.  Figure 4 shows the recombinant proteins separated by SDS-PAGE and 

stained with Coomassie brilliant blue.  PDIL1-1, 2-3, and 5-1 proteins have a 

predominant band at approximately 60, 55, and 20 kD, respectively.  The PDIL1-3 

lane has several bands, but only the ~75 kD band cross reacted with His-tag antisera 

(data not shown). 

Enzymatic Activities of Recombinant PDIL Proteins 

Isomerization assays can be conducted in vitro to measure the refolding of 

unfolded substrates like RNase A and BPTI (Noiva, 1994).  Specifically, PDI 

catalyzed refolding of BPTI is measured by an indirect assay that monitors the 

isomerase activity.  This assay involves conversion of a reduced, denatured BPTI 

(rdBPTI) molecule to its native state as judged by restoration of its capacity to inhibit 
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trypsin dependent cleavage of the chromogenic substrate, BAPNA.  Figure 5A shows 

refolding in the absence of protein (Buffer) or in the presence of different PDI’s.  In 

the buffer control, BPTI refolding was slow.  In the presence of the human major PDI 

(hPDI), maize PDIL1, or recombinant maize PDIL1-1 folding was complete after 5 

minutes.  These data suggested that we could use recombinant proteins to assay 

individual PDIL proteins for enzymatic activity.  Figure 5B shows the refolding of 

rdBPTI in the presence of recombinant PDIL proteins.  Only the recombinant maize 

PDIL1-1 protein was able to refold the rdBPTI.  Recombinant maize PDIL2-3 and 

PDIL5-1 proteins produced similar refolding patterns as the buffer control.  However, 

recombinant maize PDL1-3 protein prevented rdBPTI refolding.  To compare relative 

isomerase activities, the inverse of the slope for each refolding curve (Figure 5B) was 

calculated and normalized to the buffer control.  Table 3 shows the relative isomerase 

activity for each recombinant PDIL protein.  PDIL1-1 had the highest relative 

isomerase activity that ranged from 3 to 213.  PDIL2-3 and 5-1 had relative isomerase 

activities similar to the buffer control while recombinant PDIL1-3 relative isomerase 

activity (1-0.4) decreased during the refolding assay.  

To investigate whether the recombinant PDIL proteins had reductase activity, 

we used the four recombinant maize PDIL proteins in an insulin reductase assay.  

PDI’s that catalyze the reduction of insulin cause the insulin B chain to precipitate 

and increase absorbance at 650nm.  The analysis was performed in the presence of 

recombinant maize PDIL proteins, as well as in their absence (DTT control) to allow 
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observation of spontaneous disulfide bond reduction.  Figure 6 shows the reductase 

activity in the presence of recombinant maize PDIL proteins.  In the presence of 

recombinant maize PDIL1-1, the precipitation of the free insulin occurred rapidly and 

an absorbance increase (turbidity) appeared in less than 5 minutes.  Recombinant 

maize PDIL1-3, 2-3, and 5-1 showed similar absorbance patterns to the DTT control.   

DISCUSSION  

Six maize PDIL genes (PDIL1-1, 2-1, 5-1, 5-4, QSOXL and APRL3) showed 

increased expression in the UPR mutants and the endosperm mutant opaque-2.  This 

finding was somewhat unexpected but may simply reflect the structure organization 

of heavily disulfide bonded proteins within proteins bodies.  In maize endosperm, the 

zeins are produced in the ER and are packaged into protein bodies have an α-zeins 

central core and a highly disulfide-bonded β- and γ-zein shell.  The opaque-2 mutant 

lacks a functional o2 transcription factor that normally regulates α-zein mRNA 

synthesis and thus, α-zein synthesis is decreased in the mutant (Schmidt et al., 1992).  

The decreased levels of α-zeins in opaque-2 alter protein body size; and therefore, the 

mutant has smaller protein bodies with a proportionally greater decrease in volume 

than surface area when compared to the normal protein bodies (Lending and Larkins, 

1989).  The decreased levels of α-zeins may also disrupt normal disulfide bonding 

patterns in the β- and γ-zein protein body shell.  These data suggest that PDIL gene 

expression levels are increased in opaque-2 mutants to promote correct disulfide bond 
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formation in β- and γ-zeins as no induction is seen for other UPR-related proteins 

such as BiP and ZmDerlin1 (Boston et al., 1991; Kirst et al., 2005).  .   

A previous study on rice endosperm showed the importance of the major PDI 

in the correct formation of protein bodies (Takemoto et al., 2002).  In normal rice 

endosperm, storage proteins, prolamins and glutelins, are packaged into two kinds of 

protein bodies, PB-I and PB-II.  Cysteine rich prolamins accumulate in the ER lumen 

and are packaged into PB-I while glutelins are transported from the ER to the vacuole 

where they packaged into PB-II.  In the rice mutant esp2, there is an over-

accumulation of glutelin in the ER.  The over-accumulated glutelin is packaged into 

PB-II and a new form of protein body from the ER that contains both glutelin and 

prolamins.  The over-accumulation of glutelins was associated with the absence of the 

major PDI in rice.  Most likely, the absence of the major PDI allows improper 

disulfide bonds to form between the glutelins and prolamins and they are packaged 

into the new protein bodies.   

In previous expression analyses, four Arabidopsis PDIL were up-regulated 

during the UPR.  Two analyses of the transcriptome of Arabidopsis during drug 

induced UPR have been performed using DNA microarray methods (Martinez and 

Chrispeels, 2003; Kamauchi et al., 2005).  Both analyses identified four PDIL genes 

(AtPDIL1-2, 2-1, 2-2 and 2-3) that have increased expression levels in Arabidopsis 

undergoing the unfolded protein response.  Three of these PDIL genes (AtPDIL1-2, 

2-2, 2-3) are orthologs of maize PDIL genes (PDIL1-1, 1-2, 2-3) which are up-
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regulated in our analysis (Houston et al, 2005).  Two of the maize orthologs (PDIL1-

2, 2-3) were strictly associated with the UPR mutants while PDIL1-1 had the highest 

transcript abundance.  These data provide support that PDIL gene up-regulation in the 

UPR mutants is conserved in plants.   

The expression analysis of the maize PDI gene family combined with 

phylogenetic analysis may provide some insight into PDIL functional evolution in 

plants.  In a previous analysis we identified nine sets of paralogs, which were defined 

as genes separated by a duplication event (Houston et al., 2005).  In this study, we 

analyzed the expression pattern of four paralogous sets.  Two of these sets, PDIL1-

3/1-4 and PDIL5-2/5-3, showed similar expression patterns which suggest that 

functional constraints on the paralogs have prevented evolutionary changes.  

Paralogous sets, PDIL1-1/1-2 and PDIL2-1/2-2, had different expression patterns, and 

most likely one or both paralogs are under no functional constraint.  Without 

functional constraint, these genes are free to mutate and acquire new expression 

patterns and possibly functions, substrates, or electron donors.  These data suggest 

that at least two events of functional divergence have occurred within in the maize 

PDIL gene family.  Further expression and biochemical analysis along with the 

phylogenetic analysis may define subfamilies of proteins of shared function. 

As of yet there are no data to address PDIL protein functional redundancy in 

plants; however, research in yeast yielded results that may provide some insight.  

Researchers asked whether the inability of yeast MPD1 to complement a PDI1 
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deletion strain was because MPD1 mRNA is in low abundance or whether MDPI1 

protein had less or different enzymatic activity.  To test this, PDI1 was placed under 

the control of the MPDI1 promoter (Norgaard et al., 2001).  The plasmid was able to 

rescue a temperature sensitive strain that lacked functional yeast PDIL proteins at a 

restrictive temperature.  Therefore, the MDP1 low expression levels is not the only 

factor that prevents MPDI1 from rescuing the PDI function.  These data suggest that 

there may be contributions to functional redundancy other than transcript abundance.   

Both the major PDI in yeast and maize have higher transcript abundance levels 

than the remaining members of the family.  Norgaard et al. (2001) measured 

expression levels of the PDIL gene family in yeast with β-galactosidase activity from 

reporter constructs in which the promoter regions of PDI1, MPD1, MPD2, EUG1, and 

ESP1 were fused to lacZ.  β-galactosidase activities of MPDI1, MPDI2, ESP1, and 

EUG1 were 0.2-5% of the activity from the PDI1-lacZ reporter.  Thus four members 

of the PDIL gene family in yeast have much lower expression levels than PDI1.  

These data suggest that yeast and maize PDIL gene family have conserved a 

transcript abundance trend, where the major PDI has the highest abundance and 

remaining PDIL gene are low in abundance.   

 But, does transcript abundance play a role in PDIL gene expression in the 

UPR mutants?  My study showed that eight PDIL genes (1-1, 1-2, 2-1, 2-3, 5-1, 5-4, 

APRL3, QSOXL) associated with the endosperm mutants have transcript abundance 

rankings from 1-4 except for the PDIL1-2 gene which was ranked as 6 (Table 3).  
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PDIL genes not associated with higher expression in the endosperm mutants 

compared to other samples are ranked 3-8.  Generally, PDIL genes with higher 

transcript abundance are associated with perturbation of the normal storage protein 

complement in the endosperm.  These data suggest that transcript abundance is 

positively correlated with PDIL genes that respond to the presence of defective 

storage proteins in the UPR mutants.  

Under the conditions of the assay used in this study, maize PDIL1-3, 2-3, and 

5-1 do not have isomerase or reductase activity.  Two possible mechanisms can 

account for the lack of activity.  First, the maize PDIL proteins may require an 

electron donor other than glutathione.  Disulfide bond formation requires an oxidized 

environment.  The oxidized glutathione (GSSG) has been considered the main source 

of oxidizing conditions in the secretory pathway (Hwang et al., 1992).  However, 

recent genetic and molecular studies in yeast show that mutants deficient in 

glutathione synthesis can form disulfide bonds (Frand et al., 2000).  In yeast, as well 

as mammals and plants, a sulfhydryl oxidase protein, Ero1, was shown to be an ER 

oxidant of PDI (Frand and Kaiser, 1998; Tu et al., 2000).  Ero1 is electron donor that 

transfers electrons from PDI to an attached FAD and interacts directly with PDI in 

yeast (Frand and Kaiser, 1998; Tu et al., 2000).  It is possible that PDIL1-3, 2-3, or 5-

1 require Ero1 as an electron donor instead of glutathione.  Second, PDIL2-3, 1-3, and 

5-1 proteins may have evolved to interact with specific substrates.  For example, 

human ERp57 only interacts with glycosylated proteins while the major PDI does not 
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discriminate between glycosylated and non-glycosylated proteins (Elliott et al., 1997).  

Also PDIp, a PDIL protein expressed exclusively in the pancreas in mammals, binds 

specifically to proteins that contain a tyrosine or tryptophan (Freedman et al., 2002).  

In future studies to characterize PDIL proteins it would be interesting to identify 

which proteins possess isomerase activity, along with their preferred electron donors 

and endogenous substrates.  The ability to identify the optimal conditions for each 

PDIL enzymatic activity should help us understand the role of each PDIL protein and 

provide explanations for the large size of the gene family.  

Recombinant PDIL1-3 exhibits anti-chaperone activity by inhibiting the 

refolding of rdBPTI.  Anti-chaperone activity is that ability to facilitate substrate 

aggregation in vitro as observed for the mammalian major PDI and another ER 

protein, BiP (Puig and Gilbert, 1994a, b).  At 1:10 enzyme to substrate ratio, the 

major PDI in rat is able to prevent the refolding of lysozyme and facilitate substrate 

precipitation (Sideraki and Gilbert, 2000).  Typically, mammalian PDIL proteins that 

exhibit anti-chaperone activity are capable of isomerase activity (Puig and Gilbert, 

1994a, b).  Figure 4 showed that the purified recombinant PDIL1-3 protein contained 

many smaller proteins that are most likely the result of protein instability.  As a result, 

very little of the protein added to the isomerase assay was actually the full-length 

PDIL1-3.  The low amount of full-length PDIL1-3 protein added to the assay would 

increase the enzyme to substrate ratio, as is required for anti-chaperone activity.  
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Further isomerase analyses are needed to conclude whether PDIL1-3 has isomerase 

activity and whether the other PDIL recombinants exhibit anti-chaperone activity. 

MATERIAL AND METHODS 

Plant Material 

Normal W64A inbreds and near isogenic mutant lines, floury-2, Mucronate, 

Defective endosperm*B-30, and opaque-2 were grown during summer field seasons at 

Central Crops Research Station (Clayton, NC).  Each genotype was harvested at 15 

days after pollination and split into three pools of at least two or three ears in each.  

Frozen kernels from each ear were excised from the middle part of ears that had no 

insect or other visible damage.   

Construction and Use of Real-time Quantitative RT-PCR Primers and Probes 

TaqMan PCR primers and probes were designed according to standard cycling 

conditions in the PrimerExpress software package (Applied Biosystems, Foster City, 

CA), and were derived from maize PDIL sequences (Houston et al., 2005).  Details on 

primers and probes used for qPCR analysis are summarized in Table 1.  Primer pairs 

and probes demonstrated 100% homology to their respective sequences and at the 

same time discriminated between PDIL paralogs.  All quantitative real-time PCR 

(qPCR) probes were obtained from Applied Biosystems (Foster City, CA).  Primers 

were synthesized by DNA Technologies, Inc (Coralville, IA).  The PDIL probes were 

labeled with 6-carboxyfluorescein (FAM) and minor groove binder (MGB) 
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fluorescent ligands while the 28S rRNA probes contained FAM and 

tetramethylrhodamine (TAMRA) ligands.   

Real-time quantitative RT-PCR  

Total RNA was isolated from maize endosperm (15 DAP), embryo, and leaves 

from normal and near isogenic mutant maize lines, floury-2, Mucronate, Defective 

Endosperm B-30, and opaque-2.  RNA was isolated with the RNA isolation mini kit 

(Agilent Technologies, Palo Alto, CA) following the manufacturer’s protocol. Two 

micrograms of total RNA were treated with 3 units of DNaseI (Roche, Indianapolis, 

IN) for 30 min at 37°C followed by 10 min at 65°C to inactivate the enzyme.  

TaqMan assays were performed with 20 ng of DNase treated RNA (template), 800 

nM of each primer, and 100 nM of probe in a total volume of 20 μL along with the 

SuperScript™ III Platinum® One-Step qRT-PCR kit (Invitrogen, Carlsbad, CA).  

Amplification and flourescence detection were performed in 384 well optical plates 

with the ABI Prism 7000 Sequence Detection System instrument as recommended by 

the manufacturer (Applied Biosystems, Foster City, CA).  Amplifications were 

performed starting with a 10 min activation step at 50°C, 5 min template denaturation 

step at 95°C, followed by 40 cycles of 95°C for 15 s and 59°C for 1 min.  Assays 

were considered positive and the cycle threshold (Ct) was recorded when the 

fluorescence signal exceeded the background signals.  The wild-type endosperm RNA 

(calibrator) was used in a dilution series to generate a standard curve from 

amplification of each PDIL gene plus a 28s rRNA ribosomal control.  All standard 
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curves were prepared in triplicate.  Relative expression was calculated by the standard 

curve method.  PDIL gene values for the endosperm mutants, embryo, and leaf 

samples were normalized with 28S rRNA, and adjusted for the wild-type endosperm 

value set to a 1.   

Purification of Maize PDIL1 

PDIL1 was extracted from kernels from the maize endosperm mutant, floury-

2, essentially as described for BiP by Fontes et al. (1991), but with the following 

modifications.  The DEAE-Sepharose Fast Flow column (Amersham Pharmacia, 

Uppsala, Sweden) was developed with a 500 mL gradient 0-0.5 M NaCl.  Fractions 

containing PDIL1 were identified by immunoblot analysis with antiserum raised 

against wheat PDI (Shimoni et al., 1995); these fraction were pooled and mixed 4:1 

(v:v) with 5x Con A binding buffer (250mM Tris, pH 6.8 at 25°C, 2.5 M NaCl, 25 

mM MnCl2, 25 mM CaCl2, and 25 mM MgCl2).  The combined fractions were 

applied to a Concanavalin A Sepharose column (Amersham Pharmacia, Uppsala, 

Sweden) equilibrated with 1X Con A binding buffer and eluted with 1 M α–D-

methylmannoside.  Fractions containing maize PDIL1 were identified by 

immunoblotting, pooled, dialyzed against 50 mM ammonium bicarbonate, pH 8, 

lyophilized, and stored at -80°C.   

Production of Recombinant PDIL Protein 

Coding regions of maize PDIL1-1, 1-3, 2-3, and 5-1 were amplified by PCR 

with custom forward and reverse primers (Table 3) and inserted in frame into pRSET 
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expression vector (Invitrogen, Carlsbad, CA).  Primers were designed to exclude 

signal peptides predicted by TargetP (Emanuaelsson et al., 2000).  All forward 

primers contained a BamHI restriction enzyme site.  The reverse primers contained 

PstI sites in the case of maize PDIL1-1, 2-3, and 5-1 or an EcoRI restriction enzyme 

site for maize PDIL1-3.  RNA was isolated from immature ears and used for cDNA 

synthesis as described by Kirst et al. (2005).  Amplification of each PDIL gene was 

performed with 1 μL of cDNA in 10 mM Tris-HCl, pH 8.3 at 25°C, 50 mM KCl, 2.5 

mM MgCl2, 200 μM dNTPs, 0.5 μM of each corresponding primer, and 0.5 units Taq 

polymerase (Roche, Indianapolis, IN).  Standard PCR cycling conditions were 95°C 

for 5 min followed by 40 cycles of 95°C for 1 min 58°C for 1 min, and 72°C for 2 

min.  PCR products were subcloned into the pGEM-T easy vector (Promega, 

Madison, WI) and subsequently transferred to pRSET expression vectors, which have 

histidine tags for affinity purification.  All plasmids were verified by restriction 

enzyme analysis and DNA sequencing.  Competent E. coli BL21 (DE3; Invitrogen, 

Carlsbad, CA) cells were transformed with the plasmids and grown in LB medium.  

For production of recombinant protein, cells were grown for 3 hr at 37°C to a density 

of A600 = 0.4-0.6.  Isopropyl-1-1thio-B-D-galactoside (IPTG) was added to 1 mM 

final concentration and cells continued to grow for 3 hr.  Cells pellets from 800 mL 

cultures were resuspended in 5 ml/g of CelLytic BII (Sigma, St. Louis, MO), lysed by 

sonication, and subjected to centrifugation at 12,000xg for 10 min.  Recombinant 

proteins were purified by affinity chromatography on His-SelectTM Cartridges (Sigma, 
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St. Louis, MO) according to the manufacturer’s protocol.  Purity and integrity of the 

recombinant protein were verified.  Five micrograms of recombinant PDIL protein 

were resuspended in SDS sample buffer (0.5 μg/μL) and boiled for 5 min before 

separation through a 15% sodium dodecyl sulfate-polyacrylamide gel (SDS-PAG; 

Laemmli, 1970) and staining with Coomassie brilliant blue.  Recombinant proteins 

were dialyzed against 50 mM ammonium bicarbonate, pH 8.  Purified recombinant 

proteins were quantified with Coomassie Plus (Pierce, Rockford, IL) according to 

manufacture’s protocols.  Recombinant proteins were aliquoted, lyophilized, and kept 

at -80°C.   

Insulin reduction assay 

The reductase activity assay described by Holmgren (1979) monitors changes 

in absorbance as insulin disulfide bonds are reduced and the insulin B chain 

precipitates.  Reactions were performed at room temperature in 63 mM monobasic 

sodium phosphate buffer, pH 7.0, 2 mM EDTA, 0.1% bovine insulin, and 

recombinant protein in a final volume of 1 mL.  Recombinant maize PDIL proteins 

were added at the following concentrations: 200 nM (PDIL1-1), 200 nM (PDIL1-3), 

200nM (PDIL2-3) and 600 nM (PDIL5-1).  The reaction was started by the addition 

of dithioreitol (DTT) to a final concentration of 1 mM, and increasing turbidity from 

insulin reduction was monitored spectrophotometrically at 650nm.  Each redutase 

assay was conducted in triplicate, and the mean values and standard errors of the 

assays were calculated. 
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Refolding of reduced, denatured BPTI 

The refolding assay described by Noiva (1994) is an indirect assay that 

measures PDI-catalyzed refolding of reduced, denatured bovine pancreatic trypsin 

inhibitor (rdBPTI).  When the rdBPTI is refolded, it prevents trypsin from cleaving a 

chromgenic substrate.  In preparation for the refolding assay, BPTI (250 μg) was 

incubated overnight in reducing-denaturing buffer (100 mM DTT, 6 M guanidine-

HCl, 200 mM Tris, pH 8.7), denaturing buffer (6 M guanidine-HCl, 200 mM Tris, pH 

8.7), or control buffer (200 mM Tris, pH 8.7) at 25°C in the dark.  Guanidine-HCl and 

DTT were eliminated on a G25 Sephadex column equilibrated with 0.01 N HCl.  

PDIL recombinant protein was pretreated in 200 mM sodium phosphate, pH 7.5, in a 

final volume of 200 μL with 0.2 mM oxidized glutathione and 0.4 mM reduced 

glutathione for 2 hr at room temperature.  To start the refolding reaction, 55 μM of 

rdBPTI was incubated with 800 nM of pretreated PDIL recombinant protein.  After 1, 

4, 7, and 12 minutes of refolding time,  aliquots (50 μL) removed from the PDIL-

rdBPTI reaction were added to 100 μL of 200 mM sodium phosphate, pH 7.5 and 30 

μM trypsin previously dissolved in 0.001N HCl.  Refolding was measured after the 

addition of 50 μL of the trypsin substrate, N’-benzoyl-DL-arginine-ρ-nitoanilide 

(BAPNA; 1mg/ml; Sigma, St. Louis, MO) to the reaction.  Refolding was measured 

for each reaction as change in absorbance at 405nm on a spectrophotometer.  Each 

isomerase assay was conducted in triplicate, and the mean values and standard errors 

of the assays were calculated. 
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Table 1.  Quantitative real-time PCR primers and probes 

 

Gene Forward Primera Probe Reverse Primer 
Amplicon 

Length 

APRL2 CTTCCGCTACCACCTCCATC CGTCGCACCCCGC CCAATCCTCGCAGCTTTGAC 

APRL3 TCACAGGAATGCAAACCGAAT TTGAGACACTGGCTTACT ATGCCGGATAGCTGGGAAT 60 

APRL4 TGGCGACCGCATTTGTTATT ACGATACAGCAGCCTC CCCATCTAGCAAAGGAATCAATCT 72 

APRL5 GCATTCCCGACGATTTTCC CTGAACTCTACAGTGCGTG GCCCGAGATCCATGATAACG 65 

APRL8 GCTGCATGGTGTCCATTTTCT CAAACTGCGACCAATAT GGGTACATAGTGCTGAGAGTTCCA 65 

QSOXL1 TGTTGTGATGGCACGAGTTGA TGTGCATCAAAGGTG CAGAGAATTTGTTGCAAAGATCCA 65 

PDIL1-1 GTCCAAGGCTACCCGACCT TTCGTGACCCCGAGCG TGCCGCTGTCGTAGGATGT 67 

PDIL1-2 ACGTGCCCAGTGAGTTCGA CCAAGGCTACCCAACC CGCTGGGAGTCACGAAGTACA 60 

PDIL1-3 GGAGATGACAAAGCCGTCCTT TTCCTCGACACACTATC GCAGCAAGCTCATCACTGTGA 68 

PDIL1-4 AACCGACCTAGCCCAGAGGTA CTTCCCCACTATCATC GGACGCCGTCGATGAAGA 68 

PDIL1-5 GATGGAGGCAGATATCAATGCA AGAACTCCCTCAGGTTGT GCGTGCCATCCAGAAGACTT 65 

PDIL2-1 CAATACTGAAGGAGGCACAAATGT AAGCTGGCAACCATT GGGTGAGAACCACAACACTTGA 65 

PDIL2-2 TGTGGAAGCCCTTGCAGAAT CTGCTTCGCTGTTAAC TGGCAGCTATCTTGACATTGGT 62 

PDIL2-3 TGGGCGGCTACGGCTAT CATGGTAGCTCTCAACG TGGAGCGTATGCACCTTTCTT 62 

PDIL5-1 TCCAGTGCCGAAGTCATCAC CACCGAAGAGACCTT CCGTGTCCTTCTCCTTTATCTTGT 67 

PDIL5-2 CGCCCGAGTTAGATGAAGCT CACCGGTGTTGTCAGG GCAACAACAATAGGCTCACTCAA 61 

PDIL5-3 GCTTGACCTCGCTGTACATCCT ATATTCGTCATTGCCC CATCTTGCCCAGCAAAGTACAC 75 

PDIL5-4 ACAGCACACAGCAGCTTGGT CACAGCTTCTATGTTCCT AAGGCTCAAAATGGAATTTCACA 64 

aAll sequences are listed in the 5’ to 3’orientation. 
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Table 2.  Maize PDIL fluorescence detection limits 
 

Gene  
Amplification 

Cyclesa Rank 
PDIL1-1 16 1 
APRL3 21 2 
PDIL2-3 27 3 
QSOXL 27 3 
PDIL5-4 27 3 
PDIL2-1 27 3 
PDIL5-3 27 3 
APRL4 27 3 
APRL8 28 4 
PDIL5-1 28 4 
PDIL1-3 29 5 
PDIL5-2 29 5 
APRL2 29 5 
APRL5 29 5 
PDIL1-2 30 6 
PDIL2-2 30 6 
PDIL1-4 31 7 
PDIL1-5 32 8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

aNumber of amplification cycles needed to produce a fluorescent signal above 
background in the normal endosperm sample 
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Table 3.  Coding region PDIL primers for expression constructs   

aPrimers are listed in the 5’ to 3’ orientation.  Restriction enzyme sites are in bold. 

Gene 
Primer 

Direction Primer Sequencea

PDIL1-3 Forward GGATCCGCCGGAAGCAACATGGAT 
  Reverse GAATTCGGCCAACACTGCACTCGC 

PDIL1-1 Forward GGATCCGGCGAGGCCGTGCTCACCCT 
  Reverse CTGCAGCAGCCACAGCCGTCCACACC 

PDIL5-1 Forward GGATCCGAAGTCATCACCCTCACC 
  Reverse CTGCAGTCCTTGTCTACGCCACTC 

PDIL2-3 Forward GGATCCACGGTGCTCCTCCTAGTA 
  Reverse CTGCAGAGTCTGGCTAACCGACAC 
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Table 4.  Relative isomerase activity.  Slopes of each refolding curve were determined 
from linear regression analyses.  Activity was calculated from the inverse of the slope 
and normalized to the buffer control. 
 

aBPTI refolding time is in minutes 

Refolding 
Timea Buffer PDIL1-1 PDIL1-3 PDIL2-3 PDIL5-1 

1 1 3 1 1 1 
4 1 3 0.8 1 1 
7 1 213 0.5 1 0.7 

12 1 162 0.4 1 0.8 
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Figure 1.  Relative expression levels of PDIL genes in maize tissues/organs as measured by qPCR.  Histograms show 
expression levels for each PDIL member in normal endosperm, embryo, and leaves, and endosperm and embryo of 
endosperm mutants.  Each assay was performed in triplicate.  The histograms represent the mean values and standard errors 
(bars) of different experiments conducted with different RNA preparations.  Results are calibrated to normalized wild-type 
endosperm (value of 1).  The brackets over fl2, Mc and De bars highlight the UPR endosperm mutants; p1, p2, and p3 denote 
the different expression patterns.  Different scales are used in graphs as noted on the y-axes.   
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Figure 2.  Enrichment of the maize PDIL1 by affinity chromatography.  Selected 
fractions from a Con A column were analyzed by SDS-PAGE and immunoblotting.  
A.  Proteins stained with Coomassie brilliant blue.  B.  Immunoblot probed with 
antisera against the major wheat PDI.  The arrows indicate the major PDI band.  lane 
1, onput; lane 2, early flow-through wash 1; lane 3, late flow-through wash 2; lane 4, 
eluate fraction 2; lane 5, eluate fraction 4; lane 6, eluate fraction 6 
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Figure 3.  Protein architecture of maize PDIL1-1, 1-3, 2-3, and 5-1 proteins.  A.  
Schematic representation of the domain structures of maize PDIL1-1, 1-3, 2-3, and 5-
1 protein.  Active thioredoxin domains are labeled as a and a’.  The acidic amino-
terminal domain is labeled as C.  B.  Amino acid sequence alignment of maize PDL1-
1 and 1-3.  The amino acid alignment was performed by ClustalW analysis with the 
software package Vector NTI suite 8 (Informax, Bethesda, MA) using default values 
and adjusted manually.  Identical residues are highlighted with asterisks below the 
sequences.  The residues that form the acidic domain of maize PDIL1-3 are 
underlined.  The residues that form the active site CXXC are indicated by 
arrowheads.
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Figure 4.  Recombinant maize PDIL1-1, 1-3, 2-3, and 5-1 proteins.  Recombinant 
proteins were purified from E. coli on a nickel-chelating resin column.  Five 
micrograms of each recombinant PDIL protein were fractionated by SDS-PAGE and 
stained with Coomassie brilliant blue.  Stars are located beside the bands of interest.  
Migrating positions of molecular weight markers are noted to the left of the gel.   
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Figure 5.  Refolding of rdBPTI in the presence of recombinant maize PDIL proteins.  
Enzymatically inactive rdBPTI was incubated with PDIL proteins.  Aliquots were 
removed at 1, 4, 7, 12 minutes (refolding time) and added to trypsin and BAPNA.  
Activity was measured by the decrease in absorbance that resulted from trypsin 
inhibition.  A.  PDIL proteins assayed were purified maize PDIL1-1 (Maize PDIL1-
1), human PDI (hPDI), recombinant maize PDIL1-1 (rPDIL1-1) proteins.  B.  PDIL 
proteins assayed were recombinant maize PDIL1-1, 1-3, 2-3, and 5-1 proteins.  Each 
assay was conducted in triplicate and the graphs represent the mean values and 
standard errors (bar) of assay.  open circle, 1 min of refolding time; square, 4 min of 
refolding time; triangle, 7 min of refolding time; closed circle, of 12 min refolding 
time 
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Figure 5A
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Figure 5B
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Figure 6.  Reduction of bovine insulin in the presence of recombinant PDIL proteins.  
Bovine insulin was incubated with recombinant PDIL proteins in the presence of 
DTT.  PDIL proteins assayed were PDIL1-1, 1-3, 2-3, and 5-1.  Activity was 
measured by an increased absorbance and readings were taken every three minutes.  
Data shown are the means of three experiments. 
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CONCLUSION AND PERSPECTIVES 

In the first three chapters of this thesis, I have summarized the current 

knowledge in the field of protein disulfide isomerase (PDI) research and extended the 

literature with my own work.  This chapter will focus on what I consider are some of 

the interesting aspects of PDI research and how my work can promote future studies. 

The PDI-like (PDIL) gene family has been well-characterized in yeast and 

mammals (Norgaard et al., 2001; Ellgaard and Ruddock, 2005).  Through the work 

presented here, I have shown that PDIL gene family is conserved plants and is diverse 

in domain structure, expression patterns and enzymatic activities.  My original 

hypothesis was that several members of the plant PDIL gene family are critical in the 

synthesis and accumulation of proteins.  I showed that two maize PDIL genes 

(PDIL2-3 and PDIL1-2) had increased expression levels only in the maize endosperm 

mutants that produced defective storage proteins.  I was also able to show that two 

maize proteins (PDIL1 and PDIL5-1) accumulate at the onset of the defective storage 

protein production in maize mutants.  The increased expression levels of PDIL2-3 and 

1-2 genes and the accumulation of PDIL1 and 5-1proteins suggest that these PDIL 

members respond to the presence of misfolded proteins and have a role in protein 

folding.  However, the examination of loss-of-function mutants for each PDIL gene 

would provide better evidence as to whether a PDIL is “critical” for protein synthesis 

and accumulation.  I have been screening for PDIL1-1, 1-2, and 5-1 loss-of-function 
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mutants in maize.  To further identify their role in protein folding, these mutants will 

be crossed with maize mutants that produce defective storage proteins.       

The fact that there are ~20 members of the Arabidopsis, rice ands maize PDIL 

gene families implies a degree of gene family complexity that we are far from 

understanding.  To understand the relationship between the members of the plant 

PDIL gene family, I used phylogenetic analyses and resolved the members into ten 

phylogenetic groups.  I also attempted to use molecular evolution to identify the rate 

and pattern of PDIL sequence evolution in plants.  To study PDIL gene family 

evolution, I used MEGA version 3.1 (Kumar et al., 2004) to calculate pairwise 

synonymous (Ks; does not change amino acid) and nonsynonymous (Ka; changes 

amino acids) nucleotide substitutions rates in the maize, rice, and Arabidopsis PDIL 

coding regions. The Ka/Ks ratio provides a measure of nucleotide and amino acid 

change in each sequence.  When the Ka/Ks ratio is equal to 1, the data suggest no 

selection for or against amino acid changes (neutral selection). However, if the Ka/Ks 

ratio is greater than 1, amino acid changes are advantageous (positive selection), 

while Ka/Ks ratio that are less than 1 suggests selection against amino changes 

(purifying selection; for review see Hurst, 2002).  I identified the Ka/Ks ratios for the 

PDIL gene family members based on position and number of active thioredoxin 

domains.  Preliminary results suggested that the amino-terminal active domain may 

be under functional constraint.  However, most of my analyses contained less than 

five PDIL sequences.  To continue with this line of research, I would need many more 
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sequences to produce well-supported findings that specific regions are under selective 

pressures.  Hopefully, the completion of more plant genomes will provide access to 

additional PDIL sequences. 

The recombinant maize PDIL1-1 protein had isomerase and reductase 

activities, while recombinant proteins PDIL2-3 and 5-1 showed neither activity.  

PDIL2-3 and 5-1 may require specific substrates to produce enzymatic activities in 

vitro.  A major obstacle toward our understanding of PDIL activities is the lack of 

assays with endogenous substrates.  Endogenous substrates of some mammalian 

PDIL gene families have been reported (Ellgaard and Ruddock, 2005).  However, 

there are no endogenous substrates reported for plant PDIL members.  As of yet most 

strategies to identify these endogenous substrates of plant PDIL members rely on 

chemical protein cross-linkers to bind the PDIL protein to its substrate.  Once 

substrates of plant PDIL proteins have been identified it would also be interesting to 

compare enzymatic activities of orthologous sets of plant PDIL genes.  This 

comparison will provide data for conserved protein interaction and function.    

One area of research that I did not address was how plant PDIL gene family 

members interact with each other and with other ER-resident chaperones and 

foldases.  In mammals, there is evidence for chaperone and foldase complex 

organization within the ER that included the molecular chaperone BiP, the major PDI, 

and the PDIL protein ERp72 (Meunier et al., 2002). This complex was associated 

with assembling proteins.  However much more work is needed to determine the 

94 



members of such complexes in plants and how the complexes are formed.  For 

examples, antibodies for each PDIL gene would be needed to perform 

immunoprecipitations or pull downs from plant extracts.  Knowledge of which PDIL 

protein have interacting partner will show another level of diversity within this gene 

family. 
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