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ABSTRACT
The traditional protein disulfide isomerase (PDI) catalyzes the formation, reduction, and
isomerization of disulfide bonds of most secretory proteins in the endoplasmic reticulum
(ER) of eukaryotes. PDI also serves as a redox-response regulator and chaperone. By
modifying disulfide bonds, PDI changes the folded state and activity of its target proteins,
which is ultimately important for normal cell metabolism, disease resistance, growth and
development. In contrast to animal and yeast PDIs, little information is currently
available on the characterization and function of PDIs in plants. The genome of the model
plant, Arabidopsis, contains 12 different PDI genes. Some of these have traditional
structures very closely related to yeast and mammalian PDIs. However, several differ in
the presence of signal peptides, KDEL motifs and the number and positions of
thioredoxin domains. In addition, three species of PDIs in plants have transmembrane
domains. For PDI antisera generation, immunolocalization, and complementation studies,
recombinant expression systems were developed for three PDIs fused to 6X-His to enable
purification. For functional studies of PDIs, I mapped and selected homozygous T-DNA
knockout lines of the pdi2 (SALK_115574 and SALK _017090), pdi5 (SALK_010645),
and pdi8 (SALK _023055) genes by using PCR. The absence of PDI mRNA and proteins
were confirmed using RT-PCR and immunoblot analysis. To study protein-protein
interactions of PDIs, I identified interacting partners of PDI2 and PDI5 using the yeast
two-hybrid system and confirmed their interaction by co-immunoprecipitation,
fluorescence resonance energy transfer (FRET), and β-galactosidase assays. PDI5
interacted with three different cysteine protease that played roles in programmed cell
death (PCD). PDI2 interacted with several proteins in the secretory pathway as well as
v

nuclear proteins, Rho and MEE8, both of which are transcription factors. To identify the
sub-cellular localization of PDIs, PDI2 and PDI8 were transiently expressed as fusion
proteins with green fluorescent protein (GFP) in leaf protoplasts. Co-expression with subcellular markers fused to RFP determined that PDI8 localized to the ER and was exported
to the vacuole membrane (tonoplast). PDI2 was localized to the ER, Golgi, nucleus, and
vacuole. The localizations of PDI2 were confirmed by immunolabeling and transmission
electron microscopy.
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CHAPTER 1
INTRODUCTION
1.1. General Introduction
The protein disulfide isomerases (PDI) are key protein folding catalysts that play
roles in disease, apoptosis, hybrid vigor and cellular growth. The PDI also acts as part of
a quality-control system to ensure the correct folding of protein, a feature essential to cell
viability (Conn et al., 2004). Misfolded proteins accumulate in numbers of diseases,
including Alzheimer’s disease, amyloidoses, cystic fibrosis, emphysema, goiter, hypoxia,
and prion infections (Tomas et al., 1995; Koo et al., 1999; Dobson et al., 2001; Wilkinson
et al., 2004). The traditional PDI catalyzes the formation, reduction and isomerization of
disulfide bonds in most secretory and plasma membrane proteins in the ER (Freedman,
1989; Novia, 1992). PDI is a multifunctional participant in the folding, assembly, and
post-translational modification of many proteins, and exhibits molecular chaperone
activity both in vivo and in vitro (Määttänen et al., 2010; Lee et al., 2010). It interacts
with two ER enzymes, prolyl 4-hydroxylase (P4H; EC 1.14.11.2) and microsomal
triglyceride transfer protein (MTP) in mammalian cells. According to a recent study, PDI
has also significant role in ER-associated degradation (ERAD) (Määttänen et al., 2010).
Although the role PDI in other enzyme complexes is poorly understood, PDI is known to
associate with other proteins (Novia, 1999). Also, while its structure and function has
been extensively studied in mammals, it has not been studied as much in plants. In fact,
plants have major variations in traditional PDI structure, functional domains, and sizes
compared to other eukaryotes that suggest they have evolved other functions and sub-
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cellular localizations. This thesis, therefore, will investigate current ideas for the function,
identification, sub-cellular localization, and regulation of expression of Arabidopsis PDI
(AtPDI).

1.2. Project Overview
The objectives of this study are to characterize the function of PDIs, identify their
interacting proteins and substrates, and localize them to sub-cellular regions in
Arabidopsis. To more fully understand the function of PDIs in plants, we are using TDNA knockouts, which allow the determination of the resulting effects of the absence of
a specific gene on growth, development, cell physiology and biochemistry. Through the
protein-protein interaction studies, it is possible to know which proteins associate with
PDI and are substrates for redox modification, protein folding and as metabolic
chaperons. Protein expression systems will be developed to generate recombinant PDIs,
His-tagged PDIs will be purified via affinity chromatography, and GFP-fusion expression
systems will provide information on sub-cellular localization and regulation of gene
expression.
The hypotheses for this study are as follows:
1. Plant PDIs with a classical structure are hypothesized to be localized to the ER,
where those deviating from the classical are expected to be found in other subcellular sites.
2. Plant PDIs are hypothesized to facilitate protein folding, to have chaperone roles
and perhaps new functions.
3. Plant PDIs are hypothesized to be interacting with various protein substrates
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(example: Luminal binding protein, Bip).
The above hypothesis will be studied within the ensuing chapters by focusing on
the following specific objectives:
1. To determine the function of PDIs in plants by examining the effect of the PDI
gene knockouts on plant growth, development, sub-cellular structure, and
metabolism.
a. Identify homozygous T-DNA knockout mutants of the PDI genes (pdi2, pdi5, and
pdi8) in Arabidopsis by PCR.
b. Confirm the absences of PDIs mRNA using RT-PCR.
c. Develop PDI-specific antibodies for immunoblot analysis to verify the absence of
the PDI protein in the T-DNA knockout lines.
d. Determine plant growth and development of PDI T-DNA knockout mutants and via
phenotype analysis.
e. Complement the E. coli dsbA protein folding mutant with the normal PDI2 cDNA
and check the PDI activity using alkaline phosphatase assay.
f. Expression and Purification of recombinant His-tagged Arabidopsis PDIs

2. Identify proteins that interact with the PDIs
a. Identify interacting partners of PDI2 using the yeast two-hybrid system
b. Confirm the interaction of PDI and its interacting partners by β-galactosidase assay,
co-immunoprecipitation and immunoblot analysis.

3. To determine the sub-cellular localization of PDIs in Arabidopsis.
a. Immunolabeling transmission electron microscopy of PDIs in Arabidopsis.

3

b. Expression and sub-cellular localization of green fluorescent protein (GFP) fused to
PDIs, which are co-expressed with sub-cellular markers fused to red fluorescent
protein (RFP).
c. Visualize and record using confocal laser scanning microscopy.

1.3. Literature Review
1.3.1. PDI
The traditional or classical PDI (EC 5.3.4.1.) is a multifunctional protein capable of
catalyzing the formation, reduction and isomerization of disulfide bonds within nascent
proteins (Figure 1.1.), thereby permitting their proper folding in the ER and transit
through the secretory pathway (Freedman, 1989; Gething and Sambrook, 1992; Novia,
1992; Jessop et al., 2004; Ellgaard and Ruddock, 2005). PDI is a thioredoxin (TRX)
superfamily member (Ferrari and Söling, 1999; Wilkinsin and Gilbert, 2004; d’Aloisio et
al., 2010) that contains two redox-active thioredoxin domains, which are separated by
two thioredoxin-related fold domains that lack the redox-active site (Edman et al., 1985;
Wilkinsin and Gilbert, 2004). PDI is a very abundant ER luminal protein in yeast and
mammalian cells. Anfinsen’s group first isolated the enzyme from rat liver in 1963 and
showed that it catalyzed thiol-disulfide exchange reactions. PDI has been detected in
various organs and tissues, and highly conserved species (Edman et al., 1985; Ferrari and
Söling, 1999; Wilkinsin and Gilbert, 2004). The dsbA mutant of E. coli lacks disulfidebased protein folding in the periplasm. The classical PDI is able to complement DsbAdeficient E. coli and increases the yield of heterologously expressed disulfide-containing
protein in cultured insect cells and E. coli (Hsu et al., 1996; Ostermeier et al., 1996).
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Figure 1.1. A Schematic representation of the mechanisms of catalysis of oxidation,
reduction, and isomerization of disulfide bonds by PDI (Jessop et al., 2004). The PDI is
shown with one vicinal dithiol participating in the reaction.
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1.3.2. The structural organization of PDI
After the first PDI cDNA was sequenced, internal sequence homologies within
proteins were found and thus a multi-domain protein structure was suggested (Edman et
al., 1985; Freedman et al., 2002). When recent experimental data is studied in
conjunction with bioinformatics approaches, the model that emerges is of PDI organized
into five domains (a, b, b′, a′, and c) (Figure 1.2.) (Darby et al., 1998; Freedman et al.,
2002). The a and a′ domains of PDI are homologous to thioredoxin and each contains an
independent active site. Each active site contains two cysteins dithiol in the sequence,
CXXC (where X is any amino acid), which is directly involved in thiol-disulfide
exchange reactions during catalysis (Edman et al., 1985; Wilkinsin and Gilbert, 2004).
The inactive b and b′ domains are similar in sequence to each other but not to the
thioredoxin active site (Darby et al., 1996; Wilkinsin and Gilbert, 2004). Nevertheless the
b and b′ region also forms a thioredoxin fold (Kemmink et al., 1997; Freedman et al.,
2002). The b' domain provides the primary peptide- or non-native protein-binding site,
but the a and a′ domains are capable of catalyzing simple oxidoreductions and thioldisulfide exchange reactions (Klappa et al., 1998; Wang et al., 2010). The c domain is
constituted of mainly acidic amino acid residues, which are believed to bind calcium
(Ca2+) (Lebeche et al., 1994; Westphal et al., 1999). The c -terminal -KDEL, ER retention
signal, motif of the PDI polypeptide is involved in the ER retention of the enzyme (Novia,
1999).
The contribution of individual domains to the activities of PDI has been defined by
performing PDI domain deletions and domain rearrangements to assay their ability to
oxidize, reduce and isomerize disulfide-containing proteins (Freedman et al., 2002; Lu,
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2007). Simple oxidation reactions require only the a and a′ domain and isomerization
reactions require a linear combination of domains including b' and either a or a′, while
isomerization reactions which require a significant conformational change in the substrate
are only catalyzed by full length PDI (excluding the c region) (Klappa et al., 1998). As a
result, the multidomain structure of PDI is required to function synergistically such as for
their high isomerase activity (Xiao, 2005).

Figure 1.2. Domain organization of the PDI. Two protein-thiol oxidoreductase active site
motifs (-Cys-Gly-His-Cys) are located in the a and a′ domains. Also the location of the
peptide binding site of a′ domain and -KDEL ER retention signal of the C-terminal are
represented.
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1.3.3. Functional characterization of PDI
In addition to its protein folding role, PDI also acts as a redox-dependent and independent molecular chaperone (Tsai et al., 2001; Lumb et al., 2002; Barral et al.,
2004), and being a subunit of the ER enzymes, prolyl 4-hydroxylase (P4H) and
microsomal triglyceride transfer protein (MTP). PDI interacts with many misfolded
proteins, peptides and some folded proteins (Morjana and Gilbert, 1999). Also PDI has
significant role in ER-associated degradation (ERAD) (Lee at al., 2010, Määttänen et al.,
2010) and the unfolded protein response (UPR) (Lu and Christopher, 2008).
The essential basis for the redox activity of PDI is the residence of two
thioredoxin-like motifs -CGHC- (Edman et al., 1985), the ability to catalyze the activity
in thiol-disulfide exchange reactions (Hawkins and Freedmanm, 1991; Lundström and
Holmgren 1993; Darby and Creighton 1995; Kortemme et al., 1996). To function as
catalysts of protein thiol-disulphide exchange, PDI must be able to interact with their
substrates. The oxidation of a substrate requires the conversion of a disulfide -CGHCsite to a dithiol, while the reduction of a substrate requires the conversion of a dithiol
active site to a disulfide. Moreover, all of the thioredoxin-like domains of PDI are
required for isomerization reactions that involve substantial changes in structure in the
substrate (Darby et al., 1998). 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 protein-thiol oxidoreductase active sites in
PDI probably, in part, accounts for the diversity of functions and specificity of the
enzyme (Vouri et al., 1992).
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PDI has been suggested to have molecular chaperone and anti-chaperone activity. A
chaperone is a protein that can associate with other proteins to facilitate their transit in the
cell. A chaperone also assists incorrectly folded or unfolded proteins to attain the native
state and the assembly of polypeptide chains into their correct three-dimensional structure
(Lumb and Bulleid, 2002). PDI as a chaperone inhibits the aggregation of misfolded
proteins, such as glyceraldehde-3-phosphate dehydrogenase (GAPDH), rhodanese, citrate
synthase, alcohol dehydrogenase, and lysozome (Puig and Gilbert, 1994; Cai et al., 1994;
Primm et al., 1996; Wilkinsin and Gilbert, 2004). Both GAPDH and rhodanese do not
contain disulfide bridges, confirming the non-redox chaperone activity of PDI. The
redox-active sites of PDI are not required for its chaperone activity. However, truncation
of the 51 amino acid residues of PDI causes a loss of all chaperone activity, suggesting
the peptide binding site (Figure 1.2.) located at the interface of the a′ and c domains is
essential for chaperone activity (Wang & Tsou, 1993). The ability of PDI and another ER
protein, BiP, to specifically facilitate substrate aggregation, has been termed antichaperone activity (Puig and Gilbert, 1994), which is inhibited by b′ -inhibiting Cterminal deletion that prevents chaperone activity (Puig and Gilbert, 1994; Sun et al.,
2000). This mechanism of PDI results from non-covalent cross-linking of substrate
aggregates into extensive networks that precipitate from solution. On the other hand, PDI
inhibits aggregation like a normal chaperone at high concentrations of PDI (5-10-fold).
PDI does not exhibit anti-chaperone activity during the catalyzed folding of soluble
proteins (Shderaki and Gilbert, 2000).
In the ER, newly synthesized polypeptides are monitored by a quality control
process that ensures that only correctly folded, or assembled, proteins exit the ER and are
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trafficked to their final destinations. The quality control mechanism is to prevent
expression and secretion of misfolded proteins. Protein misfolding can be harmful to the
cell and cause to disease mechanism in several inherited disorders such as cystic fibrosis,
familial hypercholesterolemia and diabetes insipidus (Jørgensen et al., 2003).

The

molecular chaperones and folding sensors are used in primary quality control. They
include PDI, ERp57, Bip, calnexin, calreticulin and glucose-regulated protein (GRP) 94
(Ellgaard and Helenius, 2003). Misfolded or incompletely assembled proteins are
recognized and retained in the ER, and ultimately degraded by ERAD. The misfolded
proteins are retrotranslocated across the ER membrane to cytoplasm for degradation by
the proteasome (Hampton, 2002; Ellgaard and Helenius, 2003; McCracken and Brodsky,
2003; Barral et al., 2004). A process of ERAD can be divided into four steps; recognition,
retranslocation, ubiquition, and degradation (Yoshida, 2007). ERAD substrates frequently
contain disulfide bonds that must be cleaved before their retrotranslocation (Ushioda et
al., 2008).
PDI is a subunit of the mammalian P4H (Pihlajaniemi et al., 1987) α2β2 tetramers
and αβ dimers and the MTP αβ dimer (Wetterau et al., 1990), two important ER enzymes
in the assembly of proteins and posttranslational modification. P4H catalyzes the
posttranslational and co-translational hydroxylation of nascent procollagen chains in the
rough ER. This enzyme is assembled in vivo from nascent α-subunits associating with an
endogenous pool of PDI (John et al., 1993). MTP assists the co-translational assembly of
the very-low-density lipoprotein (VLDL) and chylomicron particles in the lumen of the
ER (Novia, 1999). The role of PDI as a subunit of P4H and MTP appears to maintain the
catalytic subunit in a soluble state rather than participating directly in catalysis (Wetterau
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et al., 1991; John et al., 1993; Lumb and Bulleid, 2002). This function is likely be related
to the chaperone activity and peptide binding of PDI, and it does not require the catalytic
site (CGHC) (Lamberg et al., 1996).
In summary, PDI is a multifunctional enzyme with various activities including
oxidation, reduction, and isomerization of disulfide bonds, chaperone and anti-chaperone
activity, and participation as a subunit of P4H and MTP. This multifuntionality of PDI
demands that the enzyme interacts with a broad spectrum of substrates during the
processing in the ER (Novia, 1999). The chaperone and isomerase activities are
independent in a way from each other, but function in cooperation, possibly at sequential
stage of the folding process of the target protein. At the early stage of the folding process,
PDI functions mainly as a chaperone to block the incorrectly folded proteins, which are
aggregation-prone, and to promote the folding to such an extent so as to facilitate its
function as an isomerase at a subsequent stage (Wang, 1998).

1.3.4. Sub-cellular localization of PDI
The site of translation, folding, subunit assembly and the earliest steps in posttranslational modification occur in the lumen of the rough ER. The soluble chaperones
and foldases, and PDI are directed to the ER lumen by the N-terminal ER signal sequence
and retained in the ER by the -KDEL ER-retrieval sequence at the C-terminus of PDI (HDEL in yeast) (Novia, 1999). Accordingly, the bulk of PDI is localized to the ER (Xiao,
2005), however, PDIs in a diversity of organisms have been found elsewhere in the cell
such as the Golgi, secretory vesicles, cytoplasm, mitochondria (Rigobello et al., 2001)
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plasma membrane (Novia, 1999), nucleus (Coppari et al., 2002), and extracellular
environment.
PDI ERp57 (Mazzarella et al., 1994; Bourdi et al., 1995) was found originally in
the ER, but is also present in the cytosol and nucleus of avian cells (Coppari et al., 2002).
Mammalian ERp57 contains the C-terminal sequence -QEDL, which is similar to the
signal for retention in the ER. However this sequence differs from the canonical KDEL
signal, and in fact the presence of ERp57 in cytosol has been demonstrated (Lewis et al.,
1986; Ndubuisi et al., 1999). The nuclear import should take it from the cytosol by means
of the nuclear localization signal (NLS) -PKKKKKA-, also present in the C-terminal
domain. This is absent from many nuclear proteins (Coppari et al., 2002). ERdj5, ER
DnaJ protein 5, has been found in many secretory cells (Cunnea et al., 2003).
PDI was shown to be present at the surface of plasma membrane of a variety of
different cell types such as pancreatic exocrine cells, platelets, B lymphocytes, pancreatic
cells, endothelial cells, hepatocytes and thyroid cells, where it is involved in diverse
functions essentially linked to transport process or secretion (Tasanen et al., 1988;
Yoshimori et al., 1990; Chen et al., 1995; Hotchkiss et al., 1998; Rigobello et al., 2000;
Coppari et al., 2002; Essex et al., 2010). PDI has also been found in mitochondria in rat
liver (Rigobello et al., 2000).
Other PDIs of plants (Lu and Christopher, 2006; Shimada et al., 2007) and the
Unicellular algae, Chlamydomonas reinhardtii, which has the PDI RB60 (Kim and
Mayfield, 1997; Trebitsh et al., 2001; Levitan et al., 2005), retains a -KDEL ER retrieval
signal sequence, but have been found in the chloroplast on the basis of an N-terminal
chloroplast transit peptide (Ferrari and Sӧling, 1999). They play roles in starch biogenesis
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(Lu and Christopher 2006), chaperone and foldase (Shimada et al., 2007), and lightregulated translation of the psbA mRNA (Kim and Mayfield 1997; Trebitsh et al., 2001).
Wheat (Triticum aestivum) PDI is a 60 kDa glycoprotein that is not only present in the
lumen of the ER but is also co-localized with the storage proteins in the dense protein
bodies (Shimoni et al., 1995).
PDIs have been found in diverse locations, though a trafficking mechanism has not
yet been understood. Although the relation of sub-cellular location with a biological role
is clear for only a few PDIs, it can be assumed to have great importance in the ER where
PDIs are present in high concentrations. In non-ER location, where PDI is present in
much less amounts, their functions might be quite different. In some cases their functions
are clearly related to their redox properties in non-ER locations, but in most cases, their
mechanism of action is still being investigated (Turano et al., 2002).

1.3.5. PDI family members
PDI is considered to be a typical representative of a whole family of proteins
identified since the original findings by Anfinsen’s group in 1960s. The family of PDIs is
composed several well-characterized proteins formed multiple domains, each presenting
the typical fold of thioredoxin (Freedman et al., 2004; Ferrari and Sӧling, 1999; Turano et
al., 2002). Most PDI family members contain both catalytic and non-catalytic
thioredoxin-like domains with chaperone-like activities for ER folding and secretion
proteins (Kozlove et al., 2010). Also they have an ER signal sequence and a variant of
ER retrieval sequence. Such proteins are present only in eukaryotes. However, a smaller
protein family called also dsb, containing a single thioredoxin domain, exists in E. coli.
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1.3.5.1. The human PDI family
During recent years, several new PDI family members in humans have been
reported. Although the family name means an isomerase function, this activity has not
been demonstrated experimentally for all PDIs (Appenzeller-Herzoget and Ellgaard,
2008). The human PDI family consists of 20 published members (Hatahet and Ruddock,
2009; Kozlov et al., 2010), the best studied being PDI, ERp57 (Hirano et al., 1994;
Mazzarella et al., 1994; Bourdi et al., 1995), ERp72 (Mazzarella et al., 1990), ERp44
(Anelli et al., 2002, 2003), ERp28 (Demmer et al., 1997; Ferrari et al., 1999), PDIp
(Desilva et al., 1996; Desilva et al., 1997), and P5 (Freedman et al., 2002; Ferrari &
Sӧling, 1999). The main feature of the human PDI family is that they all contain a
predicted signal sequence and at least one thioredoxin-like domain, also showing nonspecific polypeptide-binding chaperone activity (Wang and Tsou, 1993). A more
comprehensive definition of the human PDI family would be composed of proteins that
contain non catalytic thioredoxin-like fold domains with chaperone-like activities such as
ERp27 (ER resident protein 27) (Alanen et al., 2006) and ERp29 (Mkrtchian and
Sandalova, 2006). Both ERp27 and ERp29 do not have a catalytic active site motif, CysX-X-Cys (Where X is any amino acid). They have functions as diverse as their sequences
and domain arrangements (Table 1.1. and Table 1.2) (Ellgaard and Ruddock, 2004;
Maattanen et al., 2006; Sevier et al., 2006; Appenzeller-Herzoget and Ellgaard, 2008).
ERp57 (also known as ERp60, ERp61, GRP57, GRP58, ER-58, ER-60, P58, PIPLC, HIP-70, and Q-2) was initially identified as a phospoinositide-specific
phospholipase C (Hirano et al., 1994; Mazzarella et al., 1994; Bourdi et al., 1995). ERp57
is very similar in size and modular structure of active and inactive domains to PDI, but
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lacks the C-terminal acidic region and does not substitute for PDI as the β-subunit of P4H
(Koivunen et al., 1996). It has the retrieval sequence -QEDL and NLS (-KPKKKKK-).
ERp57 forms complexes with both calnexin and calreticulin, these complexes being
specifically involved in the modulation of glycoprotein folding in the ER lumen
(Pirneskoski et al., 2001; Rutkevich et al., 2010).
ERp72 (also known ERp70 and CaBP2) is abundant, ubiquitous and stressinducible with calcium binding capacity (Mazzarella et al., 1990; Ferrari and Sӧling,
1999), and differs from other PDI-like protein in that it has three active thioredoxin
domains. The domain composition is a0-a-b-b´-a´ (Table 1.1) and the N-terminal tail is
very acidic. The protein has significant redox and disulfide isomerase activity, and can
complement lethality of PDI-deficient yeast Pdi1p (Ferrari and Sӧling, 1999). ERp72 has
been reported to be in several complexes with calnexin or calreticulin, but not with
ERp57 (Linnik and Herscovitz, 1998). Also ERp72 exists in a large ER-localized
multiprotein complex that includes BiP, PDI, P5, ERdj3, CypB, Hsp40, GRP94, GRP170,
UDP-glucosyltransferase, and SDF2-L1 which is associated with unassembled,
incompletely folded immunoglobulin heavy chains (Meunier et al., 2002).
ERp44 (Anelli et al., 2002, 2003) has been isolated as a disulfide-linked interactor
of Ero 1α. Human Ero 1α and β regulate oxidative protein folding processes mediated by
PDI in the ER. Ero1 family members transfer oxidative equivalents to cargo proteins via
PDI and other ER oxidoreductases (ERp57, ERp72, P5, etc.) (Frand and Kaiser, 1998;
Pollard et al., 1998). ERp44 has the -CXXS- active-site motif that contributes to the
mixed-disulfide complex with Ero 1α and other proteins (Anelli et al., 2002). Although
ERp44 has been found in the ER, it is primary localized to the ER-Golgi intermediate
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compartment and cis-Golgi despite their C-terminal -RDEL retrieval sequence (Cunnea et
al., 2007).
Pancreas-specific protein disulfide-isomerase (PDIp) (Desilva at al., 1996, 1997)
shares the same domain structure as human PDI, and the a-b-b´-a´ fragment has 49.5%
identity with PDI. Recently, PDIp functioned as a chaperone independently of its
enzymatic activity by forming stable complexes with denatured substrate proteins
(GAPDH, glyceraldehyde-3-phosphate dehydrogenase) (Fu and Zhu, 2010).
P5 is the smallest redox-active PDI (Ferrari & Sӧling, 1999) protein to have both
catalytic and non catalytic a- and b-like domains. P5 has been reported to be in the same
complex as ERp72 (as mentioned before), also composed of PDI, calcium binding protein
1 (CABP1), and BiP. P5 functions outside the ER and occludes the cytosolic face of the
translocation membrane proteins Sec61p, a role in shedding tumor-associated ligand and
tumor metastasis (Stockton et al., 2003; Hatahet and Ruddock, 2009). P5 is upregulated
by transcription factor XBP-1 as part of the unfolded protein response (UPR), suggesting
a physiological role in protein folding (Lee et al., 2003; Hatahet and Ruddock, 2009).
ERdj5 is unique characteristic among human PDI family members. It has four alike domains, and four unusual active sites, -CSHC-, -CPPC-, -CHPC-, and -CGPC-, with
three of these being similar to thioredoxin in having -CXPC-. Also it has a J-domain in
the N-terminus that binds and stimulates the ATPase activity of ER chaperone BIP in
vitro (Cunnea et al., 2003; Hosoda et al., 2003). Recently, ERdj5 was identified as a
reductase that cleaves the disulfide bonds of misfolded proteins, and accelerated ERAD
through its physical and functional associations with EDEM (ER degradation-enhancing
alpha-mannosidase-like protein) and BiP. (Ushioda et al., 2008). Thus, ERdj5 is a
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member of a supramolecular ERAD complex that recognizes and unfolds misfolded
proteins for their efficient retrotranslocation.
Five

PDIs

are

transmembrane

proteins

of

TMX

(thioredoxin-related

transmembrane protein) subgroup. TMX (Matsuo et al., 2001), TMX2 (Meng et al.,
2003), TMX3 (Haugstetter at al., 2005), TMX4, and TMX5 are localized in the ER or ER
membrane. TMX2, TMX4, and TMX5 have putative type I transmembrane protein ERlocalization signal (Appenzeller-Herzoget and Ellgaard, 2008).
In addition, other PDI family members, ERp18 (Anelli et al., 2003; Knoblach et al.,
2003), ERp44, (Anelli et al., 2002, 2003), ERp46 (Knoblach et al., 2003; Sullivan et al.,
2003), ERdj5 (Cunnea et al., 2003; Hosoda et al., 2003), PDIr and PDILT (van Lith et al.,
2004) have been studied (Table 1.1).
The physiological roles of each human PDI protein and their interaction with each
other and with other ER-resident molecular chaperones have been partially explained.
Some of these have traditional structures very closely related to yeast (Figure 1.4.) and
mammalian PDIs (Gruber et al., 2006).
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Table 1.1. The human PDI family.
Name

Accession
No.

Amino acid,
length

ER retention
Signal

Domain
composition

Catalytic active-site

Hag 2

O95994

175

-KTEL

a

-CPHS-

Hag 3

Q8TD06

165

-QSEL

a

-CQYS-

ERp18

Q95881

172

-EDEL

a

-CGHC-

ERp27

Q96DN0

273

-KVEL

b-b´

n.a.

ERp28/29a

P30040

261

-KEEL

b-D

n.a.

ERp44

Q9BS26

406

-RDEL

a-b-b´

CRFS

ERp46b

Q8NBS9

432

-KDEL

a0-a-a´

-CGHC-, -CGHC-, -CGHC-

P5

Q15084

440

-KDEL

a0-a-b

-CGHC-, -CGHC-

ERp57

P30101

505

-QEDL

a-b-b´-a´

-CGHC-, -CGHC-

PDI

P07237

508

-KDEL

a-b-b´-a´-c

-CGHC-, -CGHC-

PDIp

Q13087

525

-KEEL

a-b-b´-a´

-CGHC-, -CTHC-

PDIr

Q14554

519

-KEEL

b-a0-a-a´

-CSMC-, -CGHC-, -CPHC-

PDILT

Q8N807

584

-KEEL

a-b-b´-a´

-SKQS-, -SKKC-

ERp72

P13677

645

-KEEL

a0-a-b-b´-a´

-CGHC-, -CGHC-, -CGHC-

ERdj5

Q81XB1

793

-KDEL

J-a˝-b-a0-a-

-CSHC-, -CPPC-, -CHPC-,

a´

-CGPC-

TMX

Q9H3N1

280

Unknown

a

-CPAC-

TMX2

Q9Y320

296

-KKDK

a

-SNDC-

TMX4

Q9HIE5

349

-DKGL

a

-CPSC-

TMX3

FLJ20793

454

-RQR

a-b-b´

-CGHC-

TMX5

Unknown

-CRFS-

The proteins are listed according to length with the soluble proteins above the bold line
and the transmembrane proteins below. The lengths of the proteins include predicted
signal peptides and the grey-highlighted thioredoxin-like domains show those. J: Jdomain, D: D-domain. a0 denotes a third thioredoxin domain.
a

The ERp28 and ERp29 are used interchangeably, but the human protein was originally

called ERp28 and the rat protein ERp29.
b

ERp46 is also known as EndoPDI.

n.a., not applicable.
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1.3.5.2. The Plant PDI family
Recently, PDI research has seen rapid progress in the plant field, but still lacks
functional depth compared to the animal field. The PDI family comprises PDI and PDIlike proteins (Gruber et al., 2006). The classical PDI is the main member of family of
related PDI-like proteins characterized by the existence of thioredoxin-like active
domains (Ellgaard and Reddock, 2005; d’Aloiso et al., 2010). One of the most studied
PDIs in plants occurs in the unicellular alga, Chlamydomonas reinhardtii (C. reinhardtii).
This chloroplast PDI, RB60, serves as a redox sensor component of an mRNA binding
protein complex involved in the light-regulated translation of the psbA (Kim and
Mayfield 1997), the RNA encoding for the photosystem II core protein D1 (Wittenberg
and Danon, 2008). PDI also has been suggested to play a role in the formation of
regulatory disulfide bonds in chloroplasts (Kim and Mayfield, 1997). A similar redoxresponsive psbA mRNA 5’ UTR-binding protein was found in Arabidopsis chloroplasts
(Shen et al., 2001), but a specific PDI gene involved has not been identified. PDI-like
RB60 could also be involved in signal transduction pathways through its association with
transcriptional complexes regulating genes responding to various stimuli and the
maintenance of photosynthetic capacity as part of a redox regulatory protein complex
controlling translation in the chloroplast (Trebitsh et al., 2000, 2001; Levitan et al., 2005).
PDI and PDI-like genes of plants were studied by phylogeny reconstruction based
on the alignment of 89 amino acid sequences deduced from the nucleotide sequences of 9
of wheat, 10 of grapevine, 12 of poplar, 13 of Arabidopsis, 21 of soybean and 12 each of
rice and maize (Houston et al., 2005; d'Aloisio et al., 2010). The genome sequences of
Arabidopsis, grapevine, poplar, rice and soybean were completed.
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In maize, PDI assists with folding storage proteins during the biogenesis of protein
bodies from the ER in the seed endosperm (Shimoni et al., 1995; Okita and Rogers, 1996;
Li and Larkins, 1996). In rice seeds, a PDI prevents the aggregation of proglutelin and
prolamin by assisting with their segregation in the ER lumen (Takemoto et al., 2002).
PDI was isolated from the African plant Oldenlandia affinis (Oa). This plant is a member
of the Rubiaceas (coffee family) and produces a wide variety of very stable plant defense
peptides called cyclotides that have the unique structural features of a head-to-tail
cyclized backbone and a knotted arrangement of their three disulfide bonds mediated by
PDI (Gruber et al., 2008). In alfalfa (Medicago sativa L.), B2 cDNA was originally
identified as a putative PDI (Shorrosh et al., 1993). Recently, complete set of genes
encoding PDI and PDI-like proteins was cloned and characterized in bread wheat
(Triticum aestivum L.). Eight new non-homologous and nine PDI and PDI-like sequences
of wheat genes were identified, and their genomic organization, domain composition and
architecture of their deduced protein were characterized. In addition, gene encoding PDI
or PDI-like have been cloned and characterized from carrot (Xu et al., 2002), maize
(Houston et al., 2005), moss (Meiri et al., 2002), and wheat (Ciaffi et al., 2006), etc.
22 PDI-like proteins have been identified in the Arabidopsis genome using the
presence of a thioredoxin domain as a defining criterion (Houston et al., 2005). However,
increasing the stringency of the bioinformatics criteria to a classical PDI structure distills
the number of PDI genes down to twelve (Lu and Christopher, 2008). In Arabidopsis, the
expression of six PDI genes is induced by the unfolded protein response (Lu and
Christopher, 2008). The increase in selected PDI levels and protein folding activity helps
to alleviate the accumulation of unfolded proteins in the ER. Functions of only two of
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these PDI5 and PDI11 have been elucidated and they have been found to play different
roles in embryo development. The chloroplast PDI, CYO1 (cotyledon-specific
chloroplast biogenesis factor), is involved in thylakoid biogenesis specifically in
cotyledons, but not leaves (Shimada et al., 2007). CYO1 does not fit a PDI structure.
Arabidopsis PDI5 inhibits and accompanies cysteine proteases during trafficking from
the ER to the Golgi apparatus and to vacuoles prior to programmed cell death of the
endothelium in developing embryos (Ondzighi et al., 2008). The mutation of the pdi5
gene hastens the onset of programmed cell death in embryos, preventing seed
development. Alternatively, PDI11 (formerly PDIL2-1) is a strict ER resident that assists
embryo sac maturation and pollen tube direction (Wang et al., 2008), but protein
substrates of PDI11 have not yet been identified. Chloroplast protein with immunological
properties of PDIs as identified by anti-RB60 antiserum, were identified and found to
influence starch biogenesis in Arabidopsis (Lu and Christopher, 2006).

1.3.5.3. Dsb family members of bacteria
Prokaryotes lack an ER and PDIs, thus raising the question as to how disulfidebased protein folding occurs. In prokaryotes, disulfide bond formation is catalyzed by a
family of small disulfide bond (Dsb) proteins only in the extracytoplasmic environment,
which is the periplasmic space (Xiao, 2005). The Dsb proteins are involved in two major
pathways, the oxidation (DsbA and DsbB) of cysteine residues to form disulfides and the
isomeriztion (DsbC, DsbG, and DsbD) of incorrect disulfides to the correct disulfide
pattern (Messens and Collet, 2006; Gleiter and Bardwell, 2008). Therefore, in E. coli, the
oxidase, reductase, and isomerase functions are provided in different proteins as opposed
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to a single PDI in eukaryotes.
DsbA is a monomer of 21 kDa in size, and this periplasmic enzyme is in the
thioredoxin superfamily, containing a single redox-active sequence (Kadokura et al.,
2003). The DsbA oxidase (Bardwell et al., 1999) serves to create disulfides in secreted
proteins. The active form of DsbA is restored by the inner membrane protein, DsbB,
which uses the oxidizing power of the electron transport chain (Gruber et al., 2006) to
oxidize the reduced form of DsbA (Ito and Inaba, 2008). Under aerobic conditions, DsbB
transfers two electrons from DsbA to oxidized ubiquinone (Q), and then the reduced
ubiquinone is reoxidized by the terminal cytochrome oxidases which finally transfer
electron to molecular oxygen (Figure 1.3.) (Xiao, 2005; Ito and Inaba, 2008). Under
aerobic conditions, DsbB transfer electrons to menaquinone, which passes them to the
electron acceptors nitrate or fumarate reductase (Bader et al., 1999; Messens et al., 2006).
The thiol-disulfide oxidoreductase DsbC catalyzes disulfide bond rearrangement,
which is maintained in a reduced state by DsbD. The cytoplasmic membrane protein
DsbD is kept reduced by cytoplasmic thioredoxin, which finally obtains electrons from
NADPH via thioredoxin reductase (Sevier and Kaiser, 2002). The role of the disulfide
isomerase proteins DsbC and possibly DsbG are the isomerization of incorrect disulfide
bonds (Gleiter and Bardwell, 2008). DsbC and DsbG have 24% sequence identity with
each other and about 10% sequence identity to thioredoxin (Bessette et al., 1999).
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Figure 1.3. Model (Ito and Inaba, 2008) of protein disulfide bond oxidation and
isomerization pathways in E. coli. The flow of electrons from DsbA to DsbB and then to
molecular oxygen via ubiquinone (Q) is shown, and from cytoplasmic thioredoxin to
DsbC via the cytoplasmic membrane protein, DsbD. The ribbon diagram and main chain
structures are representations for proteins or domains of known structures. Green-colored
TRX domains and non-TRX domains interact alternately. The dotted blue arrow shows
that electrons may flow from the isomerization pathway to DsbA, which may complete
the isomerization by oxidizing the final set of cysteines, whereas the other two pathways
do not cross (Xiao, 2005; Ito and Inaba, 2008).
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1.3.5.4. Other PDI family members
A number of genes encoding PDI or PDI-like protein have been reported in other
organisms. In Saccharomyces cerevisiae (S. cerevisiae), Five PDI family members have
been found (Nørgaard et al., 2001) (Figure 1.4.). S. cerevisiae has four soluble PDI family
members, Pdi1p, Eug1p, Mpd1p, and Mpd2p along with the transmembrane protein
Eps1p, all of which are N-glycosylated (Xiao, 2005; Hatahet and Ruddock, 2009). Pdi1p
(a PDI homologue in yeast) encoded by the PDI1 gene, is essential for yeast growth
(Gunther et al., 1999), which contains four thioredoxin-like domains, two CGHC motifs,
and a C-terminal ER retention signal (Figure 1.4.). During its catalytic cycle, PDI
transiently forms a mixed disulfide intermediate with its substrate via an intermolecular
disulfide bond between the cysteine residues of the active site of PDI and the substrate
molecule (Sakoh-Nakatogawa et al., 2009).
Recently, Htm1p/Mnl1p [ER degradation enhancing α-mannosidase-like protein
(EDEM) in mammals] has been reported to physically associate with Pdi1p (Clerc et al.,
2009; Sakoh-Nakatogawa et al., 2009). Htm1p/Mnl1p was identified as putative lectins
that recognize ERAD substrates with modified mannose moieties (Hosokawa et al., 2001).
The interaction between Htm1p and Pdi1p involves intermolecular disulfide bonds, and
stable interaction with Pdi1p introduces a functionally essential intradisulfide bond into
Htm1p (Sakoh-Nakatogawa et al, 2009). Overexpression of other non-essential PDI
homologues, Mpd1p, Mpd2p, Eug1p, and Eps1p, have been shown to be multicopy
suppressors of a pdi1 deletion (Tachibana and Stevens, 1992; Tachikawa et al., 1995;
Wang an Chang, 1999). Thus, these proteins generally have the ability to fulfill the
minimum Pdi1p function necessary for cell viability complementary Pdi1, but they are
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present in too low amount or do not have the necessary catalytic potency at normal
expression levels (Nørgaard et al., 2001; Xiao, 2005). Mpd1p is the only homologue that
is capable of carrying out all the essential functions of Pdi1p. Furthermore, mutants of
Eug1p in the thioredoxin-like domain (-CXXC-) have shown that it is required for
suppression of a pdi1 deletion by EUG1 (Nørgaard et al., 2001).

Figure 1.4. PDI family members in the yeast, Saccharomyces cerevisiae. The position
and extent of thioredoxin-like domains are indicated by grey-colored boxes. The Cterminal ER retention signal, -HDEL, is shown. The transmembrane domain of Eps1p is
represented as TMD (Nørgaard et al., 2001).
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PDI has been reported and researched in a wide variety of species, and has a
variety of functions related to its disulfide isomerase activity and sub-cellular
localizations. The reason why PDI is a highly studied protein is because it is a very
important enzyme. The objective of this research is to increase our knowledge of the
functions, protein-protein interactions, and sub-cellular localizations of PDIs in
Arabidopsis. It is believed that the results will also be applicable to crops and other plants.
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Table 1.2. Sub-cellular location and function of the PDI family members from humans
and yeast and the Dsb family of E. coli.

Name

Synonyms

Localization
Signal

Sub-cellular
localization

Function

Referencesa

Human

PDI

P4HB, P55

-KDEL

ER, nucleus,
cell surface,
cytosol,
secreted

PDILT

PDIA7

-KEEL

ER

PDIp

PDIA2

-KEEL

ER

PDIr

PDIR, PDIA5

-KEEL

ER

ERp18

ERp19,ERp16,
hLTP19

-EDEL

ER

-KVEL

ER

ERp27
ERp29

ERp28, ERp31

-KEEL

ER

ERp44

PDIA10

-RDEL

ER

ERp46

EndoPDI,
TXNDC5,
PDIA15

-KDEL

ER

ERp57

ERp60,ERp61,
GRP57,GRP58,
ER-58, ER-60,
PDIA3, P58,
PI-PLC, Q-2,
HIP-70,

-QEDL,
NLS:
KPKKKKK

ER, nucleus,
cell surface,
secreted,
cytosol.
plasma
membrane,

ERp72

ERp70, CaBP2

-KEEL

ER

P5

ERP5, CaBP1,
TXNDC7

-KDEL

ER
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Catalyzes the formation, breakage
and rearrangement of disulfide bond,
procollagen-proline 4-dioxygenase
activity, Protein binding, protein
disulfide isomerase activity
Probable redox-inactive chaperone
involved in spermatogenesis,
isomerase activity
Protein binding, chaperone activity,
steroid binding
Oxidoreductase activity, protein
disulfide isomerase activity,
The kinetics of catalysis of peptide
oxidation,
Thiol-disulfide exchange reactions,
Interacts with ERp57
Plays an important role in the
processing of secretory proteins in
the ER, protein disulfide isomerase
activity
Mediates thiol-dependent retention
in the early secretory pathway,
forming mixed disulfides with
substrate proteins, Inhibits the
calcium channel activity of ITPR1,
Required to retain ERO1L and
ERO1LB in the ER.
Thioredoxin activity, Protecting
cells against hypoxia, down
regulated in fructose-fed (insulinresistant) hamsters.
Cysteine endopeptidase activity,
Redox homeostasis, Disulfide
isomerase activity, Phospholipase C
activity, Protein import into nucleus,
Protein binding, Regulation of
apoptosis, Signal transduction
Ion binding, Redox homeostasis,
Isomerase activity, Protein secretion,
Protein disulfide isomerase activity
Occludes the cytosolic face of
Sec61p, upregulated by transcription
factor XBP-1 as part of the UPR,
tumor metastasis, protein folding

1-4

1, 5
1, 6-8
1, 9
1, 10
1, 11
1, 12

1, 13, 14

1, 15, 16

1, 17- 22

1, 23, 24

1, 25, 26

ERdj5

DNAJC10,

-KDEL

ER

Hag2

hAG-2, AGR2,
AG2

-KTEL

ER, secreted

Hag3

hAG-3, AGR3,
BCMP11

-QSEL

secreted

TMX

TMX1,
TXNDC,
TXNDC1

Unknown

membrane,
ER

TMX2

TXNDC14

-KKDK

ER

TMX3

KIAA1830,
TXNDC10

-KKKD

ER
membrane

TMX4

KIAA1162,
TXNDC13

-RQR

membrane,
ER

This ER co-chaperone may play a
role in protein folding and
translocation across the ER
membrane. May act as a cochaperone for HSPA5

1, 27-29

May play a role in the production of
mucus by intestinal cells. Required
for MUC2 post-transcriptional
synthesis and secretion. Protooncogene that may play a role in cell
migration, cell differentiation, and
cell growth.

1, 30,31

1, 31
May participate in various redox
reactions through the reversible
oxidation of its active center dithiol
to a disulfide and catalyze dithioldisulfide exchange reactions.

1
Probable disulfide isomerase, which
participates in the folding of proteins
containing disulfide bonds. May act
as a dithiol oxidase

Trg1

1
-HDEL

ER

Eug1p

-HDEL

ER

Mpd1p

-HDEL

ER

Mpd2p

-HDEL

ER

Eps1p
E. coli

-KKNQD

ER

DsbA

32, 33

34

TMX5
Yeast (S. cerevisiae)
Pdi1p
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Periplasm
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Catalysis of thiol-disulfide exchange
reactions
Peptide binding, Its native disulfide
isomerase activity is very low.

35-37
35-37
35-37

Oxidase activity, May be involved
in glycosylation, prolyl
hydroxylation and triglyceride
transfer. Able to fold proteins
directly oxidized by ERO1.
ER quality control
Disulfide bond formation such as
PhoA or OmpA. Transferring its
disulfide bond to other proteins. It is
required for pilus biogenesis.
oxidase

35-37
34-38

40-43

DsbB
DsbC
DsbD
DsbG
a

Inner
membrane
Periplasm
Inner
membrane
Periplasm

Chaperone activity, Oxidize DsbA

40-43

Isomerase

40-43

Reduce CemG, DsbC, DsbG

40-43

Isomerase

40-43
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CHAPTER 2
PROTEIN DISULFIDE ISOMERASE 2 (PDI2) INTERACTS WITH DIVERSE
PROTEINS OF THE NUCLEUS AND SECRETORY PATHWAY INCLUDING
THE MATERNAL EFFECT EMBRYO ARREST FACTOR 8 (MEE8) OF
ARABIDOPSIS THALIANA

2.1. Abstract
In the endoplasmic reticulum (ER) of eukaryotic cells, protein disulfide
isomerase (PDI) forms, reduces and isomerizes disulfide bonds in most nascent
polypeptides of the secretory pathway. PDI also serves as a redox-response regulator and
chaperone external to the ER. Defects in PDI functions and the resulting disruption of
protein folding affect disease, programmed cell death, hybrid vigor and cellular growth.
While characterization and function of PDIs have been advanced by their study in
mammals and yeast, little information is known about these proteins in plants. The
genome of the model plant, Arabidopsis thaliana, contains at least 12 different PDI genes
that range in polypeptide length from 146 to 597 amino acids. The largest member among
them is PDI2 (At5g60640), which is 597 amino acids long and contains two thioredoxin
catalytic sites, two fold domains, a C-terminal transmembrane domain, a signal peptide
and a -KDEL ER retention signal. The objectives of this chapter are to identify the
functions of PDI2, its sub-cellular locations, and interacting proteins. Expression of the
full-length PDI2 cDNA in the E. coli dsbA mutant, which lacks disulfide-based protein
folding and consequently is deficient in alkaline phosphatase activity, rescued the alkaline
phosphatase activity. This indicated that PDI2 played a role in disulfide-based protein
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folding. I identified interacting partners of PDI2 using the yeast two-hybrid assay and
confirmed their interaction by co-immunoprecipitation, beta-galactosidase assays, and
Fluorescence resonance energy transfer (FRET). PDI2 interacted with maternal embryo
arrest transcription factor (MEE8), response to dessication-RD2 factor, binding proteinBiP1, syntaxin, and Rho factor. By using immunolabeling electron microscopy and a
PDI2 fusion with green fluorescent protein (GFP), PDI2 was found in the ER, Golgi,
vacuole, plasma membrane, apoplasm and nucleus. PDI2-GFP was highly expressed in
the integument of developing seeds and root tips. Pdi2 T-DNA insertion mutants
(Salk_115574 and Salk_017090) were identified by PCR, and the absence of PDI2
mRNA and protein were confirmed using RT-PCR and immunoblot analysis, respectively.
The pdi2 mutants did not show an obvious phenotype but did have a slight (15%)
decrease in seed germination rate.

2.2. Introduction
PDI catalyses the formation (oxidation), breakage (reduction) and rearrangement
(isomerisation) of disulfide bonds of proteins, thereby permitting their proper folding in
the ER and transit via the secretory pathway (Ellgaard and Ruddock, 2005; Gething and
Sambrook, 1992). After synthesis, proteins must rapidly fold to perform their biological
functions. Folding takes place in three main sub-cellular compartments, ER, cytosol and
mitochondria. Each organelle contains a specialized set of chaperones and folding
enzymes optimized to work in the local conditions (Anelli and Sitia, 2008). In the ER, the
structural maturation of many proteins synthesized is slow and inefficient (Ellgaard and
Helenius, 2003), possibly because they require a number of post-translational
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modifications such as signal sequence cleavage, N-linked glycosylation, disulfide
formation, addition of glycosylphosphatidylinositol anchors, insertion of membrane
proteins in the lipid bilayer, and reshuffling (Sitoa and Braakman, 2003). It has been
suggested that PDI also may function as the glycosylation site-binding protein of the
oligosaccharyl transferase complex (Geetha-Habib et al., 1988) in the ER. However,
other studies have indicated that the enzyme binds several peptides not only those
containing the N-glycosylation signal (Noiva et al., 1991), but also a deficiency of PDI
from microsomes results in defective co-translational formation of disulfide bonds
(Bulleid and Freedman, 1988), it does not fully prevent oligosaccharyl transferase
activity (Noiva et al., 1991). In eukaryotes, N-glycosylation is a highly ordered
biosynthetic pathway and is responsible for the addition of N-linked oligosaccharides to
selected asparagine residues (-NXS/T-, where X is any amino acid other than proline) of
newly synthesized proteins and their subsequent maturation (Kornfeld and Kornfeld,
1985).
Understanding the biochemical and cellular functions of PDIs in plants has the
following applications: (a) In biotechnology, as enzymatic reagents to correctly fold
recombinant proteins in bioreactor-scale protein production; (b) In nutrition, the correct
folding of seed storage proteins mediated by PDI is essential for seed development,
protein content, food value and plant yield; (c) In plant growth, numerous secretory
proteins needed for cell growth and enlargement are folded by PDI. A thorough
understanding of the roles of PDIs in plants requires identifying their interacting partners,
determining their mutant phenotypes, and localizing them to the subcellular
compartments in which they function. In this study, I investigated and characterized and
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the function of PDI2, which is the largest PDI encoded in the Arabidopsis genome. A
detailed analysis of PDI2 gene expression and protein sub-cellular localization was
conducted. Proteins that interacted with PDI2 were identified using the yeast-two hybrid
analysis. The role of PDI2 in mediating protein folding was demonstrated by
complementing the dsbA mutant of E. coli. The role of PDI2 was analyzed using the pdi2
T-DNA insertion mutants. I proposed that PDI2 is involved protein folding in the ER and
as a chaperone of maternal effect embryo arrest transcription factor 8 (MEE8) in the
nucleus.

33

2.3. Materials and methods
2.3.1. Plant material and growth conditions
Arabidopsis (ecotype Columbia) seeds were sterilized in 70% (v/v) ethanol for 1
min, and suspended in 30% Clorox, 0.01% Triton X-100 for 15 min, followed by several
rinses with sterile deionized water. Seeds were stored at 4ºC for 1 day and then grown on
Murashige and Skoog (Sigma, Saint Louis, MI, USA) plates or water or soil (Farfard
Super Fine Germinating Mix, American Clay Works & Supply Company, Denver, CO,
USA) in a growth chamber or in a culture room under conditions of 19 ~ 22ºC and a 16
hr light, 8 hr dark cycle each at a standard light intensity of 50 ~ 60 mol m-2 sec-1. Leaf
tissues were harvested from 2- to 4-week-old plants for isolation of DNA, RNA, protein
and making protoplasts.

2.3.2. Screening of the T-DNA insertion mutants
The T-DNA insertion mutants of Atpdi2, the SALK_115574 and SALK_017090,
were obtained from the ABRC (Ohio State University). To identify homozygous plants,
each genomic DNA from at least 10 individual plants was analyzed by PCR with Left
border (LB: 5’-TCAAACAGGATTTTCGCCTGCT-3’) and gene specific (LP: 5’GTTACTTG TTAGATCTCAACAACCAGG-3’, RP: 5’-CACGGATCCTCACAATTCG
TCCTTCG-3’) primers. PCR conditions were as follows: 94 ºC for 5 min: 30 cycles of
94ºC for 30 sec, 55ºC for 30 sec, 72ºC for 1 min, and 72ºC for 10 min. To determine the
T-DNA insertion sites (SALK_115574 and SALK_017090) in the Atpdi2 locus, the DNA
gel bands for the PCR products were purified, ligated into pCR®2.1-TOPO® (Invitrogen,
Carlsbad, CA, USA), and the correct DNA sequences were verified.
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2.3.3. RNA isolation and RT-PCR
Total RNA was extracted from leaf tissue of Arabidopsis using the RNeasy Plant
Mini Kit (Qiagen, Valencia, CA, USA) according to manufacturer’s instructions. For RTPCR, the RNA was treated with RNase-free DNase (Promega. Madison, WI, USA) and
used to produce the first-strand cDNA with M-MLV reverse transcriptase (Promega).
Then the first strand cDNA was used in PCR with the Bio-X-Act Short Mix (Bioline Inc.,
Taunton, MA, USA). The following gene-specific primer pairs were used to PCR
reactions:
Actin 2 forward, 5’- TTGCAGGAGATGATGCTCCCAGG-3’
Actin 2 reverse, 5’- CATTCCCACAAACGAGGGCTGG-3’
PDI2 forward, 5’-GATCATATGGCGTTCCGCGTTTTGCTCC -3’
PDI2 reverse, 5’-CACGGATCCTCACAATTCGTCCTTCGAGTCAC -3’
The PCR products were sequenced to confirm their correct sequences and identities.
The Arabidopsis PDI2 cDNA derived from RT-PCR (accession No. locus At5g60640)
was ligated into pCR®2.1-TOPO® (Invitrogen, Carlsbad, CA, USA) and pET-25b (+)
vectors (Novagen, Madison, WI, USA).

2.3.4. Antisera, protein isolation and immunoblot analysis
A polyclonal antibody was generated against a unique synthetic peptide (Sigma
Genosys, Woodlands, TX, USA) corresponding to amino acid residues (Ac-KMFHLDPE
SKRPALV-amide, residues 268-282) from PDI2 (BAB09837). The antibody was affinitypurified by the company.
Total cellular proteins of plant were isolated from 4 ~ 5 week-old wild-type of
Arabidopsis. Approximately 0.2 g tissue was ground into a fine powder with liquid
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nitrogen and a mortar and pestle, and then incubated for 2 hr at 4ºC with 500 uL of
protein extraction buffer (50 mM Tris pH 8.0, 0.25 M Sucrose, 2 mM DTT, 2 mM EDTA,
1 mM PMSF) and Protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany).
After centrifugation at 16,000 x g for 20 min at 4ºC, supernatant was used for SDSPAGE and immunoblot analysis. Proteins were separated via SDS-PAGE (10%
polyacrylamide) and electrotransferred onto nitrocellulose membranes (PerkinElmer Life
Sciences, Boston, MA, USA), and then blocked with 5% (w/v) non-fat skim milk for 1 hr
at RT. These membranes were washed 3 times with 1X TBS-T (20 mM Tris-HCl, pH 7.6,
200 mM NaCl, 0.1% (v/v) Tween-20) for 10 min, and then incubated with the anti-PDI2
antibody at a 1:750 dilution overnight at 4ºC. They were washed three times with 1X
TBS-T, 10 min, and incubated for 1 hr at RT with a 1:5000 dilution of the secondary
antibody, which was anti-rabbit IgG, conjugated to horseradish peroxidase (ECLTM kit,
Amersham Biosciences, Piscataway, NJ, USA). After washing three times with 1X TBST for 10 min, incubation with the ECL kit substrate for 10 min, the chemiluminescent
signals were developed by exposure to Kodak X-ray film.

2.3.5. Yeast two-hybrid analysis and β-galactosidase assay
The cDNA for amino acid residues 26 through 593 of the 597 residue PDI2 protein
(BAB09837) was inserted into the pBUTE vector, a kanamycin-resistant version of
GAL4 bait vector pGBDUC1, (James et al., 1996) as a translational fusion to the GAL4
DNA-binding domain. The resulting PDI2 bait vector was sequenced to confirm an inframe fusion, then transformed into mating type A of strain PJ69-4A and tested for
autoactivation of the β-galactosidase reporter gene (lacZ), and then used in a yeast two-
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hybrid (Y2H) screen (Fields and Song, 1989; Durfee et al., 1993) of two Arabidopsis
cDNA libraries cloned as fusions to the GAL4 activation domain in pGADT7-rec
(Clontech). One library was prepared from 3-day-old etiolated seedlings, and the second
was a composite prepared from entire 3-week-old seedlings stressed by various hormones,
osmotic, and environmental treatments as described (Ondzighi et al., 2008).
Approximately 18 million clones were screened via mating at the University of
Wisconsin-Madison Molecular Interaction Facility (www.biotech.wisc.edu/mif/). Putative
interactors were identified by growth on histidine dropout medium plus 1 mM 3-amino1,2,4-triazole and by β-galactosidase assays (described below). Negative controls
included media only, empty prey (activation domain) vector (pGADC1; James et al.,
1996), prey construct expressing mouse epsin, prey construct expressing human Fbox5,
whereas positive controls for the Y2H system were two pre-mated interacting pairs:
EH:Epsin (Rosenthal et al., 1999).
Following selection, 40 yeast wells tested positive (via selection on histidine dropout plus 1 mM 3AT and β-galactosidase assay) for interaction. From these, 35
representative prey plasmids were re-transformed into the alpha mating type of PJ69-4A
and validated in a parallel mating and selection assay with the PDI2 bait and the empty
bait vector. Yeast were mated on yeast extract-peptone-dextrose medium plus adenine for
24 h at 30°C and then grown on complete supplemental medium (Q-BIOgene, Carlsbad,
CA, USA) minus leucine and tryptophan. Fifteen clones were consistently positive (grew
in interaction selection media and β-gal positive) in the validation test, all of which were
identified via sequencing. Of the 15, 10 were unique, while 5 were identified as repeat
multiple isolates (RD2, Syntaxin, and MEE8). β-galactosidase activity was assayed in
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uniform density yeast cultures (OD620) lysed by the addition of yeast protein extraction
reagent (YPER, Pierce Biotechnology, Rockford, IL, USA) combined with chlorophenyl
red-β-D-galactopyranoside (CPRG; Roche Diagnostics, Mannheim, Germany) as a
substrate and color intensity measured in the spectrophotometer at OD550.

2.3.6. Co-immunoprecipitation
Protein extracts (400 ug of total protein) of yeast cells co-transformed with the
AtPDI2 cDNA plus clone 36, or AtPDI2 plus clone 37, AtPDI2 plus clone 38 (Bip),
AtPDI2 plus clone 39 (MEE8), AtPDI2 plus clone 47, AtPDI2 plus clone 52, or AtPDI2
plus empty pBute vector, or AtPDI2 alone in co-immunoprecipitation buffer (20 mM
Tris-Cl, pH 8.0, 150 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1
mM dithiothreitol and protease inhibitor cocktail (Roche Diagnostics, Mannheim,
Germany) were incubated with anti-HA tag antibody overnight at 4ºC. 30 µL of Protein A
agarose (Life Technologies Corporation, Carlsbad, CA, USA) were added and the
mixture was rotated at 40 rpm for 1 hr at 4oC. The agarose beads were centrifuged at
3000 x g for 10 min at 4oC, and washed three times with 500 µL 1X wash buffer (20 mM
Tris-Cl, pH 8.0, 150 mM NaCl, 1 mM EDTA, 1mM phenylmethylsulfonyl fluoride, 1
mM dithiothreitol, 1% [v/v] Triton X-100, and protease inhibitor cocktail (Roche
Diagnostics). Traces of buffer were removed from the pellet and it was resuspended in 25
µL of protein loading buffer, heated to 95oC for 5 min, and gently centrifuged for 30 sec
at 2000 x g. Supernatants were loaded onto a 10% SDS polyacrylamide gel. As controls
for no co-immunoprecipiation, 25 µg empty pBute vector, yeast PDI2 and Bip were
directly loaded on the gel. The proteins were transferred to a nitrocellulose membrane
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and probed with a 1:750 dilution of anti-PDI2 primary antibody, followed by a 1:5000
dilution of anti-rabbit horseradish peroxidase-conjugated secondary antibody for
chemiluminescence detection using the ECL kit (Amersham Biosciences, Piscataway, NJ,
USA), and visualized by exposure to Kodak X-ray film.

2.3.7. Complementation of dsbA mutant with PDI2
The E.coli K12 strains used in this study were R189 [ΔaraBAD-714, [araD139],
Δ(codb-lacI)3, phoR82, galK16, galE15(GalS), LAM-, el4-, relA1, rpsL150(strR), spoT1,
mcrB1] and R190 [R189 dsbA1::kan] (E. Coli Genetic Stock Center, New Haven, CT,
USA).
A full-length cDNA coding for PDI2 was amplified by PCR from Arabidopsis
cDNA using the forward primer: 5’-GTCGGATCCTATGGCGTTCCGCGTTTTGCTCC3’ (an added BamHI site was underline), and reverse primer: 5’-GCGGTCGACGTGGT
GGTGGTGGTGGTGCAATTCGTCCTTCGAGTCACTTT-3’ (an added SalI site is
underlined and a His·tag is denoted in bold). The PDI2 cDNA was ligated into the
pFLAG-CTSTM expression vector (Sigma-Aldrich Corp. St. Louis, MO, USA), and was
transformed into the E. coli dsbA mutant (R190). The E. coli dsbA mutant with and
without the PDI2 cDNA, and the dsbA mutant with the empty pFLAG vector were grown
on M9 minimal medium (12.8 g Na2HPO4/ 3.0 g KH2PO4/ 0.5 g NaCl/ 1.0 g NH4Cl per
liter, pH 7.4) with glucose stock (2.0 g glucose / 0.01 g Thiamine/ 0.0152 g CaCl2·2H2O /
0.494 g MgSO4·7H2O/ 0.01 g FeSO4·7H2O per liter) at 37°C. The cell pellets were
harvested by centrifugation at 3,000 x g for 10 min at 4°C, and then were washed with
Tris (pH 8.0) buffer for use in the Alkaline Phosphatase (AP) assay.

39

2.3.8. Alkaline phosphatase assay
To measure intracellular alkaline phosphatase, the QuantiChromTM Alkaline
Phosphatase Assay kit (DALP-250) (BioAssay Systems, Hayward, CA, USA) was used
according to the manufacturer’s instruction. Alkaline phosphatase activities of the
samples in units (IU/L = μmol/(L·min) were measured at OD 405nm using a microplate
reader (Tecan Group Ltd., Männedorf, Switzerland) and were calculated according to the
following formulae provided by the manufacturer:

ODsample t - ODsample

0

are OD405nm values of sample at time t and 0 min. t is the

incubation time (min). For p-nitrophenol, ε =18.75 mM-1·cm-1· l (light path, cm) is 1 cm
for the light path in the cuvette, and calculated for a 96-well assay from the Calibrator, l =
(ODCALIBRATOR - ODH2O)/(ε · c) (BioAssay Systems, Hayward, CA, USA).

2.3.9. DNA sequencing and computer analysis of sequences
To determine the location of the predicted transmembrane regions were used by
TMHMM ver. 2.0 (http://www.cbs.dtu.dk/services/TMHMM-2.0/). SignalP 3.0 (http://
www.cbs.dtu.dk/services/SignalP/) and iPSORT (Bannai et al., 2002) (http://ipsort.hgc.jp/
predict.cgi) were used to predict the presence of signal peptides of AtPDIs. Protein subcellular localization of AtPDIs was analyzed by using TagetP1.1 (http://www.cbs.dtu.dk/
services/TargetP/) and pSORT (Nakai and Kanehisa, 1991) (http://wolfpsort.org/). Nlinked

glycosylation

sites

of

AtPDIs

were

predicted

by

using

NetNGlyc

(http://www.cbs.dtu.dk/services/NetNGlyc/). For multiple sequence alignments, Clustal
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W (http://align.genome.jp/) was used to conduct the pairwise analysis of the phylogenetic
relationships of PDI proteins. The BOXSHADE 3.21 (http://www.ch.embnet.org/
software/BOX_form.html) program was used for shading of conserved regions in
multiple-alignment files.
DNA sequencing was conducted at the University of Hawaii Advanced Studies of
Genomics, Proteomics, and Bioinformatics (ASGPB) (http://asgpb.mhpcc.hawaii.edu/).
All sequences were analyzed by the BioEdit (Ibis Therapeutics, Carlsbad, CA, USA)
sequence analysis program and their identities were scored using the National Center for
Biotechnology Information (NCBI) BLAST program.

2.3.10. Construction of the GFP fusion proteins
To examine PDI2 expression throughout the plant, PDI2-GFP (S65T) fusion used
for confocal microscopy. The fusion construct 35S:PDI2-GFP(S65T) was created by
replacing the AtCNGC10 genomic DNA sequence of plasmid 35S:CNGC10-EGFP
(Christopher et al., 2007) with the genomic DNA sequence of AtPDI2 (At5g60640)
between restriction sites NcoI and NdeI, and replacing the coding sequence for EGFP
with GFP(S65T) between restriction sites NdeI and BstEII. AtPDI2 was amplified from
wild type Col-0 genomic DNA using primers PDI2/NcoI.F (5'-ACTACCATGGCGTTCC
GCGTTTTGCTC-3') and PDI2/NdeI.R (5'-TTTCCATATGCAATTCGTCCTTCGAGTC
AC-3'). The GFP(S65T) fragment was amplified from plasmid HBT95::sGFP(S65T)NOS using primers GFP/NdeI.F (5'-CACCGACTAGTCATATGGTGAGCAAGGGCGG
-3') and GFP/BstEII.R (5'-TACAGGGTCACCTTACTTGTACAGCTCGTCCATG-3’).
Construct 35S:PDI2-GFP(S65T)-KDEL was generated by replacing the GFP(S65T)
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fragment of 35S:PDI2-GFP(S65T) with a modified version of GFP(S65T), amplified
using primers GFP/NdeI.F and GFP-KDEL/BstEII.R (5'-AGGATGGTCACCTAAAGCT
CATCTTTGCCGTGAGTGATC-3'), which alters the C-terminus of the encoded product
from MDELYK* to KDEL*.

2.3.11. Determination of organelle and sub-cellular enzyme markers
Co-localization studies in protoplasts were performed using derivatives of the
organelle markers developed by Nelson et al., (2007). The expression cassettes of binary
plasmids ER-rk (ABRC stock number CD3-959), G-rk (CD3-967), and vac-rk (CD3-975)
were excised by digestion with enzymes SacI and HindIII, and ligated between the
corresponding restriction sites of bacterial cloning vector pBluescript KS(+). The new
plasmids were designated as pBL[ER-r], pBL[G-r], and pBL[vac-r], respectively. All
encode for fluorescent protein fusions containing the monomeric RFP variant, mCherry.
Plastid envelope marker pBL(35S:NTT2-mCherry) was generated by amplification of the
full-length genomic DNA sequence of AtNTT2 (At1g15500) with primers NTT2/SpeI.F
(5'-GTGCTACTAGTGAGATAGAGAGATGGAAGGT-3') and NTT2/ BamHI.R (5'-ATC
ATGGATCCAATGCCAGTAGGAGTAGATTTCT-3'), and subsequent ligation of the
PCR product between the SpeI and BamHI sites of pBL[vac-r]. The tonoplast marker
pBL (35S:γ-TIP- mCherry) was created in a similar manner, using primers γ-TIP/XbaI.F
(5'-AAGTTCTAGATCATAATGGCAACATCAGCTC-3') and γ-TIP/BamHI.R (5'-GTTC
GGATCCGTAATCTTCAGGGGCCAAG-3') to amplify the genomic DNA sequence of
Atγ-TIP (At1g73190; also referred to as AtTIP3;1).
The construct pBL(35S:MEE8-mCherry) was generated by replacing the AtNTT2
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genomic DNA fragment of pBL(35S:NTT2-mCherry) with the genomic DNA sequence
of AtMEE8 (At1g25310), amplified using primers MEE8/SpeI.F (5'-CTTAAAACTAGTA
AAAGAATGAACAAGGAC-3') and MEE8/BamHI.R (5'-CCAGGGATCCCATATTCC
CTGCGAACC-3'). Note that this fusion was developed based upon the sequence of the
MEE8 cDNA clone obtained from our yeast two-hybrid screen, and contains a different
intron-exon structure than the gene model prediction on the TAIR website. Our MEE8
cDNA clone contains a frameshift relative to the TAIR gene model at the 3' end, resulting
in a different predicted stop codon. An alternate version MEE8 fusion based on the TAIR
gene model was also developed, but no fluorescence was detected when the construct was
transiently expressed in protoplasts (data not shown).

2.3.12. Protoplast isolation and transfection
Protoplasts were isolated from 2 ~ 4 week-old wild-type leaves of Arabidopsis as
described (Wu et al., 2009). The upper epidermal surface of the leaf was stabilized by
attaching a strip of Time tape (TimeMed, Burr Ridge, IL, USA), while the lower surface
was affixed to a strip of Magic tape (3 M, St. Paul, MN, USA). The lower epidermis was
peeled off. The resulting tissue was digested in the enzyme solution (1% (w/v) cellulose
R10 (Research Products International Corp. Mount Prospect, IL, USA) and 0.25% (w/v)
macerozyme R 10, Calbiochem, Inc.), 0.4 M mannitol, 20 mM KCl, 20 mM MES (pH
5.7), 0.1% (w/v) BSA (Sigma), 10 mM CaCl2) in a Petri dish for one hr with gentle
shaking (40 rpm). The protoplasts were harvested by centrifugation for three min at 100 x
g, washed twice with 25 mL of pre-chilled modified W5 solution (154 mM NaCl, 125
mM CaCl2, 5 mM KCl, 5 mM glucose, and 2 mM MES pH 5.7) and incubated on ice for
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30 min. The protoplasts were counted using a hemacytometer under the light microscope
and were adjusted using W5 solution to a density of 2 X 105/mL. The protoplasts were
resuspended in 0.5 mL MMg solution (0.4 M mannitol, 15 mM MgCl2, and 4 mM MES
pH 5.7) before transfection.
The protoplasts were transfected using PEG as described (He et al., 2007).
Approximately 2-10 x 104 protoplasts in 200 μL of MMg solution were mixed with
approximately 25 (20 to 30) μg of plasmid DNA at RT. 230 μL of a freshly-prepared
solution of 40% (w/v) PEG (MW4000; Fluka) with 0.1 M CaCl2, 0.2 M mannitol was
added, and then incubated at RT for 7 min. After incubation, 1.5 mL of W5 solution was
slowly added. The solution was mixed gently and then the protoplasts were harvested by
centrifugation for one min at 100 x g, washed with 2 mL of W5 solution. The protoplasts
were resuspended gently with 1 mL of W5 solution, and then were incubated under
constant darkness for 12 ~ 16 hrs prior to examination.

2.3.13. Confocal laser scanning microscopy
The fluorescent images were inspected with the Olympus Fluoview 1000 confocal
laser scanning microscope. GFP was detected by excitation at 488 nm and using a 505525 nm emission filter. The mCherry was detected by excitation at 543 nm and using a
560-620 nm emission filter, and chloroplast autofluorescence was visualized by
excitation at 633 nm and using a 650 emission filter. The data were processed using
Adobe Photoshop software.
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2.3.14. FRET and acceptor photobleaching analysis
The transfected protoplasts were fixed for Förster resonance energy transfer (FRET)
analysis. They were centrifuged at 1,000 rpm for 2 min and the supernatant was carefully
removed and 1 mL of fixative with 4% (v/v) formaldehyde in 1X MTSB (100 mM PipesKOH pH 6.9, 10 mM MgSO4, 10 mM EGTA) was added. The protoplasts were fixed for
1 hr at RT, and then centrifuged at 1,000 rpm for 2 min and washed three times with 1 mL
of 1X MTSB. The fixed protoplasts were pipetted in a 7 μL volume on a microscope slide
and then dried in the hood for 5 min. 5 μL of VECTASHIELD Mounting Medium
(VECTOR LABORATORIES, INC. Burlingame, CA, USA) was added to each sample
and then the edges of the cover slip were sealed with clear nail polish.
The transfected protoplasts were imaged using a Leica TCS SP5 laser scanning
confocal microscope (Buffalo Grove, IL, USA) at the University of Florida. FRET
analysis used the Leica AF program package of Leica Acceptor Bleaching FRET wizard.
As negative controls for FRET, the nuclear protein pSAT6::mCherry (ABRC, Ohio State
University, Columbus, OH, USA) was used. To monitor fusion protein expression and
localization, GFP was detected by excitation (laser power 30%) at 488 nm and using a
505-525 nm emission filter. The mCherry was detected by excitation at 543 nm (laser
power 30%) and using a 560-620 nm emission filter. To confirm the FRET results,
photobleaching was performed with 20 times frame scanning at 543 nm (laser power
90%). FRET efficiency of the nucleus was calculated using the GFP and mCherry
intensities before and after photobleaching.
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2.3.15. Electron microscopy
For immunolabeling, Lowicryl HM20 resin embedded sections were placed on
formvar-coated gold or nickel slot grids and blocked for 30 min with 3% (w/v) non-fat
dried milk solution in 0.01 M phosphate-buffered saline pH 7.2 containing 0.1% (v/v)
Tween-20 (PBST). The sections were washed and then incubated with a 10-fold dilution
of the primary antibodies: anti-PDI2 or anti-GFP for 2 hrs at RT. Sections were washed
and transferred to a 25-fold dilution of secondary antibody goat anti-rabbit IgGconjugated to 10 or 15 nm gold particles (Ted Pella, Inc., Redding, CA, USA) for 2 hrs at
RT. Sections were washed and then stained with uranyl acetate and lead citrate. All
observations were performed using a Philips CM10 microscope (Philips, Hillsboro, OR,
USA).
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2.4. Results
2.4.1 Characterization of PDIs in Arabidopsis thaliana
The genome of the model plant, Arabidopsis thaliana (Arabidopsis), contains at
least 12 different PDI genes that range in polypeptide length from 361 to 597 amino acids
(Meiri et al., 2002; Lu and Christopher, 2008). To identify and characterize PDI genes in
Arabidopsis, we analyzed their gene locus, synonym, predicted protein products and
polypeptide size, predicted presence of signal peptide and its amino acid residues, and
ER retention signal using SignalP3.0 (http://www.cbs.dtu.dk/services/SignalP/), iPSORT
(Bannai et al., 2002) (http://ipsort.hgc.jp/predict.cgi), NCBI (http://www.ncbi.nlm.nih.
gov/), and UniPort (http://www.uniprot.org/) severs. Ten PDIs are predicted to have a
signal peptide at the N-termini (Table 2.1., Figure 2.1.), which indicates that they are
translocated over the ER membrane into the lumen and possibly further into the secretory
pathway (Bendtsen et al., 2004). The C-terminal ER retention signal, -KDEL, is
conserved in PDI1, PDI2, PDI3, PDI4, PDI5, PDI6, and PDI9, and is partially conserved
in PDI10 (-KDDL), further suggesting that these are located in the ER. PDI8 has a
KKXX-like tetrapeptide, -KKED, in the C-terminus, which serves as an ER retention
signal for a membrane protein (Vincent et al., 1998). PDI8 has a predicted
transmembrane domain (TMD) in the C-terminus, whereas PDI7 and PDI12 have TMD
in both N- and C-termini.
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Table 2.1. Identification of Arabidopsis PDI gene family, synonym, gene locus, predicted
protein products and polypeptide size, predicted presence of signal peptide (SP)
(SignalP3.0 http://www.cbs.dtu.dk/services/SignalP/), and ER retention signal.
Gene
Name

Synonym

Gene locus

PDI 1

PDIL1-3

At3g54960

PDI2

PDIL1-4

At5g60640

PDI 3

PDIL1-5

At1g52260

PDI 4

PDIL1-6

At3g16110

PDI 5

PDIL1-1

At1g21750

PDI 6

PDIL1-2

At1g77510

PDI 7

PDIL5-4

At4g27080

PDI 8

PDIL5-2

At1g35620

PDI 9

PDIL2-3

At2g32920

PDI 10

PDIL2-2

At1g04980

PDI 11

PDIL2-1

At2g47470

PDI 12

PDIL5-3

At3g20560

Amino acids,
MW
579,
64 kDa
597,
66 kDa
537,
60 kDa
534,
60 kDa
501,
57 kDa
508,
57 kDa
480,
54 kDa
440,
50 kDa
440,
48 kDa
447,
48 kDa
361,
39 kDa
483
54 kDa

Predicted SP,
aa residue

ER Retention
Signal

Yes, 1-25

-KDEL

Yes, 1-25

-KDEL

Yes, 1-29

-KDEL

Yes, 1-30

-KDEL

Yes, 1-23

-KDEL

Yes, 1-24

-KDEL

No

No

Yes, 1-23

-KKED

Yes, 1-24

-KDEL

Yes, 1-26

-KDDL

Yes, 1-22

No

No

No

The numbering of AtPDIs is based on Lu and Christopher, 2008.
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Figure 2.1. Primary structures of Arabidopsis PDI proteins. The 12 PDIs were grouped
based on sequence and domain similarity. The predicted number of amino acids encoded
by each cDNA is shown in parenthesis at the C-terminus. SP signal peptide, Trx
thioredoxin catalytic domain, TMD transmembrane domain: a and a’, full thioredoxin
domains with catalytic site and fold region: b and b’, thioredoxin fold domains lacking
catalytic site (Lu and Christopher, 2008).
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2.4.2. Modular structure of PDI2 protein predicted from the gene sequence
Arabidopsis thaliana Protein disulfide isomerase 2, AtPDI2 (EC 5.3.4.1.), has a
classical structure among the 12 PDIs encoded in the Arabidopsis genome (Lu and
Christopher, 2008). The pdi2 gene (accession No. At5g60640) contains 12 exons for a
spliced sequence of 1794 bp, encoding a deduced polypeptide of 597 amino acids
(BAB09837) (Figure 2.2.A.). The PDI2 amino acid sequence is most similar to PDI1
(54% identical; At3g54960). The PDI2 contains a functional signal peptide (SP, amino
acid residues 1-25), two thioredoxin domain (TRX, 85-136, 469-475), two redox-active
site (CGHC, catalytic residues 132-135, 471-474), non-catalytic thioredoxin fold
domains: b and b’ (211-310 and 322-422), and two thioredoxin fold domains lacking
catalytic site (R). Also PDI2 retains the ER retrieval signal -KDEL at the C-terminus
(NCBI http://www.ncbi.nlm.nih.gov/; UniPort http://www.uniprot.org/; SignalP3.0 http://
www.cbs.dtu.dk/services/SignalP/; pSORT http://wolfpsort.org/) (Figure 2.2.B.).
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b

1

25
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208 211

KDEL

b´
310 322

422 429

550

597

Figure 2.2. The deduced amino-acid sequence and primary structure of PDI2.
(A) Predicted protein sequence of PDI2 consist 597 amino acids. Green-colored amino
acids indicate signal peptide (SP), two blue-colored -CGHC- are redox active residues,
and red-colored -KDEL (ER retention signal) is located in C-Terminus. (B) Schematic
representation of PDI2 contains SP, two TRX, fold region: b and b’, and -KDEL.
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2.4.3. Genetic mapping for T-DNA insertion mutant of Atpdi2
The AtPDI2 gene (accession No. At5g60640) contains 12 exons and 11 introns in
nucleotide length of 2854 bp. There are five T-DNA insertion mutants in pdi2 localized to
the upstream region (SALK_073307), exon 1 (SALK_130980 and SALK_115574), and
intron 4 (SALK_017090) (http://signal.salk.edu) (Figure 2.3.A.). To identify homozygous
plants of T-DNA insertion mutants in pdi2, each genomic DNA from at least 10
individual plants was used in PCR with a left border primer (LB), a left primer (LP), and
a right primer (RP) (Figure 2.4.A.). I selected two insertion mutants that were available at
the stock center. They were SALK_115574 and SALK_017090 (Figure 2.4.B.). To
determine the T-DNA insertion site, I sequenced PCR products from the SALK_115574
and The SALK_017090 mutants. The T-DNA of SALK_115574 was inserted 524 bp
from the initiator ATG codon in the exon 1 region of At5g60640 (Figure 2.3.B.), whereas
the SALK_017090 was located 1330 bp from the ATG codon in the intron 4 region
(Figure 2.3.C.).
In Figure 2.4.B., the 2903 bp band corresponds to the wild type AtPDI2 gene,
which was detected with primer pairs LP/RP (lane 1, Figure 2.4.A.), which anneal to the
wild type gene; no bands were detected in lane 2 using a T-DNA primer. No wild type
band were detected in each mutant (lane 1) using the wild type primers. However, mutant
bands were detected with the T-DNA primers (lane 2, Figure 2.4.B.).
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Figure 2.3. Genetic mapping and identification of the T-DNA insertions in AtPDI2.
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Figure 2.4. Schematic representation of the T-DNA insertion mutants of Atpdi2 and
genomic PCR analysis. (A) The T-DNA insertion mutants, SALK_115574 (A1) and
SALK_017090 (B3) are located in exon 1 and intron 4, respectively, in AtPDI2. The
AtPDI2 consists 12 exons (gray boxes numbered), 11 introns (black lines), and 5’ UTR
and 3’ UTR (black boxes). (B) The T-DNA insertion mutants of AtPDI2 were confirmed
by PCR using LB, LP, and RP primers, whose W.T.: wild type Arabidopsis, M: size
marker, LB: left border primer of the T-DNA, LP: Left primer, RP: right primer, 1:
LP/RP primers for PCR, and 2: LP/LB primers for PCR.
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2.4.4. Analysis of the Atpdi2 T-DNA insertion mutants
We analyzed mRNA levels of pdi2 T-DNA insertion mutant using 14 day-old wild
type and mutant (SALK_115574 and SALK_017090) leaves from Arabidopsis. The PDI2
transcripts were undetectable by quantitative RT-PCR. The wild type transcript was
shown by the band using PDI2 primers, but no PDI2 transcripts could be detected in the
mutants (Figure 2.5.A.). The constitutive Actin 2 was used for quantification control.
To verify the absence of the PDI2 protein in a T-DNA insertion line, I used the
polyclonal PDI2 peptide-specific antibody for immunoblot analysis. Total protein was
isolated from wild type and a homozygous T-DNA insertion mutant of PDI2
(SALK_115574) tissues from Arabidopsis. Also recombinant PDI2 protein within pBute
vector was extracted in yeast. Total proteins were separated on the 10% SDS PAGE gel
and stained using Coomassie Blue R-250 (Figure 2.5.B. lower). In immunoblot analysis,
the anti-PDI2-specific antibody (Ac-KMFHLDPESKRPALV-amide, residues 268-282)
detects a ~95 kDa PDI2 in wild type plants and recombinant PDI2 expressed in yeast, but
not in PDI2 mutant and yeast empty vector (pBute) (Figure 2.5.B. upper). The predicted
MW of PDI2 is 67 kDa, but the PDI2 detected a ~94 kDa in both yeast and plants. The
larger than expected 94 kDa band is likely due to protein glycosylation, as there are three
predicted N-linked glycosylation site in AtPDI2. The AtPDI2 is 32.7% identical (48.1%
similar) and 24% identical (37.7% similar) to the human and yeast PDIs, respectively
(Figure 2.6). Also the large number of acidic residues (E, D) in PDI2 can retard mobility
on the gel (Armstrong and Roman, 1993).
These results indicate that the SALK_115574 mutant of Atpdi2 is the T-DNA
knockout mutant and it was caused by a lack of PDI2 protein. However, because the
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SALK_017090 mutant was not available until recently, the PDI2 antiserum had aged and
lost its activity and could not be used to analyze SALK_017090.

Figure 2.5. RNA expression and immunoblot analysis of PDI2
(A) Analysis of PD2 transcripts from 14 day-old of Arabidopsis wild type and the pdi2 TDNA insertion mutants. W.T.: wild type, A1: SALK_115574, and B3: SALK_017090).
(b) Immunoblot analysis of PDI2. Twenty five micrograms of protein isolated from wild
type (WT) and PDI2 T-DNA insertion mutant (SALK_115574) (MUT) tissues from
Arabidopsis and recombinant PDI2 in yeast. SDS-PAGE (10%) and Coomassie Blue
staining of proteins (lower). PDI2-specific antibody detects to the 95 kDa PDI2 (pointed
by arrowhead) in wild type plants and recombinant PDI2 expressed in Yeast (upper). No
PDI2 is detected in any tissue of the PDI2 T-DNA knockout line.
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Signal peptide
HsPDI1
AtPDI2
ScPDI1

1 MLRRALLCLAVAALVRADAP---------------------------------------1 MAFRVLLLFSLTALLIFSAVSPSFAASSSDDVDDEDLSFLEDLKEDDVPGADSLSSSTGF
1 MKFSAGAVLSWSSLLLASSV---------------------------------------F

HsPDI1
AtPDI2
ScPDI1

21 ------EEED---------------------------------HVLVLRKSNFAEALAAH
61 DEFEGGEEEDPDMYNDDDDEEGDFSDLGNPDSDPLPTPEIDEKDVVVIKERNFTDVIENN
22 AQQEAVAPEDS--------------------------------AVVKLATDSFNEYIQSH

HsPDI1 42 KYLLVEFYAPWCGHCKALAPEYAKAAGKLKAEGSEIRLAKVDATEESDLAQQYGVRGYPT
AtPDI2 121 QYVLVEFYAPWCGHCQSLAPEYAAAATELKEDG--VVLAKIDATEENELAQEYRVQGFPT
ScPDI1 50 DLVLAEFFAPWCGHCKNMAPEYVKAAETLVEKN--ITLAQIDCTENQDLCMEHNIPGFPS
HsPDI1 102 IKFFRNGDTASPKEYTAGREADDIVNWLKKRTGPAATTLPDGAAAESLVESSEVAVIGFF
AtPDI2 179 LLFFVDG---EHKPYTGGRTKETIVTWVKKKIGPGVYNLTTLDDAEKVLTSGNKVVLGYL
ScPDI1 108 LKIFKNSDVNNSIDYEGPRTAEAIVQFMIKQSQPAVAVVADLPAYLANETFVTPVIVQSG
HsPDI1 162 KDVESDSAKQFLQAAEAIDDIPFGITSNSDVFSKYQLDKD----GVVLFKKFDEGRNNFE
AtPDI2 236 NSLVGVEHDQLNAASKAEDDVNFYQTVNPDVAKMFHLDPESKRPALVLVKKEEEKISHFD
ScPDI1 168 KIDADFNATFYSMANKHFNDYDFVSAENADDDFKLSIYLPSAMDEPVVYNGKKADIADAD
HsPDI1 218 GEVTKENLLDFIKHNQLPLVIEFTEQTAPKIFGGEIKTHILLFLPKSVSDYDGKLSNFKT
AtPDI2 296 GEFVKSALVSFVSANKLALVSVFTRETAPEIFESAIKKQLLLFVTKNES--EKVLTEFQE
ScPDI1 228 ------VFEKWLQVEALPYFGEIDGSVFAQYVESGLPLGYLFYN--DEEELEEYKPLFTE
HsPDI1 278 AAESFKGKILFIFIDS-------DHTDN-QRILEFFGLKKEECPAVRLITLEEEMTKYKP
AtPDI2 354 AAKSFKGKLIFVSVDL-------DNEDYGKPVAEYFGVS-GNGPKLIGYTGNEDPKKYFF
ScPDI1 280 LAKKNRGLMNFVSIDARKFGRHAGNLNMKEQFPLFAIHDMTEDLKYGLPQLSEEAFDELS
HsPDI1 330 ESEELTAERITEFCHRFLEGKIKPHLMSQELPEDWDKQPVKVLVGKNFEDVAFDEKKNVF
AtPDI2 406 DG-EIQSDKIKIFGEDFLNDKLKPFYKSDPIPEKNDED-VKIVVGDNFDEIVLDDSKDVL
ScPDI1 340 DKIVLESKAIESLVKDFLKGDASPIVKSQEIFENQDSS-VFQLVGKNHDEIVNDPKKDVL
HsPDI1 390 VEFYAPWCGHCKQLAPIWDKLGETYK-DHENIVIAKMDSTANEVEAVKVHSFPTLKFFPA
AtPDI2 464 LEVYAPWCGHCQALEPMYNKLAKHLR-SIDSLVITKMDGTTNEHPKAKAEGFPTILFFPA
ScPDI1 399 VLYYAPWCGHCKRLAPTYQELADTYANATSDVLIAKLDHTENDVRGVVIEGYPTIVLYPG
HsPDI1 449 S-ADRTVIDYNGERTLDGFKKFLE--------------SGGQDGAGDDDDLEDLEEAEEP
AtPDI2 523 GNKTSEPITVDTDRTVVAFYKFLRKHATIPFKLEKPASTESPKTAESTPKVETTETKESP
ScPDI1 459 G-KKSESVVYQGSRSLDSLFDFIKENG----------HFDVDGKALYEEAQEKAAEEADA
HsPDI1 494 DMEEDDDQKAVKDEL
AtPDI2 583 DSTTKSSQSDSKDEL
ScPDI1 508 DAELADEEDAIHDEL

Figure 2.6. Alignment of the amino acid sequence of AtPDI2 (BAB09837), human PDI
(HsPDI, NP_000909), and yeast PDI1 (ScPDI1, NP_009887). Full length CDS generated
using the Clustal W program. Conserved residues were shaded in black, and similar
residues were shaded in gray using the BOXSHADE 3.21 program (Thompson et al.,
1994). Three N-glycosylation sites were predicted by using CBS perdition Algorithm
(pointed by red-colored arrow). SignalP 3.0 was used to predicted signal peptide. Two
blue-colored boxes are shown that -CGHC- is the catalytic active motif in TRX, and redcolored box is shown ER retention signal in C-termini.
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2.4.5. Determine plant growth and development of pdi2 mutants
The homozygosity of pdi2 mutants was verified at the molecular level (Figure 2.4.),
and absence of PDI2 protein in the pdi2 mutant was confirmed by immunoblot analysis
(Figure 2.5.). The homozygous T-DNA pdi2 mutants (A1, SALK_115574 and B3,
SALK_017090) exhibited a lower germination rate and speed (Figure 2.7.A. and B.). The
germination percentage of wild type is 93.57%, whereas the pdi2 mutant A1 and B3 is
each 86.83% and 67.65% (Figure 2.7.B.) on the water. Also their germination growth
rates are slower than wild type on the MS medium (Figure 2.7.B.).
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Figure 2.7. Phenotype and germination analysis of Atpdi2 mutants. SALK_115574: A1,
SALK_017090: B3. (A) Germination analysis of pdi2 mutants. Error bars represent the
standard deviation of the data. (B) Phenotype analysis of pdi2 mutants. 5-day-old W.T.
and two pdi2 mutant (A1, B3) plants. Bar indicates 10 mm. n ≥ 3.
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2.4.6. Complementation of the dsbA mutant with the full length PDI2 cDNA
In E. coli, periplasmic protein DsbA is involved in disulfide bond formation. This
protein possess as the motif, NH2-CXXC-COOH, containing cysteines that are important
for catalytic activity. PDI2 also has two of these motifs (Bardwell et al., 1999; Gruber et
al., 2006). Mutations in dsbA cause pleiotropic defects in disulfide bond formation,
resulting in loss of mobility, increased antibiotic and DTT sensitivity, and a lack of
alkaline phosphatase activity (Shevchik et al., 1994; Humphreys et al., 1995). Alkaline
phosphatase is a homodimeric periplasmic enzyme which requires two intermolecular
disulfides to function (Soneetal, 1997). Thus, in dsbA, these disulfides cannot be made to
fold alkaline phosphatase. The regaining of alkaline phosphatase activity is considered
standard assay to determine if a heterologous protein has disulfide-based protein folding
activity. I demonstrated that AtPDI2 complemented of the E. coli dsbA mutant, and
confirmed that AtPDI2 and DsbA are functionally similar. The full-length cDNA coding
for PDI2 was ligated to the pFLAG vector with a 6X-His·tag (Figure 2.8.A.2). The
pFLAG vector has an OmpA signal sequence at the N-terminus (Figure 2.8.A.1),
resulting in periplasmic targeting of the OmpA-PDI2 fusion. OmpA is a major outer
membrane protein with a single disulfide bond in its periplasmic C-terminal domain
(Rietsch et al., 1996). Expression of PDI2 in E. coli was verified by immunoblot analysis
(Figure 2.8.B.). I assayed the alkaline phosphatase activity from overnight cultures of the
PhoR strains (R189 and R190) in M9 minimal medium. These strains express alkaline
phosphatase constitutively (Humphreys et al., 1995). The dsbA mutant (R190) exhibited
barely detectable levels of alkaline phosphatase measured relative to the wild type (R189)
(Figure 2.8.). Inclusion of the PDI2 expression plasmid, dsbA1::pFLAG+cPDI2, showed
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nearly full restoration of alkaline phosphatase activity (Figure 2.8.C). The control
plasmid dsbA1::pFLAG had no effect on alkaline phosphatase activity. This result shows
that AtPDI2 can functionally substitute for DsbA and mediate protein folding
(Humphreys et al., 1995).

Figure 2.8. Construction of the expression plasmid of PDI2 and immunodetaction for
complementation of the dsbA mutant and alkaline phosphatase (AP) assay.
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(A) The full-length cDNA of PDI2 was fused to the N-terminal OmpA signal sequence
and C-terminal His·tag and FLAG·tag. (B) SDS-PAGE (12%) and Coomassie Blue
staining (upper) of complementation of the dsbA mutant with the full length PDI2 cDNA.
Complementation by PDI2 was induced with 0.2 mM IPTG at 28ºC for 5 hrs and then
was purified using nickel affinity chromatography. Standard molecular weight (M), R190
dsbA mutant (1); dsbA::pFLAG (2); dsbA::cPDI2+pFLAG (3); R189 WT (4). A 1:2,000
dilution of anti His·tag antibody detects to the 67 kDa complementation PDI2 expressed
in E. coli and purified PDI2 (lower). The open arrow points to the PDI2 proteins at 67
kDa that is recognized. (C) Complementation of dsbA mutant with PDI2 restores alkaline
phosphatase activity. AP activity units of the samples are (IU/L = μmol/(L·min) which
were measured at OD405nm by microplate reader. dsbA1 (R190) (dsbA mutant), WT
(R189). Data represent the average of three independent experiments with six replicates.
Error bars represent the standard deviation of the mean. n = 4.
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Figure 2.9. Complementation of dsbA mutant with PDI2 to restore alkaline phosphatase
(AP) activity. AP activity of the samples in units (IU/L = μmol/(L·min) were measured at
OD405nm by microplate reader. 1. dsbA1 (R190), 2. dsbA::pFLAG, 3. dsbAl::cPDI2+
pFLAG, 4. wild type (WT, R189). B5, C5 and D5 are calibrator, and E5, F5 and G5 are
H2O that was used as a control. To confirm AP activity p-nitrophenylphosphate (p-NPP)
liquid substrate were added B1~G4.
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2.4.7. Proteins interacting with PDI2
To study protein-protein interactions of PDI2, we screened two Arabidopsis cDNA
libraries (seedling and stress-induced) as a prey for protein interacting with AtPDI2 bait
using yeast two hybrid assay. The expression of PDI2 in yeast was verified by
immunoblot analysis (Figure 2.5.). Table 2.2 lists the proteins identified in the screen to
be interacting with PDI2. The principal isolates were 10 clones that encoded the
following proteins: a maternal-effect embryo arrest factor (MEE8), which contains a
strong nuclear localization signal and a basic-helix-loop-helix DNA binding motif;
syntaxin; luminal binding protein 1 (BiP1); a desiccation-responsive RD2 protein;
putative heat shock protein; GTP-binding protein; two NAD-dependent malate
dehydrogenases, Rho-transcription termination-like protein; and one putative protein
(Table 2.2). Interestingly, these candidate interacting proteins are predicted to reside in a
variety of subcellular locations, with emphasis on the nucleus and the secretory pathway.
The clones were positive and PDI2-specific in two different validation assays and were
identified via sequencing.
The first validation was β-galactosidase (β-gal) assay of the positive clones isolated
in the yeast two hybrid assay (Figure 2.10.). This assay represents interaction degree of
the individual positive clones with PDI2 that productively activates lacZ gene expression.
After subtracting the values obtained with the empty vector (negative control), the MEE8
(39) had the highest levels of ß-gal activity, followed by putative protein (52), and Rho
Transcription termination factor (36), with syntaxin (37) slightly lower in activity (Figure
2.10.). Six positive clones (e.g. BiP1 (38), RD2 (47), Nuclear matrix protein-related (60),
malate dehydrogenase (51 and 68)) gave OD readings 0.2 or less.
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The second validation assay was the co-immunoprecipitation (Co-IP) assay on
seven representative positive clones (Figure 2.12.). Each of the seven recombinant
positive clones was fused to an HA-tag epitope, which is lacking in the recombinant
PDI2. The anti-HA tag antiserum co-immunoprecipitated recombinant PDI2 only in the
presence of the particular clone (Figure 2.12. the right side). The intensity of the band
detected with the anti-PDI2 antiserum indicated the degree of positive physical
interaction between the individual proteins and PDI2. In general, the intensity of the band
correlated with the amount of β-gal activity except for clone 36, which had an OD over
0.6, but a relatively weaker band on the Co-IP assay. Such differences in physical
interaction (Co-IP) relative to β-gal activity could be due to steric hindrances, distal span
of the protein that allows contact of the activation domain with the lacZ promoter, length
of association-dissociation period and affinity for PDI2.
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Table 2.2. Proteins interacting with PDI2 based on yeast two-hybrid assay.
Clone
#

Accession #

Predicted Protein
(Arabidopsis Locus)

Predicted subcellular locales

Signal
peptide

cDNA
library

36

NM_202840

Rho transcription termination
factor (At4g18740)

Nucleus

No

seedling

37

AY074294

Syntaxin, SYP23(At4g17730)

cytosol, plasma
membrane

No

seedling

38

NM_122737

Luminal binding protein1,
BiP1 (At5g28540)

Endoplasmic
reticulum

Yes

seedling,
& stress

Nucleus, Nuclear

NM_102341

Maternal effect embryo arrest8
(MEE8), DNA bindingtranscription
factor(At1g25310)

No

seedling

39

localization
signal

47

AY087097.1

Response to desiccation, RD2;
(At2g21620)

Cytoplasm

No

stress

50

AF428323

Nuclear matrix protein-related
(At5g09860)

Nucleus

No

stress

51

AY057682

NAD-dependent malate
dehydrogenase (At5g09660)

peroxisome

No

stress

52

BT002457

Putative protein (AT5g19590)

Secretory
pathway

Yes

stress

53

NM_106642

Putative heat shock protein
HSP91, HSP70 (At1g79930)

Microbody or
peroxisome

No

stress

AY065134

NAD-dependent malate
dehydrogenase (At1g04410)

Secretory
pathway or
vacuole

No

stress
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Proteins interacting with PDI2 based on yeast two-hybrid assay. The clones listed above
were positive and bait-specific in the validation assay and subsequently were identified
via sequencing.
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Figure 2.10. β-galactosidase assay of the positive clones isolated from the yeast twohybrid assay (Table 2.2.). β-galactosidase activity measurements were normalized to
equal culture density of yeast cells co-expressing PDI2 bait plus each of the individual
interacting proteins. Values of two negative controls (co-expression of interacting protein
with empty bait vector; PDI2 bait expressed with vector) were subtracted from the plotted
values. Means of two experiments in three replicates ± standard deviation are shown. n
=6. The positive control (EP) consisted of Epsin 1 interacting with the EH domaincontaining region of Eps15. No PDI2 was present in the EP/Eps15 cells (Rosenthal et al.,
1999).
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Figure 2.11. Interaction of AtPDI2 with selected prey in yeast two-hybrid assay. A βgalactosidase assay demonstrates interaction between prey (numbered in left-hand
column according to Table 2.2: prey in columns labeled ‘P1’ and ‘P2’) bait (AtPDI2;
isolated in a yeast two hybrid screen). Baits include AtPDI2, the empty bait vector
(pBUTE) and the following inserts cloned in-frame with the GAL4 DNA binding
domain: the human SKP1 homologue (P19) and the EF-hand domain of intersectin (EH).
Wells in the control lane (columns labeled ‘C’) include media only (first two wells),
empty prey (activation domain) vector (pGADC1), prey construct expressing mouse
epsin, prey construct expressing human Fbox5 and two pre-mated interacting pairs:
SH3:SOS and EH:Epsin. β-gal activity was assayed in cultures expressing the bait and
prey following mating selection of YPER (Pierce Biochemical) combined with
chlorophenylred-β-D-galactopyranoside (Roche Biochemical; CPRG) as a substrate.
Image was scanned following overnight incubation at 37°C.
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Figure

2.12.

Immunoblot

analysis

using

the

PDI2

antibody

of

the

Co-

immunoprecipitation (Co-IP) with anti-HA·tag antiserum to verify interaction of proteins
with PDI2. Each Co-IP contained PDI2 plus one Arabidopsis cDNA expressed protein
fused to the HA·tag and an aliquot of the HA·tag antiserum. The empty pBUTE vector
(pBu) was the negative control. The supernatant of the Co-IP reaction was included (Sup).
The open arrowed indicates Co-immunoprecipitated PDI2 detected with the anti-PDI2
antiserum on the immunoblot. The left three lanes were controls for no Co-IP in which 40
μg total yeast protein containing recombinant PDI2 or Bip or empty vector (pBu) was
subjected to immunoblot analysis with the anti-PDI2 antiserum. The heavy chain (HC) of
the anti-HA·tag antiserum verified uniform amount in the Co-IPs.
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2.4.8. Sub-cellular localization of PDI2 using confocal microscopy
An important aspect of PDI2 function is determining its sub-cellular locations. I
initially defined the location of PDI2 protein by transient expression in protoplasts of
Arabidopsis. The green fluorescent protein (GFP) from the jellyfish Aequorea victoria is
used as a fluorescent marker for gene expression and protein localization (Chalfie et al.,
1994; Cubitt et al., 1995; Gerdes and Kaether, 1996; Swaminathan et al., 1999). The GFP
mutant S65T was used for the fusion with PDI2 because of its bright green fluorescence
when excited with the 488 nm line of a laser (Heim et al., 1995; Heim and Tsien, 1996;
Swaminathan et al., 1999), and GFP-S65T was expressed alone as a sub-cellular
localization control or in fusion with AtPDI2. It was previous shown in our lab that the
genomic DNA is better expressed in protoplasts than the cDNA (Christopher, 2007). The
full-length genomic DNA of AtPDI2 was fused with GFP-S65T, PDI2::GFP (Figure
2.13.2.), and it was fused to the N-terminus of a KDEL-tagged GFP-S65T (Figure
2.13.3.). Also as sub-cellular markers, the Arabidopsis wall-associated kinase 2
(AtWAK2) was the ER marker, the γ-Tonoplast intrinsic protein (γ-TIP) was the vacuolar
marker, and Glycine max mannosyl-oligosaccharide 1,2-alpha-mannosidase (GmMan1)
was the Golgi marker. MEE8 was the nuclear marker, each was fused to the red
fluorescent protein (mCherry), while AtWAK2 was fused to mCherry with the -HDEL
(ER retention signal).
TargetP (http://www.cbs.dtu.dk/services/TargetP/) analyses predicted that PDI2
sequence targets the protein to the secretory pathway. To determine the sub-cellular
location of the ER residents in Arabidopsis, we isolated the protoplasts of the 2 ~ 4 weekold wild-type leaves, and then co-transfected with PDI2::GFP and AtWAK2::mCherry-
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HDEL or PDI2::GFP-KDEL and AtWAK2::mCherry-HDEL. When expressed then in the
protoplasts, both PDI2::GFP and PDI2::GFP-KDEL fusion proteins were retained in the
ER, whereas GFP alone produced diffuse patterns (Figure 2.14.). MEE8 was known to
require early embryo development for the endosperm formation (Pagnussat et al., 2005).
MEE8 have a NLS and MEE8::mCherry was localized in the nucleus (Figure 2.15.). Both
PDI2::GFP and PDI2::GFP-KDEL co-localized in the nucleus (Figure 2.15.). Also PDI2
was determined to be found in the vacuole (Figure 2.16.A) and Golgi (Figure 2.16.B).
Vacuoles are provisionally defined as the intracellular compartments that arise as a
terminal product of secretory pathway in the plant cell (Marty, 1999).

Figure 2.13. Schematic structures of four transformation constructs. (1) GFP-S65T was
used as a sub-cellular localization control. (2) PDI2::GFP. (3) PDI2::GFP-KDEL; PDI2
was fused GFP and C-terminal -KDEL motif. (4) Each organelle marker was fused with
mCherry.
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Figure 2.14. Co-localization of PDI2 with AtWAK2 (The ER marker protein). The
localization of AtPDI2 was examined in protoplasts transformed with PDI2::GFP and
AtWAK2::mCherry-HDEL or with PDI2::GFP-KDEL and AtWAK2:: mCherry-HDEL to
confirm of ER localization. As a control, GFP alone was transformed into protoplasts.
Scale bars = 10 μm
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Figure 2.15. Co-localization of PDI2 with MEE8 (Nucleus marker protein). The
localization of PDI2 was examined in Arabidopsis protoplasts transformed with
PDI2::GFP and MEE8::mCherry or with PDI2::GFP-KDEL and MEE8::mCherry. As a
control, GFP alone was transformed into protoplasts. Scale bars = 10 μm
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Figure 2.16. Localization of PDI2 in Golgi apparatus and vacuole (tonoplast). Protoplasts
were transformed with the indicated constructs, and the localization of these proteins was
detected by confocal microscopy. (A) GmMan1::mCherry fusion protein (Golgi::
mCherry) was used as a Golgi marker. Some PDI2 indicted in Golgi. (B) γ-TIP::mCherry
fusion protein (Vac::mCherry) was used as a vacuole marker. PDI2 indicted in vacuole.
Scale bars = 10 μm
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2.4.9. Sub-cellular localization of PDI2 using immunolabeling translmission election
microscopy (TEM)
To obtain more precise subcellular localizations of PDI2, immunogold electron
microscopy was used on high pressure frozen, acetone substituted tissue of Arabidopsis
(Figure 2.17. and 2.18.). Root tissues proved quite amenable to this fixation method,
which better preserves protein epitopes for immunolabeling studies. Sub-cellular
localizations were observed when ultra-thin sections of root tissue labeled with the PDI2
antiserum followed by anti-rabbit 15 nm gold secondary antiserum (Figure 2.17.). The
anti-PDI2 antiserum labeled the endoplasmic reticulum (Figure 2.17.A), Golgi apparatus
and associated vesicles (Figure 2.17.B), the cell wall (Figure 2.17.C), cell wall and
plasma membrane (Figure 2.17.D), and vacuolar contents (Figure 2.17.E and E1). The
nucleus was also labeled (Figure 2.18), the nucleoplasm (Figure 2.18.B and C) as well as
the nuclear pore, nuclear membrane and surrounding cytoplasm (Figure 2.18.C). In
summary, using the anti-PDI antisera, PDI2 localize to the ER, Golgi, vacuole, apoplasm
and nucleus in roots of wild type plants.
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Figure 2.17. TEM analysis after immunolabeling of wild type Arabidopsis root sections
with the PDI2-specific antiserum and 15 nm gold secondary antiserum (arrowheads). (A)
PDI2 labeling detected in the endoplasmic reticulum (ER). (B) Golgi apparatus (G) and
trans-Golgi region (TGN). (C) cell wall-apoplasm. (D) Newly forming cell plates (CP)
and plasma membrane (PM) and cytoplasm (CY). (E) and (E1) vacuole (V). Panel E1 is
an enlargement of labeling within the vacuole delimited by the smaller rectangle within
panel E.
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Figure 2.18. TEM analysis after immunolabeling of wild type Arabidopsis root sections
with the PDI2-specific antiserum and 15 nm gold secondary antiserum (arrowheads). (A)
PDI2 labeling detected in the entire nucleus (N) and nuclear membrane (NMb). (B)
Enlargement of nuclear matrix from panel A showing discrete labeling. (C) Enlargement
of nuclear membrane (NMb) and cytoplasm (CY) indicating labeling in these regions and
in a nuclear pore. Labeling in the cytoplasm is differentiated with white arrowheads.
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2.4.10. Interaction of PDI2 and MEE8 in vivo detected by FRET Analysis
To detect PDI2 and MEE8 interaction in plant cells in vivo, Förster resonance
energy transfer (FRET) analysis was performed on fixed protoplasts transfected with the
PDI2::GFP and MEE8::mCherry reporter constructs. The colocalization of the
PDI2::GFP and MEE8::mCherry fusion proteins to the nucleus (Figure 2.15.) provided
the means to test this interaction via FRET. The GFP (S65T) emission spectrum partially
overlaps with the mCherry excitation spectrum and the successesful use of GFP
(S65T)/mCherry as a FRET pair has previously been reported in plants (Bleckmann et al.,
2010). For energy to be transferred from GFP to mCherry, the two proteins must be very
close (1 ~ 10 nm) and oriented properly. The PDI2::GFP and MEE8::mCherry constructs
were co-expressed in protoplasts and were analyzed by confocal laser scanning
microscopy (Figure 2.19.A). As a negative control, the PDI2::GFP and pSAT6::mCherry
were co-expressed and analyzed in parallel. The pSAT6 is a known nuclear protein that is
not expected to interact with PDI2 and produce FRET. FRET efficiency was determined
by measuring the fluorescence intensity of GFP in the nucleus, before and after acceptor
mCherry photobleaching. As shown in Figure 2.19.A, donor (PDI2::GFP) fluorescence
intensity increased simultaneously with a decrease in the acceptor (MEE8::mCherry)
fluorescence after acceptor photobleaching indicating energy transfer (FRET) from
PDI2::GFP to MEE8::mCherry, but not in the case of the negative control pair (Figure
2.19.B). These results indicate that PDI2 and MEE8 interact in the nucleus in vivo.
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Figure 2.19. Interaction of PDI2 and MEE8 in vivo detected by FRET
(A) Acceptor photobleaching analysis of protoplasts expressing PDI2::GFP and
MEE8::mCherry. mCherry was selectively bleached by repeated scanning of the
indicated area at a 90% laser power at 543 nm. DIC, differential interference contrast. (B)
FRET efficiency was calculated using the mCherry intensities of before and after
photobleaching. The nuclear marker pSAT6::mCherry was used as a negative control for
FRET analysis. Data represent the average of at least four independent experiments. Error
bars represent the standard deviation of the mean. n ≥ 3.
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2.5. Discussion
In this study, I demonstrated that PDI2 has a protein folding function, localizes to
diverse sub-cellular compartments, and interacts with several proteins in the secretory
and non-secretory compartments. Loss of PDI2 function leads to a leaky phenotype of
lower germination rate, suggesting that PDI was necessary for proper seed biogenesis. I
propose that PDI2 is involved in seed development by modulating MEE8 as a chaperone.
PDI is a multifunctional protein in the folding of nascent polypeptides of the
secretory pathway by catalyzing the formation and isomerization of disulfide bonds in the
ER of eukaryotes (Frand and Kaiser, 1998; Ferrari and Soling 1999; Tsai et al., 2001).
PDIs in plants have been well-documented to be specifically involved in the folding and
packing of storage proteins of the seed endosperm (Takemoto et al., 2002). The primary
structure and domain organization of PDI2, which are conserved with human and
mammalian PDIs, are consistent with a classical ER-based role in protein folding (Figure
2.2 and Figure 2.6.). Direct evidence was presented for the ability of AtPDI2 to assist the
oxidative folding of proteins in vivo in E. coli. AtPDI2 protein can functionally substitute
for DsbA (Humphreys et al., 1995). Lacking DsbA strains show a pleiotropic phenopype
since the correct folding of many periplasmic proteins is affected (Messens and Collet,
2006). The rate of folding of alkaline phosphatase (AP) in the dsbA mutant is < 90%
lower than wild type cells. Transformation of PDI into dsbA mutant restores the measured
AP activity to similar wild type levels, suggesting that PDI complements dsbA and is
influencing that rate of folding of AP.
The signal peptide is necessary for co-translational insertion into the ER membrane
to the lumen (Bendtsen et al. 2004), where the -KDEL sequences assist ER retention.
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Alternatively, if the inserted protein lacks a -KDEL, it exits the ER and enters the
secretory pathway (Cramer et al. 1987). PDI2 was shown to depart the ER despite the
presence of a -KDEL sequence, and to traffic to various sub-cellular compartments of the
secretory pathway (Golgi, vacuole, plasma membrane, and cell wall; Figure 2.16, Figure
2.17). Two different approaches were used to confirm sub-cellular localizations of PDI2
clearly in Arabidopsis. First, PDI2 was fused to GFP (S65T) to show transient expression
in protoplasts using confocal microscopy. Second, immunogold labeling was used to
detect PDI2 in Arabidopsis using TEM analysis. Yeast two-hybrid and coimmunoprecipitation experiments confirmed that PDI2 interacts with proteins in the
secretory pathway (Table 2.2. and Figure 2.12).
Intriguingly, PDI2 also traffics from the cytosol to a non-secretory compartment,
the nucleus (Figure 2.16), where it interacts with MEE8 and Rho-like factor (Table 2.2.
and Figure 2.12). I postulate that through these protein interactions, in particular with
MEE8, PDI2 performed a role in regulating seed development one possibility is that
PDI2 maintains MEE8 in a processing folding state. A mechanism is proposed for dual
localization of PDI2 to distinct sub-cellular compartments. Dual localization of proteins
in the ER and nucleus has been observed for mammalian glucose-regulated protein-58,
which contains a C-terminal -QDEL (Adikesavan et al., 2008), parathyroid hormonerelated protein (Amaya et al., 2008) and yeast ubiquitin ligase (Swanson et al., 2001). In
each of these examples, the protein contains both a signal peptide and a nuclear
localization signal. However, PDI2 does not contain a nuclear localization signal (NLS).
The nuclear import should take from the cytosol by means of NLS, but this is absent from
many nuclear proteins (Coppari et al., 2002). After synthesis on cytoplasmic ribosomes,
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PDI2 binds MEE8. The strong nuclear localization signal of MEE8 (Table 2.2.) overrides
the signal peptide, effectively masking it, and directs the PDI2-MEE8 complex to the
nucleus. Masking of subcellular targeting signals has been well-described (Karniely and
Pines, 2005). PDI2 and MEE8 interaction also confirmed by fluorescence resonance
energy transfer (FRET) in the nucleus (Figure 2.19.). Other PDI2 molecules posttranslationally bind to the ER membrane via the signal peptide, which is cleaved, and
enter the ER lumen and secretory pathway. Alternatively, PDI2 can also enter the ER cotranslationally on membrane-bound polysomes (Cho et al., submitted). In yeast and
mammals, it has been well-documented that proteins can be inserted into the ER
membrane by different mechanisms. The most well characterized mechanism is cotranslational insertion of the nascent protein via the signal recognition particle-dependent
pathway (Jackson and Blobel, 1977; Favaloro et al., 2008). However, signal peptidedependent insertion that occurs post-translationally has been observed in mammals and
yeast (Matlack et al., 1997; Plath et al. 1998; Rapoport et al. 1999), and plant phaseolin is
inserted post-translationally in microsomes when expressed in yeast (Cramer et al., 1987).
I propose that PDI2 could also be inserted by a comparable mechanism in plants, but that
for PDI2, this mechanism is distinct from post-translational insertion of tail-anchored ER
proteins in mammals (Favaloro et al., 2008; Stefanovic and Hegde, 2007).
The presence of a C-terminal -KDEL motif on PDI2 does not unconditionally
determine that the protein is retained in the ER. There is precedent for other KDELcontaining proteins in plants to traffic from the ER to different subcellular destinations.
We recently showed that PDI5, which contains a -KDEL motif, is a chaperone of cysteine
proteases, which are transported together from the ER to the Golgi and protein storage

82

vacuoles (Ondzighi et al., 2008). KDEL-tailed cysteine proteases leave the ER and enter
vacuoles (Helm et al. 2008). The Chlamydomonas PDI RB60 contains a C-terminal KDEL that is targeted to the ER and chloroplast (Kim and Mayfield, 1997; Levitan et al.,
2005). An auxin-binding protein with a KDEL sequence exits the ER and travels to the
plasma membrane (Jones and Herman, 1993). Likewise, in rat exocrine pancreatic cells, a
PDI containing a KDEL signal traffics from the ER through the secretory pathway to the
plasma membrane (Yoshimori et al., 1990; Turano et al., 2002). The KDEL motif at the
C-terminus of PDI2 may ensure temporary ER residency, but could be overridden by
other signals to allow export from the ER to the Golgi, vacuole, or apoplasm. The
interaction with a substrate protein might obscure or inactivate the PDI2-KDEL signal,
thus allowing transport out of the ER. All but one of the clones encoding proteins that
interact with PDI lacked an ER retention motif (Bip1, Table 2.2.).
BiP weakly interacted with PDI2 (Figure 2.10 and Figure 2.11.). Yet, the fact that
PDI2 interacted with BiP is suggestive of a more classical role of PDI2 in protein folding.
BiP is part of the signaling cascade along with PDI to regulate and stimulate protein
folding (Bertolotti et al. 2000; Xu et al 2005). In contrast, we have recently shown that
PDI2 is not among the PDI genes in Arabidopsis that are upregulated in response to the
unfolded protein response and ER stress (Lu and Christopher, 2008). It has been shown
that genes for proteins centrally involved in protein folding in the ER, such as some PDI
isoforms, are upregulated as part of the unfolded protein response (Lu and Christopher,
2008), while those genes encoding components of the secretory pathway are downregulated (Martinez and Chrispeels, 2003). PDI2 appears to fall within the latter class of
temporary ER proteins. It has the ability to fold proteins and interact with them as they go

83

to other sub-cellular sites.
In collaboration with Dr. Jiao, who showed that PDI2 is expressed in the outer cell
layers of the seed. The localization of PDI2 to the nucleus in these cells is intriguing
when the show seed germination pdi2 mutant phenotype and the strong interaction of
PDI2 with MEE8 are considered. Also high expression of PDI2 in seeds (embryo,
endosperm, seed coat, and suspensor) was also seen at the microarray level by
GENEVESTIGATOR (Arabidopsis Microarray Database and Analysis Toolbox). This
indicates that PDI2 has a supportive influence on seed development. MEE8 contains a
basic-helix-loop helix typical of DNA binding transcription factors and, based on MEE8
mutant analysis, is believed to play a role in regulating genes in maternal tissue necessary
for the embryo and endosperm to complete normal biogenesis (Pagnussat et al., 2005).
The target gene promoters and the exact nature of the role of MEE8 in seed development
are not yet known. Based on the results here, we propose that PDI2 affects seed
development, in part, through its interaction with MEE8 either as a chaperone, protein
folding catalyst, or isomerization of disulfide bonds. The exact biochemical mechanism
of interaction is under investigation.
Besides the slightly lower germination phenotype the pdi2 mutant, no other
obvious phenotypes were discerned. We have shown that PDI2 is highly expressed in the
plant. Ubiquitous PDI2 expression was also seen at the microarray level (http://
www.arabidopsis.org/servlets/TairObject?type=locus&name=AT5G60640). Therefore, it
is conceivable that the mutation of a highly and diversely expressed gene would impact
other processes. The absence of multiple overt phenotypes could be explained by
compensation with the normal PDI1 gene (Locus At3g54960; Accession no. CAB41088).
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The sequence and domain organization of PDI1 are most closely related to PDI2 of any
PDI gene in the Arabidopsis genome (Lu and Christopher, 2008). Double-mutants of
PDI1 and PDI2 will need to be created to assess the functions and phenotypes further.
Interestingly, another PDI2-interacting factor isolated in the yeast-two hybrid
screen was the small protein, response to dessication-RD2. It contains a universal stress
protein domain that binds ATP (Kerk et al., 2003). The mRNA for RD2 is induced by
severe desiccation, conditions in which plants loose 75% of their original weight
(Yamaguchi-Shinozaki et al., 1992). One proposed role of this protein is the desiccation
of seeds during maturation. Thus, PDI2 can play an additional role in seed development
via interaction with RD2. Finally, the interaction of PDI2 with syntaxin is relevant to the
localization of PDI2 near the site of the cell plate, ER, and plasma membrane (Figure
2.17.). Some syntaxins function in exocytosis of secreted proteins (Battey et al., 1999).
Clearly, the protein interactions and subcellular localizations identified here provide
numerous intriguing avenues for further research on identifying new functions of PDIs in
the secretory pathway and embryo development in plants.
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CHAPTER 3
IDENTIFICATION, CHARACTERIZATION, AND SUB-CELLULAR
LOCALIZATION OF PROTEIN DISULFIDE ISOMERASE 8 (PDI8) IN
ARABIDOPSIS THALIANA

3.1. Abstract
The genome of the model plant, Arabidopsis thaliana (Arabidopsis), contains at
least 12 different PDI genes that encode polypeptides ranging from 146 to 597 amino
acids. PDI1, PDI2, PDI3, PDI4, PDI5, and PDI6 have traditional structures very closely
related to yeast and mammalian PDIs. However, PDI8 has a unique structure among all
the 12 PDIs in Arabidopsis. The AtPDI8 gene encodes a protein of 440 amino acids that
includes a predicted N-terminal signal sequence, a single domain with sequence
similarity to TRX which a -CGHC- redox active catalytic site, b and b’ thioredoxin fold
domains lacking a catalytic site, a predicted TMD, and a C-terminal -KKED tetrapeptide
sequence that matches the classical KKXX-type consensus sequence for ER retention of
type I transmembrane proteins. Here I describe the identification, characterization, and
sub-cellular localization of the AtPDI8. To identify the sub-cellular localization, I
transiently expressed AtPDI8 as a fusion protein with green fluorescent protein (GFP) in
leaf protoplasts. The PDI8-GFP was co-expressed with known sub-cellular marker
protein fused to RFP. The fluorescence signals were located in the ER, Golgi, and vacuole.
I isolated T-DNA insertion mutant (Salk_023055) of AtPDI8 and verified that the mutant
plant showed simulative leaf senescence phenotypes. A truncated PDI8-His fusion was
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expressed in E. coli and used to make a PDI8 antiserum, which was found to be highly
specific to PDI8. The PDI8 protein appears to be most abundant in roots.

3.2. Introduction
Leaf senescence represents endogenously controlled degenerative processes which
finally lead to organ death (Yap, 2003). It is a highly regulated, ordered series of events
involving the decrease of photosynthetic activity, degradation of chloroplasts, breakdown
of macromolecules, loss of chlorophyll (Chl), and the recycling of valuable nutrients to
other parts of the plant (Noodén, 1988; Smart, 1994). Developmental senescence, which
is the final stage of leaf development, is a highly regulated genetic process in an agedependent manner (Breeze et al., 2008). However it is also affected by a complex
interaction of developmental stage with diverse internal and environmental factors (Nam,
1997; Noodén et al., 1997). Internal factors include age, plant growth regulator,
reproduction and and phytohormone levels (Thomas amd Stoddart, 1980; Smart, 1994).
Environmental factors include stresses such as temperature extremes, shading, high light,
drought, nutrient deficiency, and pathogen infection (Hensel et al., 1993). Some
developmental processes such as fruit ripening and seed development also induce leaf
senescence (Noodén and Guiamét, 1989). During leaf senescence, first the chloroplasts
are degraded, followed by nuclear and vacuolar breakdown (Thomas et al., 2003; Otegui
et al., 2005).
To identify the genes involved in the regulation of senescence, several approaches
have used in Arabidopsis that have included cDNA differential expression forward and
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reverse genetic approaches, mutant screening, and identification of knockout mutants in
previously identified senescence-enhanced genes (Breeze et al., 2008). The genomic
model plant, Arabidopsis, has been used in these researches. A larger number of
Arabidopsis mutants showing changed leaf senescence characterized to date have been
found. The forward genetic screening has identified mutants showing both delayed and
simulative senescence (Grbic and bleecker, 1995; Woo et al., 2004). In the ore4 mutant,
encoding a plastidyl ribosome small subunit, mutation reduces chloroplast photosynthetic
activity, resulting in less sugar production, which probably limits the metabolic rate in
leaf and delays senescence (Woo et al., 2004). In the dsl mutant, encoding an arginyltRNA: protein arginyl transferase, leaf senescence progresses more slowly than in wild
type plants in both age-dependent and dark-induced senescence. Some transcription
factors involved in the regulatory networks of leaf senescence in Arabidopsis are
reviewed by Balazadeh et al. (2008).
In this chapter and the next chapter, I describe two PDIs that affect senescence in
different plant organs. This chapter is devoted to PDI8, its localization, recombinant
expression, and its involvement in a leaf senescence phenotype.
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3.3. Materials and methods
3.3.1. Plant material and growth conditions
Arabidopsis (ecotype Columbia) seeds were sterilized in 70% (v/v) ethanol for 1
min, and suspended in 20% (v/v) blench, 0.05% (v/v) Triton X-100 for 15 min, followed
by several rinses with sterile water. Seeds were stored at 4ºC for 1 day and then grown on
Murashige and Skoog (Sigma) plates or soil (Farfard Super Fine Germinating Mix,
American Clay Works & Supply Company) in a growth chamber or in a culture room
under conditions of 19 ~ 22ºC and a 16 hr light, 8 hr dark cycle each at a standard light
intensity of 50-60 mol m-2 sec-1. Leaf tissues were harvested from 2- to 4-week-old plants
for isolation of DNA, RNA and protein.

3.3.2. Screening of the T-DNA insertion mutants
The T-DNA insertion mutant of PDI8, the SALK_023055, was obtained from the
ABRC (Ohio State University). To identify homozygous plants, each genomic DNA from
at least 10 individual plants was used by PCR with Left border (LBb1: 5’- GCGTGGAC
CGCTTGCTGCAACT-3’) and gene specific (LP: 5’-TTTAACGAACGCATCTCGATC3’, RP: 5’-CCAAACCGGAACAATCTTAATC-3’) primers. PCR conditions were as
follows: DNA was denatured at 94 ºC for 5 min, and then amplified by 30 cycles at 94ºC
for 30 sec, 55ºC for 30 sec, 72ºC for 1 min, and extended at 72ºC for 10 min.

3.3.3. Antisera, protein isolation and immunoblot analysis
A polyclonal antibody was generated against a unique synthetic peptide (Affinity
BioReagents, Golden, CO, USA) corresponding to amino acid residues (Ac-SKEVSEDT
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MVSYDFD-amide, residues191-205) from PDI8 (AAK62431). The antibody was affinitypurified by the company.
Total cellular proteins of the plants were isolated from 4- to 5-week-old wild-type
Arabidopsis. Approximately 0.2 g tissue was ground with liquid nitrogen to fine powder,
and then incubated for 2 hr at 4ºC with 500 uL of protein extraction buffer (50 mM Tris
pH 8.0, 0.25 M Sucrose, 2 mM DTT, 2 mM EDTA, 1 mM PMSF), and one tablet
Protease inhibitor cocktail (Roche Diagnostics) per 10 mL. After centrifugation at 16,000
x g for 20 min at 4ºC, the supernatant was used for SDS-PAGE and immunoblot analysis.
For Immunoblot analysis, proteins were separated on 12% SDS polyacrylamide
gels and electrotransferred onto nitrocellulose membranes (PerkinElmer Life Sciences)
and then blocked with 5% (w/v) non-fat skim milk for 1 hr at RT. These were followed
by washes three times with 1X TBS-T (20 mM Tris-HCl, pH 7.6, 200 mM NaCl, 0.1%
(v/v) Tween-20) for 10 min, and then incubated with a 1:1000 dilution of anti-PDI8
antibody for overnight at 4ºC. These were then washed with 1X TBS-T for 3x 10 min
each, and incubated with a 1:5000 dilution of anti-rabbit IgG for 1 hr at RT. The antibody
bound proteins were detected by incubation with secondary antibodies conjugated to
horseradish peroxidase using the ECLTM chemiluminescence’s kit (Amersham
Biosciences). Chemiluminescent signals were developed by exposure to Kodak X-ray
film.

3.3.4. Generation of PDI8 antibody
To generate a PDI8 specific antiserum, the DNA fragment encoding the b and b’
domains, amino acid residues 138 to 377, was amplified by PCR using gene specific
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primers (NdeI/TcPDI8-F, 5’-GCCTACGCATATGGTTGCTCCAGATGTTGCGG-3’ and
BamHI/TcPDI8-R,5’-CGTGGATCCCTATGAGTTGATAAATCCCATGAA-3’). To avoid
expression and toxicity problems, the thioredoxin, -KDEL and transmembrane domains
of PDI8 were removed (designated truncated PDI8). To produce the desired truncated
PDI8 protein, total RNA was isolated from the 4-week-old leaves of Arabidopsis, and a
cDNA of pdi8 was synthesized by RT-PCR. The cDNA was digested with Nde1 and
BamH1, and then the truncated cDNA of PDI8 (TcPDI8) was ligated in -frame into the
pET-15b expression vector (Novagen). To make the fusion between a 6X His·tag and the
PDI8 reading frame to assist in protein purification, TcPDI8 plasmid was transformed
into DH5α cells and the reading frame was confirmed by DNA sequencing. The
recombinant TcPDI8 plasmid was transformed into the BL21(DE3) expression host strain.
Expression of the recombinant proteins (TcPDI8) was induced with 0.2mM IPTG at 28°C
for 5 hrs. The TcPDI8 protein was over-expressed in E. coli to generate large amounts of
the protein, which was then purified using Nickel affinity chromatography. The purified
PDI8 protein was confirmed using SDS-PAGE and immunoblot analysis using an antiHis antibody. Affinity-purified recombinant proteins were used to immunize two rabbits
to generate TcPDI8 antiserum at Yenzym antibodies, LLC (San Francisco, CA USA).

3.3.5. Phenotype analysis
Seeds of the pdi8 T-DNA insertion mutant, SALK_023055, and wild type
Arabidopsis (ecotype Columbia) were surface-sterilized with 70% ethanol for 1min
followed by sterilized buffer (30% (v/v) Clorox, 0.01% (v/v) Triton X-100) for 15 min
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and rinsed with sterile deionized water. Sterilized seeds were sown onto square Petri
plates (10 x 10 cm) containing 0.5X Murashige and Skoog medium.

3.3.6. Chlorophyll determination
0.1 g leaf tissues of W.T. and pdi8 Arabidopsis plants were ground with liquid
nitrogen, and then 1 mL 80% (v/v) acetone was added. Supernatants were harvested by
centrifugation at 10,000 x g for 1 min. On the spectrophotometer, absorbance (optical
density, OD) of the samples was measured at three wavelengths: A663, A645, and A720. The
chlorophyll level was calculated using followed formula.
{(A663 - A720) (8.02) + (A645 - A720) (20.2)} X (dilution factor) = μg Chl / mL.
Unit was converted to μg Chl / g fresh weight.

3.3.7. Construction of recombinant His-tagged PDI8
To construct the expression plasmid of PDI8, the coding region of the full length
cDNA of the PDI8 gene was amplified by RT-PCR from the mRNA of Arabidopsis. The
forward and reverse primer of PDI8 was 5’- GCACTCGAGATGCGTTCGTTAAAGTT
ACTCCT-3’ (an added XhoI site was underlined) and 5’-CACGGATCCCTAGTCCTCT
TTTTTGTCACTAG-3’ (an added BamHI site was underlined). The PCR product was
digested with XhoI and BamHI for PDI8, and then was inserted into the XhoI-BamHI site
of expression vector pET-15b (Novagen) to make a 6X-His fusion. Transformation into
DH5α cells for construct confirmation followed by transformation into BL21 (DE3)
(Novagen) cells for expression was conducted. The sequence of PDI8 gene and the fusion
reading frame were confirmed by DNA sequencing.

92

3.3.8. Expression and purification of recombinant His-tagged AtPDI8
Expression of the PDI8 protein was induced in BL21 (DE3) (Novagen, Madison,
WI, USA) E. coli strain cells harboring plasmid pET-15b by the addition of Isopropyl-βD-thiogalactoside (IPTG). Culture of E. coli transformants was carried out at 37ºC. When
the absorbance of the culture at 600 nm reached 0.6, 0.2mM IPTG was added to the
culture medium on ice, and cultivation was then continued for an additional 3 hrs at 30ºC.
Cells were harvested by centrifugation. Cell pellets were resuspended in BugBuster
protein extraction buffer (Novagen) with benzonase nuclease, rLysozyme, and EDTAfree protein inhibiter cocktail (Calbiochem, San Diego, CA, USA). To remove insoluble
cell debris, the lysate was centrifugated for 20 min at 16,000 x g at 4ºC.
The purification of the His-tagged PDI8 fusion proteins was conducted using NiNTA His-Bind Resins (Novagen) under native condition as descrbied by the
manufactures. Both total cell and purified proteins were analyzed on 12% SDS-PAGE.

3.3.9. Construction of GFP fusion protein
A PCR-amplified copy of the 35S-mGFP5-Nos cassette from the binary vector
pCAMBIA1302 was cloned between the HindIII and SacI restriction sites of pBluescript
KS(+), and the mGFP5 coding sequence (between the NcoI and BstEII sites)
subsequently replaced with either GFP fragment or a chimeric PDI8::GFP fragment to
generate constructs 35S::GFP and pBL 35S::PDI8::GFP, respectively.

The 35S-

mGFP-Nos fragment was amplified using primers 35S/HindIII forward: 5'CAGTTAAGCTTCATGGAGTCAAAGATTCA-3' and Nos/SacI reverse: 5'-TAGTTGA
GCTCCCGATCTAGTAACATAGA-3', while the non-chimeric version of GFP was
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generated with primers GFP/NcoI forward: 5'-TAGTCCCATGGTGAGCAAGGGCGA
GGA-3' and GFP/BstEII reverse: 5'-TACAGGGTCACCTAGCCGAGAGTGATCCCG 3'), and the chimeric version with primers GFP/NdeI forward: 5'-CACCGACTA
GTCATATGGTGAGCAAGGGCGAG-3') and GFP/BstEII reverse. In all of the
aforementioned primers, the added restriction sites are underlined. To construct
Cauliflower mosaic virus 35S promoter and PDI8::GFP and 35S::PDI8::GFP, was
amplified from the genomic DNA or cDNA of wild-type Arabidopsis (Col-0 ecotype)
using the forward and reverse primer of PDI8, 5’-GCCTCATGAGTTCGTTAAAGTTAC
TCCT-3’ (an added BspHI site was underlined) and 5’-GCACATATGGTCCTCTTTTTT
GTCACTAGGCT-3’ (an added NdeI site was underlined). Each PCR product was
digested with BspHI/NdeI and the vector was digested with NcoI/NdeI. Then the GFP
was fused in-frame to the 3’-termini of the genes in the vector. The construct was
introduced into DH5α strain.

3.3.10. Determination of organelle and sub-cellular enzyme markers
All organelle and sub-cellular enzyme markers were first assembled and tested in
pBluescript KS(+) that contained mCherry, respectively, flanked by a double 35S
promoter and the nopaline synthase (nos) 3’ polyA signal (Nelson et al., 2007). The
expression cassettes of binary plasmids ER-rk (ABRC stock number CD3-959), G-rk
(CD3-967), and vac-rk (CD3-975) were excised by digestion with enzymes SacI and
HindIII, and ligated between the corresponding restriction sites of bacterial cloning
vector pBluescript KS(+). The new plasmids were designated as pBL[ER-r], pBL[G-r],
and pBL[vac-r], respectively. All encode for fluorescent protein fusions containing the
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monomeric RFP variant, mCherry. Plastid envelope marker pBL(35S:NTT2-mCherry)
was generated by amplification of the full-length genomic DNA sequence of AtNTT2
(At1g15500) with primers NTT2/SpeI.F (5'-GTGCTACTAGTGAGATAGAGAGATGGA
AGGT -3') and NTT2/ BamHI.R (5'-ATCATGGATCCAATGCCAGTAGGAGTAGATTT
CT-3'), and subsequent ligation of the PCR product between the SpeI and BamHI sites of
pBL[vac-r]. The tonoplast marker pBL (35S:γ-TIP- mCherry) was created in a similar
manner, using primers γ-TIP/XbaI.F (5'-AAGTTCTAGATCATAATGGCAACATCAGC
TC-3') and γ-TIP/BamHI.R (5'-GTTCGGATCCGTAATCTTCAGGGGCCAAG-3') to
amplify the genomic DNA sequence of Atγ-TIP (At1g73190; also referred to as
AtTIP3;1).

3.3.11. Protoplast isolation and transfection
Protoplasts were isolated from 2 ~ 3 week-old wild-type leaves of Arabidopsis as
described (He et al., 2007). Approximately 0.2 ~ 1 g leaf tissues were sliced into thin
strips with a fresh razor. The tissue was digested in the enzyme solution (1.5% (w/v)
cellulose R 10; Research Products International Corp. Mount Prospect, IL, USA) and
0.4% (w/v) pectinase R 10 (Calbiochem, Inc.), 0.4 M mannitol, 20 mM KCl, 20 mM
MES pH 5.7) in a Petri dish for 4 ~ 5 hrs in the dark. The protoplasts were harvested by
gentle contrifugation for 2 min at 100 g after adding an equal volume of W5 solution
(154 mM Nacl, 125 mM CaCl2, 5 mM KCl, 2 mM MES pH 5.7) to the Petri dish. The
protoplasts were resuspended in W5 solution and counted using a hemacytometer under
the light microscope and were adjusted using the W5 solution to a density of 2 X 105/mL.
The protoplasts were resuspended in 0.5 mL MMg solution (0.4 M mannitol, 15 mM
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MgCl2, and 4 mM MES pH 5.7) before transfection. Protoplasts were transfected using
PEG as described (He et al., 2007) and incubated at RT under constant darkness in W5
buffer for 16 ~ 18 hrs prior to examination.

3.3.12. Mitotracker fluorescence analysis
Arabidopsis cells expressing 35:GFP and 35:PDI8:GFP were centrifuged and
resuspended with WI solution (0.5 M mannitol, 15 mM CaCl2, 5 mM KCl, 2 mM MES
pH 5.7) containing 100 nM Mitotracker Orange CMTMRos (Molecular Probes, Eugene,
OR, USA). After 2 hr incubation with WI solution at RT, cell suspensions were
centrifuged and resuspended with fresh medium without dye. 50 uL of cells were
transferred to a glass microscope slide and observed by confocal laser scanning
microscope.

3.3.13. Confocal laser scanning microscopy
The fluorescent images were inspected with the Olympus Fluoview 1000 confocal
laser scanning microscope. GFP was detected by excitation at 488 nm and a 505 ~ 525
nm emission filter. The mCherry was detected by excitation at 543 nm and a 560 ~ 620
nm emission filter, and chloroplast autofluorescence was visualized by excitation at 633
nm and a 650 emission filter. The data were processed using Adobe Photoshop software.

3.3.14. DNA sequencing and computer analysis of sequences
The location of the predicted transmembrane helices was determined by TMHMM
software (http://www.cbs.dtu.dk/services/TMHMM-2.0/). SignalP 3.0 (http://www.cbs.
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dtu.dk/services/SignalP/) was used to predict the presence of signal peptides of AtPDIs.
Protein sub-cellular localization of AtPDIs was predicted by using TagetP1.1
(http://www.cbs.dtu.dk/services/TargetP/) and pSORT (http://wolfpsort.org/).
DNA sequencing was conducted at the University of Hawaii Advanced Studies of
Genomics, Proteomics, and Bioinformatics (ASGPB) (http://asgpb.mhpcc.hawaii.edu/).
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3.4. Results
3.4.1. Modular structure of PDI8 protein predicted from the gene sequence
Arabidopsis Protein Disulfide Isomerase 8, AtPDI8 (EC 5.3.4.1, PDI8, PDI-LIKE
5-2, PDIL5-2), is a member of a multigene family within the thioredoxin (TRX)
superfamily. The pdi8 gene (accession No. At1g35620) contains 5 exons for a spliced
sequence of 1323 bp, encoding a deduced polypeptide of 440 amino acids (locus No.
AAK62431). Among the 12 PDIs in Arabidopsis PDI8 has an unique modular structure

that contains signal peptide (SP, amino acid residues 1-23), one thioredoxin catalytic
domain (TRX, amino acid residues 33-137), one transmembrane domain (TMD, amino
acid residues 378-400), and fold region: b and b’, which are thioredoxin fold domains
lacking the catalytic site (Figure 3.1.B). Also, PDI has an ER membrane retention signal
such as the XXRR-like motif in the N-terminus: RSLK; and a KKXX-like motif in the Cterminus: -KKED (http://wolfpsort. org/) (Figure 3.1.).
The single catalytic TRX-like domain in AtPDI8 is found at the very N-terminus of
the mature protein (Figure 3.1.B.) and the TMD is close to the C-terminus. In fact, the
TRX-like domain is immediately adjacent to the signal peptide. Its structure is similar to
humanTMX3 (thioredoxin-related transmembrane protein 3). Homologues of TMX3
have been found in vertebrates, urochordates, arthropods, and nematodes but not in fungi
or lower organisms (Haugstetter et al., 2005). A multiple alignment of the TMX3
sequences from human, Drosophila melanogaster, Caenorhabditis elegans, and
Arabidopsis PDI8 shows that the catalytic TRX-like domain constitutes the most
conserved region (Figure 3.2.). The AtPDI8 is 21.5% identical (40.3% similar) with
human TMX3, 21.5% identical (37.4% similar) with D. melanogaster, and 22.1%
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identical (39.5% similar) with C. elegans, respectively (Figure 3.2.).

Figure 3.1. The deduced amino-acid sequence and primary structure of PDI8.
(A) Predicted protein sequence of PDI8 consist 440 amino acids. Green-colored amino
acids indicate SP, azure-colored amino acids are a redox active thioredoxin catalytic
domain (TRX) and red-colored -KKED in C-terminus is an ER retention motif. (B)
Schematic representation of AtPDI8 denotes the signal peptide (SP), one TRX domain,
transmembrane domain (TMD), and fold region: b and b’, thioredoxin fold domains
lacking a catalytic site. (C) Transmembrane domain of AtPDI8 is located amino acid
residues 378-400 (http://www.cbs.dtu.dk/services/TMHMM-2.0/).
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HsTMX3
DmTMX3
CeTMX3
AtPDI8

1
1
1
1

Predicted Signal peptide
|-------------------------MAAWKSWT----ALRLCATVVVLD--MVVCKGFVEDLDESFKENRN--DDIWLVDFYAPW
MSPNSMWI----FGLISALLLTLG--STGLSSKVLELSDRFIDVRH--EGQWLVMFYAPW
MQKYFLLP----LLSLSVLLFVYDTEATNPPTAVLDLSDKFLDVKD--EGMWFVEFYAPW
MRSLKLLLCWISFLTLSISISASSDDQFTLDGTVLELTDSNFDSAISTFDCIFVDFYAPW

HsTMX3
DmTMX3
CeTMX3
AtPDI8

----------------- Thioredoxin-like domain ------------------CGHCKKLEPIWNEVGLEMKSIGSPVKVGKMDATSYSSIASEFGVRGYPTIKLLKGDLAYN
CGYCKKTEPIFALVAQALHATN--VRVGRLDCTKYPAAAKEFKVRGYPTIMFIKGNMEFT
CAHCKRLHPVWDQVGHTLSDSNLPIRVGKLDCTRFPAVANKLSIQGYPTILFFRNGHVID
CGHCKRLNPELDAAAPILAKLKQPIVIAKLNADKYSRLARKIEIDAFPTLMLYNHGVPME
------------------|
113 YRGPRTKDDIIEFAHRVSG---ALIRPLPSQQMFEHMQKR-HRVFFVY------VGGESP
111 YNGDRGRDELVDYALRMSGPPVQLVTRTES----VDMLKGSHTIFFIF------VGQQEG
115 YRGGREKEALVSFAKRCAAPIIEVINENQIEKVKLSARSQPSYVFFGT------SSG--P
121 YYGPRKADLLVRYLKKFVAPDVAVLESDSTVKEFVEDAGTFFPVFIGFGLNESIISGLGR

HsTMX3
DmTMX3
CeTMX3
AtPDI8

163
161
167
181

LKEKYIDAASELIVYTYFFSA-SEEVVPEYVTLKEMPAVLVFKDETYFVY---------D
VVWDTYYAAAEGYQEHGFFYATSEDIAAQHFDFEKLPAVIVYKEEQHHFYPHGHLAHEMD
LFDAFNEAASS-----KFSVARFYSVAPPENDASFRQRVAVFKDN-----------FEIE
KYKKKAWFAVSKEVSEDTMVSYDFDKAP------ALVANHPTYNEHSVFYG---------

HsTMX3
DmTMX3
CeTMX3
AtPDI8

213
221
211
226

EYED-GDLSSWINRERFQNYLAMDGFLLYELGDTG-KLVALAVIDEK--NTSVEHTRLKS
PNEVNETVFQWVNVERFTLFPKVTRFNIHQLLKTN-KYLVLAVVQEDKLNQIATHELEFR
FNGDIEKLTEWVTRERWPGFLQATSSNLAEIGASG-KLVVLVVSSESHKFNNTSPIREFH
PFED-GFLEEFVKQSFLPLILPINHDTLKLLKDDERKIVLTIVEDET------------H

HsTMX3
DmTMX3
CeTMX3
AtPDI8

269
280
270
273

HsTMX3
DmTMX3
CeTMX3
AtPDI8

323
337
329
328

IIQE----VARDYRDLFHRDFQFGHMDGNDYINTLLMDELTVPTVVVLNTSNQQYFLL-DMVEG---VIRKHRARYHDKFQFGWIGEPSIAHSIILDQLPTPHLIAINSSTQHHFIPED
KTAEEASKELRKHPDLWNR-FQFAWLDGSDLASQIQMAAVSEPHLFIFNYTSYEYYLSED
ESLEKLYKALRAA-AHANRDLVFGYVG----VKQFEEFVDSFHVDKKTNLPKIVVWDGDE
|--DRQIKNVEDMVQFINN----ILDGTVEAQGGDSILQRLKRIVFDAKSTIVSIFKSSPLMG
DPMQMTPQALHLFLES----IRNESAIAYGGDTYFVRLNRALFEVRRALRDMWLGNPVLT
EPSQMTIKSILTFLEQTSEGIDKETIVAFGGRHLLTRIKRMAFELYWNIAQMFATQPLLS
EYDQVTGIETITQEED-----------------HLTQVSRFLEGYREGRTEKKKINGPSF

HsTMX3
DmTMX3
CeTMX3
AtPDI8

379
393
389
371

predicted transmembrane region
CFLFGLPLGVISIMCYGIYTADT----DGGYIEERYEVSKSENENQEQIEESKEQQEPSS
TVIFGLPLGFLSLIMYSIFCG------DCLVTEE-------------------------SCLFGVPIAFLSIICYSICSADFTVDRDEFYGDEDELIDDEEGEETEHP----------MGFINSMIGIRSVYILVFLVAVIMMLRSLGQVEEPTGVRTATAVRERVDQATTVP-----

HsTMX3
DmTMX3
CeTMX3
AtPDI8

435
421
438
426

GGSVVPTVQEPKDVLE-----KKKD
---------DPDEDHE-----KKE---------ETDDDHE-----KAE----------EDESSEHKPSDKKED

HsTMX3
DmTMX3
CeTMX3
AtPDI8

53
53
55
61

454
430
447
440

Figure 3.2. Alignment of the amino acid sequences of AtPDI8 (AAK62431), Homo
sapiens (HsTMX3, NP_061895), Drosophila melanogaster (DmTMX3, NP_648847),
and Caenorhabditis elegans (CeTMX3, AAL11490). Full length CDS generated using the
Clustal W program. Conserved residues were shaded in black, and similar residues were
shaded in gray using the BOXSHADE 3.21 program (Thompson et al., 1994). SignalP
3.0 was used to predicted signal peptide. The blue-colored box shows that -CGHC- is the
catalytic active motif in TRX and red-colored box shows ER retention signal in C-termini.
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3.4.2 PCR mapping for T-DNA insertion mutant of pdi8
PDI8 (EC 5.3.4.1, Gene locus At1g35620) is one of the 12 PDI genes found in the
Arabidopsis genome (Meiri et al. 2002; Houston et al. 2005). The T-DNA insertion
mutant of pdi8 (SALK_02305, http://signal.salk.edu) was predicted to be located about
600 bp upstream in the promoter region from the translational initiation codon ATG
(Figure 3.4.2.A). The PDI8 contains five exons in nucleotide length of 1499 bp. To
identify the precise location of the T-DNA and homozygous plants of the T-DNA
insertion mutant of pdi8, each genomic DNA from at least 10 individual plants was
analyzed by PCR with the left border primer (LBb1), left PDI8 gene primer (LP), and
right PDI8 gene primer (RP). I obtained a homozygous band from the RP and LBb1
primer pairs at 483 bp (Figure 3.4.2.B). I mapped the T-DNA at -656 bp upstream from
the initiator ATG codon.
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Figure 3.3. Schematic representation of the T-DNA insertion of pdi8 and PCR.
(A) The T-DNA insertion of SALK_023055 is located in the promoter region of the PDI8.
PDI8 consist 5 exons (red boxes numbered) and 4 introns (black lines). (B) T-DNA
insertion mutant of pdi8 was confirmed by PCR using LBb1, LP, and RP primers. M: size
marker, HZ: heterozygote, HM: homozygote, LBb1: left border primer of the vector, LP:
Left primer, RP: right primer, (C) T-DNA insertion mutant of pdi8, SALK_023055 was
inserted -656 bp promoter region from ATG start codon.
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3.4.3 Identification of the pdi8 T-DNA insertion mutant
Anti-PDI8-specific antibody was prepared using 15 peptides in PDI8
(SKEVSEDTMVSYDFD) (Figure S2). Total protein isolated from Wild type and pdi8
T-DNA insertion mutant (SALK _023055) tissues from Arabidopsis and recombinant
PDI8 in pET-15b vector from E. coli. Anti-PDI8-specific antibody detects to the 50 kDa
PDI8 in wild type plants and recombinant PDI8 expressed in E .Coli. We confirmed TDNA knockout mutants of AtPDI8 in immunoblot analysis (Figure 3.4.).

Figure 3.4. Immunoblot analysis of PDI8. Twenty five micrograms of protein isolated
from Wild type and pdi8 T-DNA insertion mutant (SALK_023055) tissues from
Arabidopsis and recombinant PDI8 in pET-15b vector from E. coli. PDI8-specific
antibody detects to the 50 kDa PDI8 in wild type plants and recombinant PDI8 expressed
in E .Coli. No PDI8 is detected in any tissue of the PDI8 T-DNA knockout line.
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Figure 3.5. Expression and immunodetection of PDI8. A full length cDNA (1323 bp) of
PDI8 (locus No. AAK62431) and truncated cDNA of PDI8 (TcPDI8) were cloned and
expressed in E. coli. (A) Immunoblot analysis of recombinant PDI8 and TcPDI8
expressed in E. coli by in vitro transcription/translation. A 1:2,000 dilution of
Streptavidin-HRP detects to the 61 kDa Luciferase, 50 kDa PDI8, and ~30 kDa TcPDI8.
Luciferase without tRNA (Lane 1), luciferase with tRNA (Lane 2), pET-15b plus PDI8
(Lane 3), and pET-15b plus TcPDI8 (Lane 4). The open arrow points to the recombinant
proteins expressed in E. coli of Luciferase, PDI8, and TcPDI8 that is recognized. (B)
SDS-PAGE (12%) and Coomassie Blue staining of TcPDI8 purification. Recombinant
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TcPDI8 was induced with 0.2 mM IPTG at 30ºC for 5 hrs and then was purified using
nickel affinity chromatography. pET-15b vector with IPTG, TcPDI8 with IPTG (PDI8),
column flow through of TcPDI8 (CFT), wash using 50 mM NaH2PO4, pH 8.0; 300 mM
NaCl; 70 mM imidazole (W1 and W2), and elution fraction of TcPDI8 from Ni-NTA
His·bind column (E1, E2, E3, and E4). The open arrow points to the purified TcPDI8
proteins at ~30 kDa that is recognized. (C) Twenty micrograms of protein isolated from
wild type (WT) tissues from Arabidopsis and 0.2 micrograms recombinant TcPDI8 in E.
coli. SDS-PAGE (12%) and Coomassie Blue staining of proteins. Standard molecular
weight (M), Empty pET-15b vector (V) with IPTG, pET-15b plus TcPDI8 with IPTG
induction (PDI8), WT leaf (Lf), WT root (R), WT seed (S), WT callus (Ca), and purified
TcPDI8 (T). (D) Immunoblot analysis of PDI8. PDI8-specific antibody detects to the 50
kDa PDI8 in wild type plants (leaf and root) and ~30 kDa recombinant TcPDI8 expressed
in E. coli and purified TcPDI8.
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3.4.4. Determine plant growth and development of the Atpdi8 mutant
The phenotypes of the Atpdi8 mutant confirmed by PCR and immunoblot analysis
(Figure 3.3. and 3.4.) are shown in Figure 3.5. The Atpdi8 mutant has a small size and
yellowish leaves (Figure 3.6.B.) Atpdi8 growth was inhibited in no sucrose medium
(Figure 3.6.C). These results indicate that the phenotype in the Atpdi8 mutant plants
might be caused by loss-of-function effect on photosynthesis of the chloroplast. Loss of
PDI8 function may lead to leaf senescence or abnormal chloroplast development.

Figure 3.6. Phenotype analysis of Atpdi8 mutant.
(A) Phenotypes of 20-day-old wild type and Atpdi8 mutant plants on the normal MS
media. (B) 18-day-old (upper) and 21-day-old (lower) wild type and Atpdi8 mutant plants
on the half MS media. (C) 18-day-old (upper) and 21-day-old (lower) wild type and
Atpdi8 mutant plants on the half MS without sucrose media. Bar indicates 1 cm.
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3.4.5. Chlorophyll analysis of Atpdi8 mutant
Chlorophyll content was determined in the pdi8 mutant and wild type Arabidopsis
leaves. 4-week-old plant leaves which were incubated on water for 5 days in the dark
were used to measure the chlorophyll content. The Atpdi8 mutant shows lower
chlorophyll contents vs. wild type. The leaf senescence was defined based on chlorophyll
levels and the mutant exhibited a faster senescence rate (Figure 3.7).

Figure 3.7. Chlorophyll analysis of Atpdi8 mutant. Chlorophyll content (μg Chl/g fresh
weigh) of pdi8 mutant (SALK_023055) and wild type (W.T.) leaves of Arabidopsis.
The averages were derived from at least three independent experiments Error bars
represent the standard deviation of the data. n = 3.
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3.4.6 Sub-cellular localization of PDI8 using confocal microscopy
The location of the PDI8 protein was determined within the cell when transiently
expressed in protoplasts of Arabidopsis. The GFP (S65T) was used for fusion with PDI8
because of its bright green fluorescence when excited with the 488 nm line of a laser
(Heim et al., 1995; Heim and Tsien, 1996; Swaminathan et al., 1999), and the GFP-S65T
was expressed alone as a sub-cellular localization control (Figure 3.8.1.). The full-length
genomic DNA of AtPDI8 was fused with GFP-S65T, labeled as PDI8::GFP (Figure
3.8.2.). Also as an ER marker, the Arabidopsis wall-associated kinase 2 (AtWAK2) for
ER localization, γ-Tonoplast intrinsic protein (γ-TIP) for the vacuole marker, and Glycine
max mannosyl-oligosaccharide 1,2-alpha-mannosidase (GmMan1) for the Golgi marker
were fused to red fluorescent protein (mCherry). AtWAK2 was fused to mCherry with the
-HDEL motif (ER retention signal) (Figure 3.8.3.).
TargetP (http://www.cbs.dtu.dk/services/TargetP/) analyses predicted that PDI8
sequence targets the protein to the secretory pathway. To determine the sub-cellular
location of the ER residents in Arabidopsis, we isolated the protoplasts of the 2 ~ 4 weekold wild-type leaves, and then co-transfected with PDI8::GFP and AtWAK2::mCherryHDEL (ER::mCherry). When expressed in the protoplast, PDI8::GFP fusion proteins
were found in the ER (Figure 3.9.A.). Also PDI8::GFP was determined to be co-localized
in the vacuole (Figure 3.9.A). The marker γ-TIP is a 27 kDa the vacuolar membrane
protein-membrane transporter. Vacuoles are provisionally defined as the intracellular
compartments that arise as a terminal product of the secretory pathway in the plant cell
(Marty, 1999). In the Golgi, PDI8::GFP localize partially there. However, PDI8 was not
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located in the inner plastid membrane (Figure 3.10.A). The localization in Mitochondria
seemed inconclusive, or some partial co-labeling (Figure 3.10.B).

Figure 3.8. Construction of GFP fusions and immunodetection of PDI8 in protoplasts to
verify expression. Schematic structure of three GFP fusion constructs. (A) 35S:GFP (B)
35:PDI8:GFP (C) 35S: organelle marker:mCherry (D) Immunoblot analysis of GFP
fusion proteins. Twenty micrograms of protein was isolated from Arabidopsis protoplasts
that were used for confocal microscopy. Lane 1, GFP construct (A). Lane 2, PDI8:GFP
construct (B). Lane 3, PDI2:GFP. The PDI8-specific antibody detects the ~80 kDa PDI8
fused with GFP (Lane 2).
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Figure 3.9. Sub-cellular localization of AtPDI8.
(A) Co-localization of PDI8 with AtWAK8 (The ER marker protein) and γ-TIP (The
tonoplast marker protein). The localization of AtPDI8 was examined in protoplasts
transfected with PDI8::GFP and AtWAK2::mCherry-HDEL or PDI2::GFP and Vac::
mCherry to confirm of ER or vacuole localization. (B) To determine the Golgi location of
AtPDI8, PDI8::GFP and Golgi::mCherry were used for transfecion into protoplasts. As a
control, GFP alone was transfected into protoplasts. ER (Endoplasmic reticulum), Golgi
(Golgi apparatus), and Vac (tonoplast). Scale bars = 10 μm
110

Figure 3.10. Sub-cellular localization of AtPDI8.
(A) Transient expression of AtPDI8 in Arabidopsis protoplast. To localize of AtPDI8
PDI::GFP and IPM::mCherry or GFP alone were transfected into the protoplasts. IPM
(Inner plastid membrane), (B) As sub-cellular localization control, we used Mitotracker
staining to assess the GFP and PDI8::GFP. Mitotracker (Mitochondria marker). Scale
bars = 10 μm
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3.5 Discussion
In this study, the identification, characterization, and sub-cellular localization of
AtPDI8 was described, which is the unique PDI encoded in the Arabidopsis genome. A
detailed analysis of the PDI8 expression and mutant phenotype protein sub-cellular
localization were also conducted.
PDI8 was found to have a unique modular structure among 12 PDIs in Arabidopsis.
PDI8 has high sequence identity 21.5% with the mature human thioredoxin-related
transmembrane protein 3 (TMX3) which is located to the ER (Haugstetter et al., 2005.
Haugstetter et al., 2007), and similar to other TMX3 homologs from D. melanogaster, C.
elegans, and Mus muscuous. A number of studies have identified a C-terminal retrieval
signal (KKXX or KXKXX; X is any amino acid) for retrograde targeting of proteins from
the Golgi to the ER (Jackson et al., 1993; Pelham, 1995). This is especially true for
proteins that undergo post-translational modifications in the Golgi before retention in the
ER. PDI8 and human TMX3 possess the C- terminal retention signal each -KKED and KKKD, but human TMX3 only localizes in the ER. In plants, the ER retrieval machinery,
the H/KDEL peptide may have different roles in plant cells. Gomord et al. (1997) showed
that an HDEL-tail secreted protein that escapes the ER was targeted to the vacuoles
(Tamura et al., 2004).
I used a transient expression approach in protoplasts to confirm sub-cellular
localizations of PDI8 in Arabidopsis. PDI8 is a member of the TRX superfamily. PDIs
typically reside in the lumen of the ER, where they catalyze protein folding via the
oxidation, reduction, and isomerization of disulfide bonds of most secretory proteins
(Freedman et al., 1994; Tu et al., 2000; Wedemeyer et al., 2000; Wilkinson and Gilbert,
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2004). However some PDIs deviate from this traditional localization (Ondzighi et al.,
2008). We show that PDI8 departs the ER despite the presence of a -KDEL sequence, and
traffics to Golgi and vacuole which are sub-cellular compartments of the secretory
pathway (ER, Golgi, and vacuole; Figure 3.9.). A PDI8-specific antiserum was generated
against a purified truncated PDI8 (expressed and purified from E. coli). This antiserum
details a clean PDI8 protein on immunoblot of root proteins. Therefore this PDI8
antiserum will be a valuable tool for function high resolution localization of PDI8 in cells
via transmission electron microscopy and for co-immunoprecipitation of interacting
proteins.
The most obvious phenotype characterizing the pdi8 mutant is leaf senescence and
yellowing as a consequence of chlorophyll degradation (Krupinska and Humbeck, 2008).
The T-DNA insertion mutant (SALK_023055) was mapped and verified to be in the
AtPDI8 gene and verified that the mutants were homozygous. This suggests PDI8
influences senescence via its role in the tonoplast. Determining the exact function of
PDI8 will require isolating its interacting proteins and analyzing the vacuole in the pdi8
mutants in future projects.
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CHAPTER 4
PROTEIN DISULFIDE ISOMERASE 5 (PDI5) INTERACTS WITH CYSTEINE
PROTEASES AND REGULATE THE TIMING OF PROGRAMMED CELL
DEATH IN DEVELOPING SEEDS OF ARABIDOPSIS THALIANA

4.1. Abstract
This chapter reports on the isolation and characterization of a 1501 bp cDNA
sequence, designated PDI5, from 12 different transposon-tagged Arabidopsis populations,
and demonstrate that it is important for embryogenesis. The predicted AtPDI5 protein has
501 amino acids, a signal sequence, two putative TRX domains, and an ER-retention (KDEL) motif. The PDI5 gene (At1g21750) resides on Arabidopsis chromosome 1, and
the Atpdi5 mutant contains a specific T-DNA SALK insertion site in the 5'UTR. A
polyclonal antiserum generated against a unique peptide within AtPDI5 binds specifically
to the recombinant 57 kDa protein expressed in E. coli, and to a single 68 KDa protein
present in wild type plants. The polypeptide was absent in the pdi-locus-specific T-DNA
knockout line. AtPDI5 is expressed in nucellus cells of developing embryos, and various
flower and leaf cells prior to the initiation of programmed cell death (PCD) (Ondzighi et
al., 2008). AtPDI5 was found to interact with three different cysteine proteases via a
redox mechanism. AtPDI5 binds specifically to these cysteine proteases as they traffic
from the ER through the Golgi to vacuoles, and it inhibits recombinant cysteine protease
activity in vitro. Loss of AtPDI5 function in an Atpdi5 mutant leads to premature
initiation of PCD during megaspore formation, embryogenesis, and leaf development
(Ondzighi et al., 2008). These results demonstrated that AtPDI5 plays an essential role in
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diverse cells undergoing PCD in plants.

4.2. Introduction
Programmed cell death (PCD) is an important process to eliminate unwanted cells
during the development and in the control of homeostasis of multicellular organisms
(Jones and Dangl, 1996; Greenberg, 1996). In plants, PCD is essential for development,
sex determination, tracheary element differentiation, monocot seed germination,
endosperm and nucellus degeneration, leaf shape remodeling, leaf and petal senescence,
and early senescence (Greenberg, 1996; Wang et al. 1999; Hao et al. 2003; Fukuda, 2000;
Fath et al. 2000; Young et al. 1997; Domínguez et al. 2001; Hiratsuka et al. 2002;
Gunawardena et al. 2004; Cao et al. 2003; Orzaez and Granell 1997; Wagstaff et al. 2003).
Besides a developmental role, PCD is also activated in response to biotic and abiotic
stresses, leading to cell and tissue death (Greenberg, 1996; Wang et al. 1999; Martins and
Earnshaw, 1997), as in the case of the hypersensitive-response to pathogen-invasion
(Mittler and Lam, 1997; Heath, 2000; Jones, 2001).
PCD in plants encompasses at least three major cytological mechanisms (Fukuda,
2000; Jones, 2001; Kuriyama and Fukuda, 2002). In apoptosis, the nucleus is degraded
first, chromatin condenses, and DNA undergoes laddering (Fukuda, 2000). In senescence,
the chloroplasts are degraded initially, followed by the disruption of the vacuoles and the
nucleus (Fukuda, 2000; Simeonova et al. 2000; Thomas et al. 2003). In the third
mechanism, the large central vacuole is disrupted and collapses (Fukuda, 2000), releasing
nucleases and proteases, acidifying the cytoplasm and rapidly degrading nucleic acids
and proteins (Groover et al. 1997; Obara et al. 2001; Ito and Fukuda, 2002). During
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apoptosis, apoptotic signals are typically accompanied by activation of aspartate-specific
cysteine protease called caspases (Pennell and Lamb, 1997; Green, 1998; Kumar, 2007).
Although a similar cysteine protease activation pathway has yet to be described in
plants, it is known that cysteine proteases are induced in plants undergoing PCD (Minami
and Fukuda, 1995; Ye and Varner, 1996) such as soybean cells exposed to stress
(Solomon et al. 1999) and several senescing organs (Nadeau et al. 1996; Cercos et al.
1999). The Arabidopsis cysteine proteases SAG12 and RD21 are induced during leaf
senescence (Gan and Amasino 1997; Yamada et al. 2001). SAG12 and RD21 may
actually recycle nitrogen as leaves and cells die and in young seedlings during
environmental stress and wounding. Proteases are expressed during nucellus cell
degeneration during PCD (Domínguez and Cejudo 1998; Linnestad et al. 1998; Xu and
Chye, 1999). During Ricinus seed development and PCD nuclear DNA is fragmented in
nucellus cells a papain-type cysteine peptidase (CysEP) is expressed, ricinosomes
proliferate, and the nucellar cells collapse (Greenwood et al. 2005). The ricinosomes
emerge from the ER, and contain ER-resident binding protein (BiP) and protein disulfide
isomerase (PDI, EC 5.3.4.1) (Schmid et al., 2001). However, the roles in PCD of the ER
and the oxidation/reduction of protein disulfide bonds catalyzed by PDI are poorly
understood.
A question about PCD in plants is determining the biochemical signal that triggers
PCD and defines the components of the signaling pathway. The collective observations
that PCD occurs within the endomembrane framework connecting the ER, secretory
apparatus, the nucleus, and vacuoles, prompted us to explore the role of the ER and ERresident protein disulfide isomerase, PDI5, in PCD of developing embryos. This thesis
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research contributed to the conclusion that AtPDI5 is required for proper embryogenesis
and control of PCD in nucellus cells. AtPDI5 was demonstrated to be preferentially
expressed in floral and nucellar tissue and localizes to the ER, the protein storage (PSV)
and lytic (LV) vacuoles of nucellus cells by Ondzighi et al., 2008. This thesis research
showed that AtPDI5 interacts with three different cysteine proteases using the yeast twohybrid assay. The AtPDI5 inhibited one of the proteases, RD21 thus preventing PCD. It
was shown that protease inhibition involved a disulfide-based redox mechanism and that
AtPDI5 was a chaperone during trafficking of cysteine proteases prior to PCD, and that
the loss of AtPDI5 leads to premature initiation of PCD in nucellus cells during
Arabidopsis seed development.
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4.3. Materials and methods
4.3.1. Plant material and growth conditions
Arabidopsis (ecotype Columbia) seeds were sterilized in 70% (v/v) ethanol for 1
min, and suspended in 30% (v/v) Clorox, 0.01% (v/v) Triton X-100 for 15 min, followed
by several rinses with sterile deionized water. Seeds were stored at 4ºC for 1 day and then
grown on Murashige and Skoog (Sigma, Saint Louis, MI, USA) plates or water or soil
(Farfard Super Fine Germinating Mix, American Clay Works & Supply Company,
Denver, CO, USA) in a growth chamber or in a culture room under conditions of 19 ~
22ºC and a 16 hr light, 8 hr dark cycle each at a standard light intensity of 50 ~ 60 mol m2

sec-1. Leaf tissues were harvested from 2- to 4-week-old plants for isolation of DNA,

RNA, and protein.

4.3.2. Screening of the T-DNA insertion mutants
The T-DNA insertion mutants of Atpdi5, SALK_010645, SALK_015253, and
SALK_136642, were obtained from the ABRC (Ohio State University). To identify
homozygous plants, each genomic DNA from at least 10 individual plants was analyzed
by PCR with Left border (LBb1: 5’-GCGTGGACCGCTTGCTGCAACT-3’) and gene
specific (SALK_010645/LP: 5’-ATCTTTGAGGCTTTGGGGAAT-3’, SALK_010645/
RP : 5’-CTCCGTCTCTTCGCTTCTGAT-3’, SALK_015253/LP: 5’- AGGGACAGGGT
CTTAGCTTCC-3’, SALK_015253/RP: 5’-CACTTCTCTTTTCAGAGCTCATCC-3’,
SALK_136642/LP: 5’-GCAGCTTGCTCCTGAGGTACT-3’, and SALK_136642/RP: 5’TGGTTACAGCATAATGGAATTGA-3’) primers. PCR conditions were as follows: 94
ºC for 5 min: 30 cycles of 94ºC for 30 sec, 55ºC for 30 sec, 72ºC for 1 min, and 72ºC for
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10 min. The accurate T-DNA insertion sites of SALK_010645 in the Atpdi5 locus were
determined by sequencing each PCR product.

4.3.3. RNA isolation and RT-PCR
Total RNA was extracted from leaf tissue of Arabidopsis using the RNeasy Plant
Mini Kit (Qiagen, Valencia, CA, USA) according to manufacturer’s instructions. For RTPCR, the RNA was treated with RNase-free DNase (Promega. Madison, WI, USA) and
used to produce the first-strand cDNA with M-MLV reverse transcriptase (Promega).
Then the first strand cDNA was used in PCR with the Bio-X-Act Short Mix (Bioline Inc.,
Taunton, MA, USA). The following gene-specific primer pairs were used to PCR
reactions:
Actin 2 forward, 5’-TTGCAGGAGATGATGCTCCCAGG-3’
Actin 2 reverse, 5’-CATTCCCACAAACGAGGGCTGG-3’
PDI5 forward, 5’-CTCGTGAAGCTGAGGGTATTG-3’
PDI5 reverse, 5’-AAGATTGGAGCAAGCTTTTGG-3’

4.3.4. Antisera, protein isolation and immunoblot analysis
Polyclonal antibodies were raised against a unique synthetic peptide (New England
Peptide) corresponding to amino acid residues 456 to 468 of PDI5. Affinity-purified
antibody specificity was tested by immunoblot analysis of a recombinant PDI5 protein
expressed in Escherichia coli cells.
Total cellular proteins of plant were isolated from 4 ~ 5 week-old wild-type of
Arabidopsis. Approximately 0.2 g tissue was ground into a fine powder with liquid
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nitrogen and a mortar and pestle, and then incubated for 2 hr at 4ºC with 500 uL of
protein extraction buffer (50 mM Tris pH 8.0, 0.25 M Sucrose, 2m M DTT, 2 mM EDTA,
1 mM PMSF) and Protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany).
After centrifugation at 16,000 x g for 20 min at 4ºC, supernatant was used for SDSPAGE and immunoblot analysis. Proteins were separated via SDS-PAGE (10%
polyacrylamide) and electrotransferred onto nitrocellulose membranes (PerkinElmer Life
Sciences, Boston, MA, USA), and then blocked with 5% non-fat skim milk for 1 hr at RT.
These membranes were washed 3 times with 1X TBS-T (20 mM Tris-HCl, pH 7.6, 200
mM NaCl, 0.1% (v/v) Tween-20) for 10 min, and then incubated with the anti-PDI5
antibody at a 1:750 dilution overnight at 4ºC. They were washed three times with 1X
TBS-T, 10 min, and incubated for 1 hr at RT with a 1:5000 dilution of the secondary
antibody, which was anti-rabbit IgG, conjugated to horseradish peroxidase (ECLTM kit,
Amersham Biosciences, Piscataway, NJ, USA). After washing three times with 1X TBST for 10 min, incubation with the ECL kit substrate for 10 min, the chemiluminescent
signals were developed by exposure to Kodak X-ray film.

4.3.5. Construction of recombinant proteins
A full-length cDNA coding for PDI5 was amplified by PCR from Arabidopsis
cDNA using the forward primer: 5’-GCACTCGAGATGGCGATGAGGGGCTTCACG3’ (added XhoI site is underlined), and reverse primer: 5’-CACGGATCCTCAGAGC
TCATCCTTGACTTCC-3’ (added BamI site is underlined). The PCR product was
digested with XhoI and BamHI for PDI5, inserted into the XhoI-BamHI site of
expression vector pET-25b(+) (Novagen), and then transformed into DH5α cells for
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construct confirmation by sequencing. The recombinants were transformed into BL21
(DE3) (Novagen) cells for the expression.
To construct the expression plasmids of the target gene, the coding region of full
length cDNA of CP13, RD21, and PDI5-41 (DNAJ heat shock N-terminal domain-containing
protein) genes were amplified by PCR from their cDNA library in Arabidopsis. The

following gene-specific primer pairs (added restriction enzyme sites are underlined and
HA·tag is denoted in bold) were used to PCR reactions:
PDI5-13 (CP43), SalI/F: 5’-CTTGTCGACATGGGTTTCTTAAAGTTATCTCCA-3’
PDI5-13 (CP43), XhoI/HA-R: 5’-GCACTCGAGTTAAGCGTAATCTGGTACGTCGT
ATGGGTACTCCGCAAGTGCTTTCTGCTCTTTG-3’
PDI5-17 (RD21), SalI/ F: 5’-CTTGTCGACATGGGGTTCCTTAAGCCAACCA-3’
PDI5-17 (RD21), XhoI/HA-R: 5’-GCACTCGAGTTAAGCGTAATCTGGTACGTCG
TATGGGTACTC GGCAATGTTCTTTCTGCCTTGTG-3’
PDI 5-41, NdeI/ F: 5’-GCTCATATGATGGATCTGTTCCGAGTTTGGTC-3’
PDI5-41, BamHI/HA-R: 5’-TACGGATCCTTAAGCGTAATCTGGTACGTCGTATG
GGTACTCGAAACCGAAACCACCAAAACC -3’
Each PCR product was digested, and introduced into the expression vector pET-25b(+)
for CP43 and RD21, and pET-15b (Novagen) for PDI5-41. Transformation into DH5α
cells for construct confirmation by sequencing, and then recombinants were transformed
into BL21(DE3) (Novagen) cells for the expression.
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4.3.6. Expression and purification of recombinant proteins
Expression of the PDI5, CP43, and RD21 proteins were induced in BL21 (DE3)
(Novagen, Madison, WI, USA) E. coli strain cells harboring plasmid pET-25b(+) by the
addition of IPTG. Cultivation of E. coli transformants was carried out at 37ºC. When the
absorbance of the culture at 600 nm reached 0.6, 0.5mM IPTG was added to the each
culture medium and cultivation was then continued for an additional 1 hr at 37ºC for
PDI5 and CP43. Only RD21 protein was induced for 2 h at 25 ºC after adding IPTG.
Cells were harvested by centrifugation. Cell pellets were resuspended in BugBuster
protein extraction buffer (Novagen) with benzonase nuclease, rLysozyme, and EDTAfree protein inhibiter cocktail (Calbiochem, San Diego, CA, USA). To remove insoluble
cell debris, the lysate was centrifugated for 20 min at 16,000 x g at 4ºC.
The purification of the His-tagged PDI5 fusion proteins was conducted using NiNTA His-Bind Resins (Novagen) under native condition. Both total cell and purified
proteins were analyzed on 12% SDS-PAGE.

4.3.7. Yeast two-hybrid analysis and β-galactosidase assay
The cDNA for amino acid residues 21 through 497 of the 501 residues PDI5
protein (AAD41430) was inserted into the pBUTE vector, a kanamycin-resistant version
of GAL4 bait vector pGBDUC1, (James et al., 1996) as a translational fusion to the
GAL4 DNA binding domain. The resulting PDI5 bait vector was sequenced to confirm an
in-frame fusion, then transformed into mating type A of strain PJ69-4A, tested for
autoactivation of the β-galactosidase reporter gene (lacZ), and then used in a yeast twohybrid screen (Fields and Song, 1989; Durfee et al., 1993) of two Arabidopsis cDNA
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libraries cloned as fusions to the GAL4 activation domain in pGADT7-rec (Clontech).
One library was prepared from 3-day-old etiolated seedlings, and the second was a
composite prepared from entire 3-week-old seedlings stressed by various hormones and
osmotic and environmental treatments (Gingerich et al., 2005). Approximately 18 million
clones were screened via mating at the University of Wisconsin–Madison Molecular
Interaction Facility (www.biotech.wisc.edu/mif/). Putative interactors were identified by
growth on histidine dropout medium plus 1 mM 3-amino-1,2,4-triazole and by βgalactosidase assays (described below). Negative controls included media only, empty
prey (activation domain) vector (pGADC1; James et al., 1996), prey construct expressing
mouse epsin, and prey construct expressing human Fbox5, whereas positive controls for
the yeast two-hybrid system were two pre-mated interacting pairs: EH:Epsin (Rosenthal
et al., 1999). Following selection, 81 yeast wells tested positive (via selection on histidine
dropout plus 1 mM 3AT and β-galactosidase assay) for interaction. From these, 62
representative prey plasmids were retransformed into the alpha mating type of PJ69-4A
and validated in a parallel mating and selection assay with the PDI5 bait and the empty
bait vector. Yeast was mated on yeast extract-peptone-dextrose medium plus adenine for
24 h at 30ºC and then grown on complete supplemental medium (Q-BIOgene) minus
leucine and tryptophan. Fifty-nine clones were positive (grew in interaction selection
media and β-gal positive) in the validation test, 51 of which were identified via
sequencing. β-gal activity was assayed in uniform density yeast cultures (OD620nm)
lysed by the addition of yeast protein extraction reagent (YPER; Pierce Biotechnology)
combined with chlorophenyl red-β-D-galactopyranoside (CPRG; Roche Diagnostics,
Mannheim, Germany) as a substrate and color intensity measured in the
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spectrophotometer at OD550.

4.3.8. Co-immunoprecipitation of cys proteases (RD21 or CP43) with PDI5
Equal quantities (400 μg) of recombinant PDI5 plus RD21, recombinant PDI5 plus
CP43, or recombinant PDI5 plus E. coli proteins [empty pET-25(+) vector] were mixed
with 5 μL anti-PDI5 antiserum and incubated for overnight at 4oC. 30 uL of Protein A
agarose beads (Invitrogen) were added and the mixture was rotated 40 rpm for 1 h at 4oC.
Co-immunoprecipitate was harvested by centrifugation at 3,000 x g for 10 min at 4ºC.
The pellet was washed four times with co-immunoprecipitation buffer (20 mM Tris-Cl,
pH 8.0, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1 mM DTT, 1% [v/v] Triton X-100,
and protease inhibitor cocktail (Roche Diagnostics), and subjected to immunoblot
analysis. As controls for no co-immunoprecipiation, 40 μg recombinant PDI5, RD21, or
CP43 were directly loaded on the gel. Proteins were separated on 10% SDS
polyacrylamide gel and were electrotransferred onto a nitrocellulose membrane.
Membrane was incubated with a 1:750 dilution of anti-HA tag primary antibody,
followed by a 1:5000 dilution of anti-rabbit horseradish peroxidase-conjugated secondary
antibody for chemiluminescence detection using the ECL kit (GE Healthcare, Inc.).

4.3.9. In vitro protease assay
Protease activity was assayed using a fluorescence-based (BODiPY) EnzChekTM
protease assay kit (Molecular Probes). Four micrograms of affinity-purified RD21 or
CP43 with PDI5 were pre-incubated at 48oC with and without 5 mM DTT or 5 mM
dithionitrobenzoic acid (DTNB) before processing in the assay. Fluorescence was read in
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a fluorometer (Turner Bio Systems) with a fluorescent filter (excitation at 485 ± 12.5 nm
and emission at 530 ± 15nm). The reading for PDI5 alone was subtracted from the
sample values as background. The assays were conducted in three individual experiments
and the data analyzed via analysis of variance.

4.3.10. DNA sequencing and computer analysis of sequences
To determine the location of the predicted transmembrane regions were used by
TMHMM ver. 2.0 (http://www.cbs.dtu.dk/services/TMHMM-2.0/). SignalP 3.0 (http://
www.cbs.dtu.dk/services/SignalP/) and iPSORT (Bannai et al., 2002) (http://ipsort.hgc.jp/
predict.cgi) were used to predict the presence of signal peptides of AtPDIs. Protein subcellular localization of AtPDIs was analyzed by using TagetP1.1 (http://www.cbs.dtu.dk/
services/TargetP/) and pSORT (Nakai and Kanehisa, 1991) (http://wolfpsort.org/). Nlinked glycosylation sites of AtPDIs were predicted by using NetNGlyc (http://
www.cbs.dtu.dk/services/NetNGlyc/). For multiple sequence alignments, Clustal W
(http://align.genome.jp/) was used to conduct the pairwise analysis of the phylogenetic
relationships of PDI proteins. The BOXSHADE 3.21 (http://www.ch.embnet.org/
software/BOX_form.html) program was used for shading of conserved regions in
multiple-alignment files.
DNA sequencing was conducted at the University of Hawaii Advanced Studies of
Genomics, Proteomics, and Bioinformatics (ASGPB) (http://asgpb.mhpcc.hawaii.edu/).
All sequences were analyzed by the BioEdit (Ibis Therapeutics, Carlsbad, CA, USA)
sequence analysis program and their identities were scored using the National Center for
Biotechnology Information (NCBI) BLAST program.
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4.4. Results
4.4.1. Modular structure of PDI5 protein predicted from the gene sequence
Arabidopsis thaliana Protein disulfide isomerase 5, AtPDI5 (EC 5.3.4.1, PDI5,
PDIL1-1, PDI-LIKE1-1), has a classical structure among the 12 PDIs encoded in
Arabidopsis genome (Lu and Christopher, 2008). The PDI5 gene (accession No.
At1g21750) contains 9 exons for a spliced sequence of 1506 bp, encoding a deduced
polypeptide of 501 amino acids (BAB09837) (Figure 4.1.A.). The PDI5 amino acid
sequence is most similar to PDI6 (79% identity; At1g77510). The PDI2 contains a
functional signal peptide (SP, amino acid residues 1-23), two thioredoxin domain (TRX,
51-70, 396-415), two redox-active site (-CGHC-, catalytic residues 59-62, 404-407), noncatalytic thioredoxin fold domains: b and b’ (144-240 and 264-355), and two thioredoxin
fold domains lacking catalytic site (R). Also PDI5 retain the ER retrieval signal -KDEL at
the C-terminus (NCBI http://www.ncbi.nlm.nih.gov/; SignalP3.0 http://www.cbs.dtu.dk/
services/SignalP/; UniPort http://www.uniprot.org/; pSORT http://wolfpsort.org/) (Figure
4.1.B.).
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Figure 4.1. The deduced amino-acid sequence and primary structure of PDI5.
(A) Predicted protein sequence of PDI5 consist 501 amino acids. Green-colored amino
acids indicate signal peptide (SP), two blue-colored -CGHC- are redox active residues,
and red-colored -KDEL (ER retention signal) is located in C-terminus. (B) Schematic
representation of PDI5 contains SP, two TRX, fold region: b and b’, and -KDEL.
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4.4.2. PCR mapping and for T-DNA insertion mutant of pdi5
AtPDI5 gene (accession No. At1g21750) consists of 9 exons and 8 introns in
nucleotide full length of 3142 bp. There are three T-DNA insertion mutants in PDI5
localized 5’ UTR region (SALK_010645), exon 3 region (SALK_136642), and intron
region (SALK_015253) (http://signal.salk.edu) (Figure 4.2.A.). To identify homozygous
plants of T-DNA insertion mutants in PDI5, each genomic DNA from at least 10
individual plants was used by PCR with left border primer (LBb1), left primer (LP), and
right primer (RP). We selected one homozygous mutants from SALK_010645 (Figure
4.2.B.). To determine the T-DNA insertion site, we sequenced the SALK_010645 mutant
using DNA gel band of PCR products. The T-DNA of SALK_010645 was inserted -248
bp promoter region of At1g21750 from the initiator ATG codon (Figure 4.2.C.).

Figure 4.2. Genetic mapping and identification of the T-DNA insertion in AtPDI5 by
PCR. (A) Schematic representation of the T-DNA insertion mutants in Atpdi5. The TDNA insertion of SALK_010645 is located in 5’ UTR region, SALK_136642 is inserted
in exon3, and SALK_136642 is inserted in intron. (B) The T-DNA insertion mutants of
Atpdi5 were confirmed by PCR. SALK_010645 plants reveals one band approximately
0.5 kbp (pointed by the arrow), which confirms that the plants are homozygous for TDNA insertion in AtPDI5 and lack the wild type band (1.0 kbp). Stars show the wild type
1.0 Kbp band produced by the LBB1 and RP primers in the heterozygous lines
SALK_015253 and SALK_136642. (C) T-DNA insertion mutant of Atpdi5,
SALK_010645, is located -248 bp upstream from the ATG initiation codon in the
promoter region.
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Figure 4.2. Genetic mapping and identification of the T-DNA insertion in AtPDI5 by
PCR.
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4.4.3. Identification of the pdi5 T-DNA insertion mutants
I analyzed mRNA levels of pdi5 T-DNA insertion mutant using 14 day-old wild
type and mutant (lane 1; SALK_010645, 2; SALK_015253, and 3; SALK _136642)
leaves from Arabidopsis (Figure 4.2.C.). T-DNA insertion mutant SALK _010645, which
is the insertion line used in this study, the PDI5 transcripts were undetectable by
quantitative RT-PCR. Lane 2 (SALK_015253) shows a smaller band suggesting cryptic
transcription yielding a truncated mRNA, and lane 3 (SALK_136642) yields a lower
expressed full-length mRNA in RT-PCR analysis. In lane 3, the T-DNA insertion resides
in an intron (Figure 4.2.A) of the pdi5 gene. The lines in lanes 2 and 3 show some
expression. Actin 2 was used for quantificational control (Figure 4.2.C.).
To verify the absence of the PDI5 protein in T-DNA insertion line, we used the
polyclonal PDI5 peptide-specific antibody was used for immunoblot analysis. Total
proteins were isolated from wild type and a homozygous T-DNA insertion mutant of pdi5
(SALK_010645) tissues from Arabidopsis. Total proteins were separated on the 10%
SDS PAGE gel and stained using coomassie Blue R-250 (Figure 4.3.A.). In immunoblot
analysis, anti-PDI5 specific antibody (-DKNKDTVGEPK-, residues 478 to 488) detects
to a ~68 kDa PDI5 in wild type Arabidopsis, which was abundant in flowers, stems, and
was less abundant in leaves (Figure 4.3.B.). No PDI5 detection was seen in any tissues of
the homozygous pdi5 mutant (SALK_010645) (Figure 4.3.B). The lager than expected 68
kDa band is likely due to protein glycosylation, as there are two predicted N-linked
glycosylation site in AtPDI5 (data not shown). These results indicate that T-DNA mutant
of pdi5, SALK_010645, is the knockout and it was caused by a lack of PDI5 protein.
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Figure 4.3. Immunoblot analysis and RNA expression of PDI5.
(A) Twenty five micrograms of protein isolated from wild type (WT) and PDI5 T-DNA
insertion mutant (SALK_010645) tissues from Arabidopsis. SDS-PAGE (10% gel) and
Coomassie Blue staining of proteins. Open arrowhead points to the 68 kDa gel region
where the PDI5 protein is expected to migrate. MW, molecular weight standard in kDa;
TP, total protein extract from whole plants; Fl, flowers; Lv, leaves; St, stems. (B)
Immunoblot analysis using anti-PDI5 antibody. The boxes highlight the lack of PDI5
protein in the T-DNA mutant. (C) RT-PCR analysis of the three AtPDI5 gene insertion
lines and wild type. Lane 1 (Salk_010645), lane 2 (Salk_015253), and Lane 3
(Salk_136642).

131

4.4.4. Proteins interacting with PDI5
To study of protein-protein interaction of the PDI5, two Arabidopsis cDNA
libraries (seedling and stress-induced) were used as a prey for protein interacting with
AtPDI5 bait using the yeast two-hybrid assay. Table 4.1 lists the proteins interacting with
PDI5. The principal isolates were 5 clones that encoded the following proteins: DNAJ
heat shock N-terminal domain-containing protein, NADH-ubiquinone oxidoreductaserelated, and three cysteine proteases (CP), RD21 (NM_103612), CP43 (NM_123672),
and CP19 (NM_112826), which represented 66, 31, and 3.8% of the total recombinants
isolated, respectively.
Interestingly, PDI5 interacted with three different cysteine proteases, among them
RD21 has been found in the vacuoles of senescing Arabidopsis leaves (Yamada et al.,
2001). Two different validation assays were performed to verify the interaction specificity.
β-gal activities of the reporter gene (Figure 4.4.A.), which were based on an equal cell
culture density (Figure 4.4.B.), represent the degree of interaction between the cysteine
proteases and PDI5. Cysteine protease RD21 had the highest level of β-gal activity, but
each cysteine protease had β-gal levels similar to the positive control. Growth on
histidine dropout medium (Kaiser et al., 1994) was also similar to the positive control
(Figure 4.5.), indicating a solid interaction. We conducted Co-IP assays on the two most
abundant recombinant cysteine proteases (CP43 and RD21) isolated (Figure 4.6.). Each
of the recombinant CP43 and RD21 was fused to an HA·tag epitope, which is lacking in
the recombinant PDI5. In Co-IP analysis the recombinant PDI5 co-immunoprecipitated
with CP43 or RD21 using the PDI5 antiserum only in the presence of recombinant PDI5
plus CP43 or recombinant PDI5 plus RD21 by anti-HA tag antiserum (Figure 4.6.).
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Table 4.1. Proteins interacting with PDI5 based on yeast two-hybrid assay.
No

13

Accession #
/ Name

Predicted Protein
(Arabidopsis Locus)

Predicted subcellular locales

Predicted SP,
aa residue

cDNA
library

NM_123672.2
/ CP43

Cysteine proteinase/ thiol
protease, putative
(At5g43060)

outside

21 and 22

seedling

17

NM_103612.2
/ RD21

Cysteine proteinase
(RD21A) / thiol protease
(At1g47128)

outside

21 and 22

seedling

41

NM_120394.2

DNAJ heat shock Nterminal domain-containing
protein (At5g03160)

vacuole

42 and 43

stress

42

NM_112826.2
/ CP19

Cysteine proteinase/ thiol
protease, putative
(At3g19390)

outside

29 and 30

stress

NM_103612.2

NADH-ubiquinone
oxidoreductase-related
(At3g62790)

cytoplasm or
microbody
(peroxisome)

no

seedling

51

Protein interacting with PDI2 based on yeast two-hybrid assay. The clones listed above
were positive and bait-specific in the validation assay and subsequently were identified
via sequencing.
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Figure 4.4. Validation of protein interaction with PDI5 in the yeast two-hybrid assay.
(A) Standard β-gal activity measurements (OD570) were conducted according to
(Serebriiskii and Golemis, 2000) and normalized to an equal culture density of yeast cells
co-expressing PDI5 bait plus one of the interacting cysteine proteases (43 [NM_123672],
RD21A [NM_103612], or 19 [NM_112826]). Values of two negative controls (coexpression of cysteine protease with empty bait vector; PDI5 bait with empty prey
vector) were subtracted from the values of cysteine proteases co-expressed with PDI5
bait and positive control. (B) Yeast cell culture densities (OD620) after 2 weeks of growth
on His dropout medium with 1 mM 3-AT for each cysteine protease co-expressed in the
PDI5 bait cell line. The positive control (+cont) consisted of documented interacting
partners (Epsin 1 is an interacting partner for the EH domain-containing region of Eps15)
as described (Serebriiskii and Golemis, 2000). Values in (A) and (B) represent two
experiments done in three replicates (mean ± SD). n = 6.
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Figure 4.5. Interaction of AtPDI2 with selected prey in yeast two-hybrid assay.
A β-galactosidase assay demonstrates interaction between prey (numbered in left-hand
column according to Table 2.2: prey in columns labeled ‘P1’ and ‘P2’) bait (AtPDI2;
isolated in a yeast two hybrid screen). Baits include AtPDI2, the empty bait vector
(pBUTE) and the following inserts cloned in-frame with the GAL4 DNA binding
domain: the human SKP1 homologue (P19) and the EF-hand domain of intersectin (EH).
Wells in the control lane (columns labeled ‘C’) include media only (first two wells),
empty prey (activation domain) vector (pGADC1), prey construct expressing mouse
epsin, prey construct expressing human Fbox5 and two pre-mated interacting pairs:
SH3:SOS and EH:Epsin. β-gal activity was assayed in cultures expressing the bait and
prey following mating selection of YPER (Pierce Biochemical) combined with
chlorophenylred-β-D-galactopyranoside (Roche Biochemical; CPRG) as a substrate.
Image was scanned following overnight incubation at 37°C.
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Figure 4.6. Co-immunoprecipitation (Co-IP) to verify interaction of proteins with PDI5.
Immunoblot analysis of Co-IP products (cysteine proteases CP43, top panel, or RD21,
bottom panel). Open arrowhead indicates co-immunoprecipitated cysteine protease
(CP43 or RD21) using the anti-PDI5 antiserum. Recombinant CP43 and RD21 were
detected with anti-HA·tag antiserum. The left two lanes in each panel were controls for
no Co-IP, in which 40 µg total E. coli proteins containing recombinant PDI5, CP43, or
RD21 was directly loaded on the gel. The heavy chain (HC) of the anti-PDI5 antiserum
used in the co-immunoprecipitation is shown in the Co-IP lanes. The band in the no CoIP lane labeled RD21 refers to the recombinant RD21 protein that was a positive control
for the antiserum used on the immunoblot analysis. No HC protein was detected in this
lane. Asterisk denotes a nonspecific background band present in all lanes.
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4.4.5. PDI5 inhibits recombinant RD21 protease activity in vitro
To determine the nature of the interaction of PDI5 with a cysteine protease, the
cysteine protease activity assay was performed in vitro with recombinant PDI5 and RD21
(Figure 4.7.). The presence of an equivalent amount of PDI5 inhibits the cysteine
protease RD21 by >50%. The dithiol reducing agent, DTT, partially disrupts the
inhibition, whereas the dithiol oxidizing agent, dithionitrobenzoic acid (DTNB), mimics
the inhibition. This indicates that the reduction of disulfide to make open sulfhydryls
activates the enzyme.

Figure 4.7. In vitro inhibition of RD21 protease activity. In vitro RD21 cysteine protease
assay reveals that PDI5 inhibits RD21 activity. Recombinant RD21 activity was
measured in the presence and absence of an equivalent amount of PDI5. Addition of 5
mM DTT or DTNB prior to adding PDI5 is noted. The y axis units are fluorescence
emission at 530 ± 15 nm. The averages were derived from a sample size of three in six
independent experiments (18 total averaged), and the error bars are

SD.

The a, b, and c

refer to significantly different means (P < 0.05) as determined by analysis of variance. n =
3.
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Figure 4.8. Expression and immunodetection of recombinant PDI5 protein in E. coli cells.
A full length cDNA (1506 bp) of PDI5 (locus No. AAD41430) fragment encoding the
polypeptide PDI5 was cloned and expressed in E. coli. (A) Coomassie blue staining of
PDI5 expressed in E. coli. Lane 1, standard molecular weight (MW). Lane 2, empty pET25b(+) vector with IPTG. Lane 3 pET-25b(+) plus PDI5 without IPTG induction. Lane 4,
PDI5 expression in pET vector plus PDI5 with IPTG induction. The open arrow points to
the recombinant PDI5 protein expressed in E. coli at ~56 kDa that is recognized. (B)
Recombinant PDI5 was detected to the ~56 kDa by the polyclonal anti-PDI5 (the left
side) and monoclonl anti-HA·tag antiserum (the right side) in the immunoblot anlysis,
and indicated with the open arrow.
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--------------AVGSKDEL
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----------------------------------------------------------------------------------------------------------

Figure 4-9. Alignment of the amino acid sequence of AtPDIs.
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4.5. Discussion
In this study, PDI5 was found to interact specifically with cysteine proteases (CP 43,
and RD21), which play an important role in the mechanism for the regulation of PCD in
endothelial cells (Ondzighi et al., 2008), whereby PDI5 chaperones and inhibits PCDrelated cysteine proteases as they traffic from the ER via the Golgi to vacuoles before the
proteases are activated.
In plants, cysteine proteases are transported to vacuoles and the apoplasm
(Denecke et al., 1990). Some proteases can be processed and converted self-catalytically
(and via secondary proteases) from inactive proenzymes to active forms (Martins and
Earnshaw, 1997; Beers et al., 2000), or the protease active site can be inhibited by tightly
binding cystatin or serpin inhibitors during transport (Solomon et al., 1999; Martínez et
al., 2005; Vercammen et al., 2006; Ondzighi et al., 2008). In endothelial cells, PDI5 acts
as a redox-modifying chaperone that associates with and inhibits cysteine proteases to
protect Golgi, trans-Golgi network (TGN), and vacuolar membranes from degradation
(Ondzighi et al., 2008). The abrupt decrease in PDI5 expression and resulting loss of
PDI5 coincides with the proteolysis of endothelial cells, in which PDI5 is normally and
specifically expressed. Genetically disrupting PDI5 function prematurely hastens the
demise of endothelial cells, leading to a diminished embryo viability phenotype
(Ondzighi et al., 2008), which emphasize the importance of PDI5-modulated PCD in
viable embryogenesis. The partial phenotype in the null pdi5 mutant is readily explained
by genetic redundancy; the PDI6 gene, which also resides on chromosome 1, is the most
closely related PDI in the Arabidopsis genome. The amino acid sequences of PDI5 and
PDI6 are 79% identical to each other (Lu and Christopher, 2008). Therefore, PDI6 could
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possibly partially, but not completely, compensate for the loss of PDI5.
The association of PDI5 with the cysteine proteases RD21 and CP43 was
substantial and highly specific. The RD21 and CP43 cDNAs were reproducibly isolated
at high frequency by the yeast two-hybrid screen using PDI5 as bait, and their gene
products were shown to be associated by means of PDI5 Co-IP (Figure 4.5.) and colocalization via immunoelectron microscopy (Ondzighi et al., 2008). Numerous other
cysteine proteases are expressed in the tissues used to make the libraries, but RD21 and
CP43 constituted >97% of the clones recovered, passing multiple verification screens.
Together, the results support a model for PDI5 specifically binding and quenching the
activity of the cognate partner cysteine proteases, CP43 and RD21, prior to PCD (Figure
4.5., 4.6., and 4.7.).
RD21 and CP43 absent the canonical active sites and conserved features typical of
caspases and metacaspases that are involved in PCD in other cells and species (Suarez et
al., 2004; Bozhkov et al., 2005). They contain a redox-sensitive active site, -GxCGSCW-,
comprised of two cysteine residues capable of forming a vicinal dithiol bond (Balmer et
al., 2003). This site is sensitive to disulfide-specific modifying reagents, such as the
reducing agent, DTT, and the oxidizer, DTNB. We provide evidence for a disulfide redox
mechanism regulating the in vitro activity of cysteine proteases in response to
recombinant PDI5; a reducing environment stimulated protease activity in the presence of
inhibitory concentrations of PDI5, whereas an oxidizing environment decreased protease
activity. In fact, oxidation mimicked the inhibitory effects of recombinant PDI5 on
cysteine protease activity (Figure 4.6.). The ability of reducing activity to counteract the
oxidizing effect is typical of a mechanism mediated by a thioredoxin-based protein–
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protein interaction (Balmer et al., 2003).
PDI5 deviates from the classical ER localization (Freedman et al., 1994; Tu et al.,
2000; Wedemeyer et al., 2000; Wilkinson and Gilbert, 2004). After synthesis in the ER,
PDI5 traffics together with cysteine proteases from the ER to the Golgi, TGN, litic
vacuoles (LVs), and, significantly protein storage vacuoles (PSVs) even though it has the
-KDEL ER retention signal (Ondzighi et al., 2008).
In yeast and mammals, PDIs are formed in mitochondria and the nucleus (Turano
et al., 2002). In plants and algae, PDIs are formed in chloroplasts (Kim and Mayfield,
1997; Levitan et al., 2005; Lu and Christopher, 2006; Shimada et al., 2007). The
Chlamydomonas PDI-like protein (RB60) -KDEL goes to the chloroplast and the ER
(Levitan et al., 2005). In rat exocrine pancreatic cells, a PDI-like protein containing a KDEL signal has also been shown to traffic from the ER through the secretory pathway
to the plasma membrane (Yoshimori et al., 1990). Ondzighi et al. (2008) offered one
suggestion for why PDI5 is capable of trafficking to PSVs despite its -KDEL signal: this
signal may help retain PDI5 monomers in the ER, but after binding to a cysteine protease
(which lacks a -KDEL signal), the -KDEL of PDI5 may become nonfunctional (e.g.,
masked), thereby enabling the complexed molecules to leave the ER and travel to a PSV.
Although it has been well documented in yeast and mammalian cells that PDIs can act as
protein folding chaperones, the previous evidence for a chaperone role of PDIs in plants
has been limited to the maturation, folding, and packing of seed storage proteins
(Shimoni et al., 1995; Li and Larkins 1996; Li et al., 2006). Direct identification of
interacting partners and the dual functions of PDI5, both as a chaperone and as a redoxsensitive protease regulator, have not, to our knowledge, been described to date for any
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member of the PDI family in Arabidopsis (Ondzighi et al., 2008).
As described by Obara et al., 2001; Kuriyama and Fukuda, 2002; Gunawardena et
al., 2004; Ondzighi et al., 2008, endothelial cells follow the pathway, but because of
differences in cellular architecture, the mechanistic details are somewhat different. The
main conclusion is that PDI5 binds cysteine protease involved PCD and inhibits them
during to the vacuoles.
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