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ABSTRACT

We have investigated the use of the soyEean seed coat as a bioreactor for the
production of valuéble proteins. In this system heterologous proteins are targeted to the
hourglass cells. While seed coats currently have little commercial value, the introduction
of high valued bio-products may generate new markets for Canadian industries and
contribute towards the growth of rural economies.

The seed coat system is based upon a promoter responsible for the production of
soybean peroxidase (SBP) in the hourglass cell layer of the seed coat. SBP protein is
thought to be synthesized as a pre-protein containing N- and C-terminal propeptides
responsible for the intracellular localization of the mature SBP to the vacuole. We used
this promoter and these signals to direct the synthesis and targeting of horseradish
peroxidase (HRPC) from Armoracia rusticana and two laccases (LCC1 and LCC4) from
the fungus Trametes versicolor. The cDNA sequences were codon-optimized for soybean,
and fused with the SBP N- and C-terminal propeptides. A HIS tag was added to the C-
terminal end of the mature protein to facilitate purification. Expression of the chimeric
genes was driven by the Ep 1.5 kb fragment cloned from soybean peroxidase promoter.

Fourteen lines of HRPC transgenics, 16 lines of LCC1 transgenics and 40 lines of
LCC4 transgenics were generated by particle bombardment. The T, and T, seeds of the
transgenics were screened for peroxidase and laccase activity with the highest expressing
lines further analysed by PCR and Western blots. The peroxidase activities measured in
HRPC transgenics ranged from 0.02 to 3.09 U/mg protein while the laccase activities
measured in laccase transgenics varied from 0 to 0.099 U/mg protein. In general these

values are low compared to activities measured in the native species or in other



transgenics. We have found that expression of HRPC and laccase as a trait is inheritable
from Ty to T, generation. The anti-LCC4, anti-HRPC antibodies were used to detect the
expression of LCC4 and HRPC by Western blotting. A 35.4 kDa protein reactive with
anti-HRPC and anti-HIS tag antibodies was found in the seed coat of an HRPC transgenic
while a 77.6 kDa protein reactive with anti-LCC4 and anti-HIS tag antibodies was found
in the seed coat of an LCC4 transgenic.

These results support the use of the soybean seed coat as a bioreactor for the
production of foreign proteins. The factors which affect foreign protein expression are

fully discussed and future directions have been proposed to optimize the system.

ii



RESUME

Nous avons étudié le tégument de la graine de soya utilisé en tant que bioréacteur
pour la production de protéines a valeur ajoutée. Dans ce systéme, les protéines
hétérologues ont été ciblées dans les ostéoscléréides (‘hourglass cells’), cellules a
constriction médiane du tégument. Alors que les téguments des graines ont peu de valeur
marchande, l'introduction de bio-produits & valeur ajoutée a le potentiel de générer de
nouveaux marchés pour les industries canadiennes et contribuer ainsi a la croissance des

économies rurales.

Le systtme du tégument de la graine de soya est basé sur un promoteur
responsable de la production de la peroxydase de soya (SBP) dans la couche des
ostéoscléréides. On pense que la protéine SBP est d’abord synthétisée comme une pré-
protéine avec des propeptides a terminales -N et -C qui sont responsables de la
localisation intracellulaire de la SBP mature dans la vacuole. Nous avons utilisé ce
promoteur et ses signaux pour optimiser et diriger la synthése de la peroxydase du raifort,
Armoracia rusticana, (HRPC), et de deux laccases (LCC1 et LCC4) du champignon
Trametes versicolor. Les codons des séquences d'ADN ont été optimisés pour le soya, et
unis aux propeptides SBP a terminales —N et —C. Un marqueur HIS a été ajouté a la
terminale -C de la protéine mature pour faciliter sa purification. L'expression des génes
chimériques a été dirigée par le fragment PE de 1,5 kb qui a été cloné a partir du

promoteur de la peroxydase de soya.

Quatorze lignées transgéniques de HRPC, 16 lignées transgéniques de LCC1 et 40

lignées transgéniques de LCC4 ont été générées par bombardement de particules. Les

il



graines des générations transgéniques T et T, ont été sélectionndes a partir des activités
les plus élevées de la peroxydase et des laccases, puis ces lignées ont été analysées par
PCR et Western Blot. Les activités peroxydasiques mesurées dans les HRPC
transgéniques vont de 0,02 a 3,09 U/mg de protéines, celles des laccases de 0 a 0,099
U/mg de protéines. En général, ces valeurs sont faibles par rapport aux activités mesurées
dans des espéces indigénes ou encore dans d'autres lignées transgéniques. Nous avons
observé que l'expression des laccases et de I’HRPC est un trait héréditaire parmi les
générations Ty a T,. Les anticorps anti-LCC4 et anti-HRPC ont été utilisés pour détecter
l'expression de LCC4 et d’HRPC par Western Blot. Nous avons trouvé une protéine de
35,4 kDa réagissant a I’anti-HRPC et a I’anti-marqueur HIS dans le tégument des graines
d’une HRPC transgénique ainsi qu’une protéine de 77,6 kDa réagissant a I’anti-LCC4 et

a I’anti-marqueur HIS dans les téguments des graines d’une LCC4 transgénique.

Ces résultats valident notre hypothése que le tégument de la graine de soya peut
étre utilisé comme bioréacteur pour la production de protéines étrangéres. Nous discutons
ici des facteurs qui affectent l'expression des protéines étrangeéres et proposons des axes

de recherche pour optimiser encore plus ce systéme dans 1’avenir.
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CHAPTER ONE: INTRODUCTION
1.1 Soybean as an Important Crop Plant

Soybean (Magnoliophyta; eudicotyledons; core eudicotyledons; rosids; eurosids I;
Fabales; Fabaceae; Papilionoideae; Phaseoleae; Glycine max L. Merrill) has been used as
food for more than 1,000 years in Asian countries and today is consumed world wide.
Unique among crop plants, it has both high fat (20%) and protein (40%) content with the
remainder consisting of 35% carbohydrate and 5% ash (Hajduch et al., 2005). Soybean
accounts for 56% of the world oilseed production (Kerley and Allee, 2003), an industry-
leading 29% of all vegetable oil production, and 67% of all vegetable protein meal
production (Gardner and Payne, 2003). The oil is used mainly for human consumption and
industrial uses while the protein is used mainly as animal feed and human foodstuffs (Rao et
al., 1998). Soy protein is considered to be complete with all the essential amino acids.
Moreover, its amino acid composition is comparable to that of protein from milk or meat
(Takamatsu et al., 2004). The high usage of soybean meal in poultry and swine diets can be
attributed to its relatively high concentration of protein and the excellent profile of highly-
digestible amino acids (Bruce et al., 2006). Recently, various soybean specialty products
such as soymilk and tofu have gained popularity. Tofu, a cottage-cheese like soybean curd,
has a high nutritional value and is rich in proteins, vitamins, and minerals, particularly
calcium (Rao et al., 1998). In Canada, the Harovinton cultivar was designated as a tofu-type
soybean (Buzzell et al., 1991). Soybeans are also used in industrial products including oils,
'soap, cosmetics, resins, plastics, inks, crayons, solvents, clothing, and biodiesel and have

even been used as fermenting stock to make a brand of vodka (http://www.matr.net/article-

5744.html). Several health-related claims have been made for soybean products including



cholesterol-lowering effects or as anti-obesity foods (Velasquez and Bhathena, 2007). In
addition they may relieve some lifestyle-related diseases such as cancer, osteoporosis and
menopausal disorder (Takamatsu et al., 2004).

One of the world’s premier agriculture crops, global soybean production was 227 Mt

(million tonnes) (http://www.soybean.on.ca/Marketing/World Supply dist.pdf) ! in 2007

while the estimated production in Canada in the 2007 crop year was 2.87 Mt
(http://www.canadiansoybeans.com/production.php)z. In 2007 Ontario farmers planted more
than 0.89 million ha of soybean, an increase 0f3.9% over 2006.
(http://www.statcan.ca/Daily/English/070626/d070626a.htm)* and just 34,400 ha short of the
record set in 2004 and 2005. Soybean is an important cash crop in Canada, ranking fourth in
economic importance behind wheat, canola, and corn. Canadian soybean production
contributes $769 million (average price of seed was $270 per tonne) to the Canadian
economy. Soybean in Canada is mainly used in food and industry (54% of production), feed
(10%) and for stock and other uses (36%)

(http://www.canadiansoybeans.com/production.php).

Transgenic soybean is the largest single transgenic crop in the world accounting for
64% in terms of global adoption rate, followed by cotton (43%), corn (24%) and canola
(20%). In 2007, the global area of transgenic soybean reached ~60 million ha
(http://www.isaaa.org/resources/publications/briefs/37/pptslides/Brief37slides.pdf). GM
soybeans were first planted in Canada in 1997 and by 2005 accounted for 60% of the area

devoted to soybean (Brookes and Barfoot, 2006). GM soybean basically is herbicide-tolerant

1 e

227 million tonnes
22824 kt =2.87 Mt ; 1 tonne (metric) = 0.9842 ton (long UK)
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. soybean, mainly Roundup Ready soybean (Monsanto, USA). In Ontario, ~40-50% of
soybeans are genetically engineered.

Currently, soybean seed coats are removed during the processing of the seed and they
have little value to soybean seed processors. It is known that soybean seed coats, or hulls,
represent 8 to 10% of the weight of soybean grain (Sessa and Wolf, 2001). According to
Statistics Canada, the national soybean production in 2007 was 2,848,000 tonnes, suggesting
that 256,320 tonnes of seed coat were produced. Soybean seed coats have little intrinsic
value and may be discarded as waste, although their value can be as much as 73.8-83.6 USD
per tonne if added back to soybean meal or to other food as a source of fiber
(http://www.mnsoy.com/market meal.htm).

In this thesis, we were attempting to target the soybean seed coat for the production
of useful foreign proteins. These products could be introduced into a market that already

accepts transgenic soy. Success in this project could have a tremendous economic impact.

1.2 Transgenic Soybean

The commercial varieties and the lines currently in field trails have predominantly
been modified for herbicide tolerance using bacterial genes, for instance, Roundup Ready
soybean from Monsanto expressed throughout the plant from the CaMV 35S
promoter/enhancer. This is fairly straight forward compared‘ with the complex manipulations
required for tissue-specific expression of value-added traits. In North America, tissue-
specific modifications of transgenic traits have been limited to the seed embryo. The
advantages of using seeds for the production of recombinant proteins with plant-based
expression systems have been demonstrated for several species including maize (Hood et al.,

2003), rice (Yasuda et al., 2006), and tomato (Zheng et al., 2007) . Soybean has the potential



for large-scale recombinant protein production. Recently, the utility of soybean as an
efficient production platform for vaccines that can be used for oral delivery was
demonstrated. The B subunit of the heat labile toxin of enterotoxigenic Escherichia coli
(LTB) was used as a model immunogen for production in soybean seed. LTB expression was
under the control of soybean seed-specific glycinin promoter and was directed to the
endoplasmic reticulum (ER) of seed storage parenchyma cells for sequestration. Pentameric
LTB accumulated to 2.4% of the total seed protein at maturity and was stable in desiccated
seed (Moravec et al., 2007). It was also proven that soybean could produce the major K99
fimbrial subunit FanC for use as an edible subunit vaccine (Piller et al., 2005). A synthetic
version of FanC, codon-optimized for soybean, accumulated to nearly 0.5% of the total
soluble protein when expressed in the cytosol of mesophyll cells in the leaf tissue.

The evaluation of processes for the purification of recombinant protein has also been
performed in soybean (Robic et al., 2006). This study showed that even B-glucuronidase
(GUS) with an acidic pl can be successfully separated from native soybean proteins which

also have acidic pls.

1.3 Soybean Seed Development
1.3.1 Soybean Seed Coat Structure

Relative to the much larger body of knowledge on the development of the soybean
embryo, the seed coat is poorly characterized. Studies have been conducted on the
biochemical composition of the seed coat (Buzzell et al., 1987) but information on the
specific cell types and their development is limited (Miller et al., 1999). Only a few seed
coat-specific genes and regulatory elements have been described with soybean peroxidase

being a prominent exception (Gijzen, 1997).



The novel features of the mature soybean seed coat, its structure, development and
composition were recognized in early studies (Corner, 1951; Carlson and Lersten, 1987;
Moise et al., 2005). As shown in Figure 1.1, the seed coat consists of several prominent cell
layers. Outermost is the epidermal layer, which consists of a single layer of palisade cells, or
macrosclereids that are elongated and perpendicular to the surface of the seed. Inside the
palisade layer is a single-celled hypodermal layer of thick-walled hourglass cells (HGCs) or
osterosclereids, except for the hilum region. More specifically, the hourglass cell layer is
composed of large vacuolated cells. It is densely cytoplasmic (Jin, 2008) and appears to be
fluid and viscous in the immature seed coat (Gijzen et al., 1993). The presence of numerous
starch grains in the hourglass cells during embryogenesis may indicate that the seed coat is
responsible for synthesis of solutes that are beneficial to the developing embryo (Algan and
Buyukkartal, 2000; Wang and Grusak, 2005). The innermost portion of the seed coat is a
multi-cellular layer of partially flattened parenchyma cells. Each of the above layers is
maternally derived from the outer (palisade cell layer, hourglass cell layer,) and inner (thick
walled parenchyma layer, thin cell walled parenchyma cell layer, and endothelium layer)
integuments. Imrﬁediately inside the inner parenchyma is the aleurone layer, which is
derived by double fertilization and thought to be part of the endosperm. It is tightly
compressed agaihst the seed coat by the expansion of the cotyledons of the embryo (Miller et

al., 1999).

1.3.2 Soybean Seed Coat Development

HGC:s in the soybean seed coat arise from the outer-cell layer of the outer integument

and differentiate from the hypodermis near the top of the seed at 12 dpa (Jin, 2008). In



mature soybean seed coats, HGCs are separated by wide intercellular air spaces and are
larger than palisade and parenchyma cells (Souza and Marcos-Filho, 2001). The main
function of hourglass cells is providing mechanical strength to the seed coat (Moise et al.,
2005; Jin, 2008).

Morphological studies using light microscopy and histochemistry were done to
describe changes that occur in the seed coat after fertilization when most of the dramatic
changes occur (Miller et al., 1999). Jin (2008) described the development of hourglass cells
using both scanning and transmission electron microscopy.

At anthesis, the seed coat does not show the characteristic features of the mature
tissue. A cuboidal epidermis surrounding several layers of undifferentiated thin-walled
parenchyma forms the outer integument which is 2-4 cell layers thick; the thickness in the
micropyle and hilum regions is exceptional, where a greater number of cell layers are present.
Following fertilization, both periclinal and anticlinal divisions occur so that the outer
integument becomes 12-15 cell layers thick. The inner integument consists of a cuboidal
endothelium which provides the inner boundary of the seed coat.

At 6 days post anthesis (dpa), the structure of the seed coat changes significantly (Jin,
2008). The epidermal cells of the outer integument are elongating perpendicular to the seed
coat surface to differentiate into the thick walled palisade layer. The thick-walled
parenchyma has expanded and becomes four to six cells thick. The lateral vascular bundles

are extending to form the vascular region of the thin-walled parenchyma of the outer

integument.



Figure 1.1 Schematic Drawing of Mature Soybean Seed Coat

P palisade layer; h, hourglass cells; pa, partially crushed parenchyma; a, aleurone; em,
crushed endosperm. The palisade layer and the hourglass cells comprise the outer
integument while the inner integument consists of parenchymatous cells. This drawing is

from Moise et al. (2005).




At 9 dpa, the seed has started to enlarge. The palisade, counter palisade that is
connection }Sart between seed coat and funiculous (Miller et al., 1999) ,and tracheid bar at
the base of the funiculus start to show their characteristic features. The outer layer of thin-
walled parenchyma and the inner layer of thick-walled parenchyma have differentiated from
the outer integument; intercellular air spaces develop within the thin-walled parenchyma cell
layers (Miller et al., 1999). Parenchyma may facilitate active transport or secretion (Thorne,
1981) with the presence of plasmodesmata interconnecting parenchyma cells indicating a
possible symplastic route for nutrients (Yaklich et al., 1998; Jin, 2008). Epidermis and
hypodermis appear in the cells opposite the hilum, at the bottom of the seed. The cellular
development of hilum is different from the rest of the seed coat. The epidermal cells of outer
integument and the funiculus result in a double layer of palisade cells. According to Jin
(2008), at 9 days post anthesis most hypodermal cells show the rectangular cell shape ahd
are tightly packed without intercellular air spaces.

At 12 dpa, the palisade cells have distinct thin- and thick-walled cells and clear
vascular region develops. Although HGCs begin to differentiate from the hypodermis near
the top, or hilum portion, of the seed, they do not show characteristics of mature hourglass
cells. The central vacuole in hourglass cell occupies ~40% of the cell and several
mitochondria, ER, proplastids, Golgi and proplastids with starch grains can be seen (Jin,
2008). There are still no obvious air spaces between HGCs.

At 15 dpa, the seed coat shows three typical layers. The cell wall of palisade and
HGCs becomes thicker. Obvious air spaces are visible between HGCs when they

differentiate. The thin- and thick-walled parenchyma and vascular region are clearly



distinguishable (Miller et al., 1999). Large air spaces are also starting to appear between the
thin-walled parenchyma cells. At this stage, HGC walls are thicker (Jin, 2008).

At 18 dpa, changes to the structure of the soybean seed coat are less dramatic. HGCs
are separated at their mid points by large air spaces but at their top and bottom the cell walls
still adjoin closely. Inclusions in the central vacuole can be seen. HGCs have significant
peroxidase activity at 19 dpa, while palisade layers contained trace amounts (Jin, 2008). At
21 dpa, the cell walls and cell shapes of the hourglass cell do not change much. The central
vacuole still occupies most of the HGC, the content of vacuolar inclusions is much less than
at 18 dpa (Jin, 2008). Small electron opaque vesicles are found in the cytoplasm of both
hourglass cells and parenchyma cells. At 30 dpa, the parenchyma is beginning to be crushed
(Miller et al., 1999). The ultrastructure of HGC is unchanged. HGCs contain many ER,
Golgi, proplastids and vacuolar inclusions. At 45 dpa, the seed coat is mature. The most
prominent features are the HGCs and palisade layer and only a few layers of slightly
flattened thin-walled parenchyma remains (Jin, 2008).

The above observations provide the fundamental information about the structure and
development of the hourglass cells that is needed for the analysis of foreign proteins

synthesized in HGCs such as HRPC and laccases as described in this thesis.

1.4 The Hourglass Cell as a Place of Protein Storage

Hourglass cells have been described in the seed coats of many legumes including
lupin (Clements et al., 2004) , pea (Van Dongen et al., 2003), milkvetch (Miklas et al., 1987),
common bean (Yeung, 1990), white popinac (Serrato-Valenti et al., 1995), Senna corymbosa
(Rodriguez-Pontes, 2007) and many others. The HGC structure is similar among the legumes

and likely is common to all of them.



HGCs in soybean are interesting in that they appear to store large amount of
peroxidase as a single isozyme of seed coat peroxidase (SBP) (Gijzen et al., 1993; Welinder
and Larsen, 2004). Soybean cultivars can be classified into high-peroxidase and low-
peroxidase phenotypes (Buttery and Buzzell, 1968), the former due to the presence of a
dominant gene, designated Ep. Soybean cultivars homozygous for the recessive gene, epep,
e.g., cv. “Jack”, express peroxidase at only 1% peroxidase activity of that of the high-
peroxidase phenotype (Gijzen, 1997). Peroxidase deficient epep lines produce normal-
looking HGCs and do not under-perform EPEP soybean varieties such as Harosoy 63 in
field trials (Gijzen et al., 1993). The ep mutation contains a deletion of 87 bp in which the
putative transcription start site remains intact (Gijzen, unpublished data) while 9 bp of the
5’UTR and 78 bp encoding the first 26 amino acids are deleted (Gijzen, 1997).

The epep cv. “Jack” was chosen as the host for our experiments. Its low peroxidase
level allows for easier detection of transgenic peroxidases. In Jack, the seed coat is 9.92 +
0.38% of whole seed weight (N = 11) and the protein content is 10.68 = 0.098 % (N = 4) of

the seed coat total weight.

1.5 The Expression of Foreign Proteins in Heterologous Systems

1.5.1 Foreign Protein Expression Systems

Foreign proteins can be expressed in a number of different systems including
bacteria, fungi, plants, and animals (Table 1.1). Generally speaking, the ideal expression
system must: 1) produce large amounts of the desired, biologically-functional products; 2) be

cost-effective; 3) allow for convenient storage and distribution of desired product; 4) come
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with little or no risk environmentally; 5) and be brought to production within a reasonable
time (Norris, 2005).

Prokaryotic and eukaryotic systems are the two general categories. Prokaryotic
systems are generally easier to handle and are satisfactory for most purposes. However, there
are serious limitations in using prokaryotic cells for the production of eukaryotic proteins.
For example, many of the eukaryotic proteins undergo a variety of post-translational
modifications like proper folding, glycosylation, phosphorylation, formation of disulphide
bridges, etc. that are not found in typical prokaryotes.

All heterologous protein expression systems have advantages but also limitations,
therefore, the choice of system necessarily requires tradeoffs (Frommer and Ninnemann,
1995; Verma et al., 1998; Macauley-Patrick et al., 2005; Sorensen and Mortensen, 2005;
Vitale and Pedrazzini, 2005; Boehm, 2007). For instance, E. coli was the first organism to be
employed for recombinant protein production because of its long tradition as a model
scientific organism, the ease of genetic manipulations and the availability of well-established
fermentation procedures (Gellissen et al., 2005). However, limitations in protein secretion
and the lack of glycosylation impose restrictions on general use, especially for expressing
plant and mammalian proteins. Furthermore, recombinant products are often retained as
inclusion bodies. Although inclusion bodies may represent a good starting material for
purification and downstream procedures, such as protein refolding, they often contain the

recombinant proteins as insoluble, biologically inactive aggregates (Villaverde and Carrio,

2003).
Correct disulfide bond formation and glycosylation are important for heterologous

protein production. Prokaryotes have, in general, the limited capacity of forming disulfide
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bonds. If one or more disulfide bonds are necessary for target protein’s activity, a eukaryotic
system would be the better choice. If the target protein requires N- terminal glycosylation for
proper function, prokaryotic systems are also disqualified. In spite of these disadvantages,
Escherichia coli (Bacteria; Proteobacteria, Gammaproteobacteria, Enterobacteriales;
Enterobacteriaceae) can be used for production of small protein in which post translational
modification is not important (Dietmar et al., 1988). Fungal and yeast systems can also be
used to produce enzymes and other proteins. Using the fungi Aspergillus niger and
Aspergillus oryzae, protein production can be increased to a very high level. But the process
of fermentation and need for equipment can be expensive (Macauley-Patrick et al., 2005).
Still 43% of the biologics on the market are produced\in bacteria and yeast including insulin,
human growth hormone and many others (Boehm, 2007). Up to 2006, 43 biopharmaceuticals

produced in E coli and 23 biopharmaceuticals produced in yeast, were approved in the

United States and Europe (http://www.nature.com/nbt/journal/v24/n7/full/nbt0706-769.html).

Foreign proteins could be produced in animals or animal cell culture, but the
resulting product is often prohibitively expensive, requiring bioreactors that cost many
millions of dollars when production is scaled up to commercial levels. Despite that, the
majority of the biologics (57%) is produced in different mammalian cell cultures where high
quality proteins can be produced (Boehm, 2007). Overall, there is no universal expression
system for heterologous proteins. All expression systems have some advantages as well as.
some disadvantages that should be considered (Table 1.1). Choosing the best one requires
evaluating the options — from yield to glycosylation, proper folding, economics of scale-up
(Frommer and Ninnemann, 1995; Rai and Padh, 2001), the availability of laboratory

facilities, lab expertise, toxicity of expressed protein and so on (Verma et al., 1998).
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1.5.2 Plant Systems

Recent advances in plant molecular biology have led to use of plants as safe and
inexpensive alternatives for the industrial scale production of recombinant proteins (Ko and
Koprowski, 2005; Vitale and Pedrazzini, 2005). Transgenic plants, as natural bioreactors for
the production of industrial and chemical products, obtain increasing attention from the
industry (Yoshida and Shinmyo, 2000). As with animals, plants are complex, multicellular
organisms and capable of protein synthesis that is more similar to that of animals than those
of bacteria or yeast, which are not capable of producing complex proteins. Glycosylation and
other post-translational modifications in plants are similar to those in mammals (Faye et al.,
2005) and the proteins that are produced in a plant may accumulate to high levels throughout
the plant or in specific tissues (Hood and Jilka, 1999; Bailey et al., 2004). The use of plants
avoids the risk of contamination with animal pathogens, such as viruses, since to date no
plant viruses have been fouﬁd to be pathogenic to humans. Purification of the desired
product is often easier than from bacteria, which can be labour- and cost-intensive (Liu et al.,
2005). From an economic point of view, the production cost of biomolecules using plants is
much less than that of fermentation processes since transgenic plants can be grown on an
agricultural scale using solar energy, CO,, and inorganic chemicals to drive plant growth.
Therefore, the cost of producing crude recombinant protein in plants could be three orders of
magnitude lower than that of the mammalian cell system, and 10-fold less than microbial
fermentation (Hood and Howard, 2002). Another advantage of using plant expression
systems is that plant material can be used directly in food, feed or as an industrial feedstock

without purification.
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Currently, plant protein expression systems include corn, soybean, canola, alfalfa,
tobacco, tomatoes, potatoes, and safflower (Hood, 2004). The foreign protein could be
expressed in any organ of the plant, such as tobacco leaf (Schillberg et al., 1999), potato
tuber (Beaujean et al., 2001), and rice seed (Yasuda et al., 2006), maize seed (Hood et al.,
2003), soybean seed (Robic et al., 2006). However, the low cost of production, rapid scale-
up, simple distribution and ease of handling make the seed a favourable organ for producing
foreign proteins. For example transgenic soybean seeds expressing the novokinin Arg-Pro-
Leu-Lys-Pro-Trp which can reduce systolic blood pressure were generated and the amount
of novakinin accounted for 0.5% of total soluble protein (Yamada et al., 2008). Fuﬂhemore,
high methionine grain legumes were obtained using foreign genes encoding Met-rich
proteins (Muntz et al., 1998). We propose to produce enzymes with potential commercial

value such as horseradish peroxidase and laccases ih soybean seed coats.

1.6 Protein Modification and Targeting

The economics of expressed products are dictated by gene expression patterns and
amounts. Expression of genes depends on many factors including transcription, translation,
targeting and importantly the ability of the plant to accumulate the protein. In the case of
foreign proteins, for example an industrial enzyme such as peroxidase, it is desirable to
sequester the protein as much as possible into a specific target tissue (Hood et al., 2003).
This could be accomplished with the use of tissue specific promoters that are active only in
limited tissue types. A striking example was the use of the endosperm-specific GluBl1
promoter to express a major house dust mite antigen (Der p 1) in seed endosperm of rice for
use as an edible vaccine (Yang et al., 2008). An embryo-preferred promoter was used for the

expression of laccase (LCC1) in corn seed (Hood et al., 2003). Here, we are using a

15



promoter derived from the SBP gene which drives expression in the hourglass cell layer of
soybean seed coat.

In addition to promoter specificity, targeting proteins to subcellular compartments
such as ER, protein storage vacuole or extracellular space is useful as protein accumulation
is favoured by some subcellular locations (Hood et al., 2003). The cellular machinery
responsible for targeting proteins is under intense study and has been elegantly reviewed
(Vitale and Hinz, 2005; Muntz, 2007). There is no universal protein targeting working model
(Jolliffe et al., 2005) but Brandizzi et al (2004) have provided us with a good working model
(Figure 1.2). The NTPP (N-terminal propeptide), normally 20-50 amino acids in length with
an internal stretch of at least six hydrophobic amino acids, is known to act as signal targeting
proteins to the ER. This process involves translocation of the protein through the membrane
into the cisternal space of ER accompanied by cleavage of the signal peptide and then N-
linked glycosylation. Correctly folded proteins then enter the Golgi via dense vesicles. If the
NTPP is the only signal present, the protein will be secreted (Vitale and Denecke, 1999)
while the presence of the C-terminal extension HDEL or KDEL leads to retention in the
lumen of the ER.

The Golgi apparatus plays a major role in post-translational modification of secretory
proteins such as oligomers being transformed to glycans or proteins previously glycoslyated
in the ER being modified to more complex glycans using several glycosidases and glycosyl-
transferases (Kis et al., 2004) . From the Golgi the protein can be transported either to

vacuole or to the extracellular space.
Two types of vacuolar sorting signals have been recently described. One sequence

can be located anywhere within a protein and shares a conserved amino acid signature NPIR
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(Jolliffe et al., 2005; Vitale and Hinz, 2005). Proteins that contain this specific signal are
targeted to lytic vacuoles in clathrin coated vesicles (Vitale and Raikhel, 1999). The second
type is a C-terminal vacuolar sorting signal which has no conserved sequence (Jolliffe et al.,
2005; Vitale and Hinz, 2005). The C-terminal vacuolar sorting signal is believed to be
responsible for directing protein to protein storage vacuole (PSV) through dense vesicles.
The CTPP (C-terminal propeptide) is cleaved during protein maturation.

Storage vacuoles are found in storage tissues, for instance, seeds, tubers, and their
functions are to store proteins for long time periods suggesting that they may be suitable
reservoirs for foreign proteins. Studies of the expression of antibody fragments in tobacco
and laccase I in maize demonstrated that the secretory pathway-targeted proteins are more
stable and accumulate to higher levels than cytosol-localized proteins (Schillberg et al., 1999;
Hood et al., 2003).

The development of strategies for manipulating seed coats rgquires an understanding
of the potential signaling peptides that target the corresponding proteins. It is suspected that
soybean seed coat peroxidase contains a transit peptide signal sequence (N-terminus) and a
vacuolar signal .sequence (C-terminus) that would target it to the vacuole via the ER. Two
lines of analysis support this model. The primary protein sequence (Gijzen et al., 1993, 1997)
suggests their presence and the sequence of mature SBP lacks these sequences as expected if
SBP is transported via the ER to the vacuole (Gray et al., 1996; Welinder and Larsen, 2004).
Furthermore, the presence of mannose, xylose and fucose suggests that SBP had passed
through the Golgi on its way to the vacuole (Gray et al., 1996).

The structure of SBP protein is very unique to soybean. It was found that

Arabidopsis thaliana (Magnoliophyta; eudicotyledons; core eudicotyledons; rosids; eurosids
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- II; Brassicales; Brassicaceae) peroxidase gene family has no peroxidase orthologous to SBP
(Welinder et al., 2002; Duroux and Welinder, 2003). There is no research on the functions of
SBP N-, C-terminal peptides up to now. Experimentation is needed to confirm the functions
of NTPP and CTPP before SBP signalling peptides can be used to target foreign protein to
specific compartments in the hourglass cells. These results can be directly applied to the
manipulation of foreign proteins in epep mutant soybean line.

The functionality of NTPPs and CTPPs can be tested using model transgenic systems.
For example, to investigate the roles of pro-peptides in intact plants, Kis et al. (2004) used
tobacco to express different versions of synthetic horseradish peroxidase (isozyme C) f rom
Armoracia rusticana (Magnoliophyta; eudicotyledons; core eudicotyledons; rosids; eurosids
II; Brassicales; Brassicaceae). The gene was engineered to include additional sequences
coding for either the natural N-terminal or C-terminal extension or both from HRPC. The
constructs were placed under the control of CaMV-35S promoter. They found that the N-
terminal extension was essential for the production of high levels of recombinant protein
mainly in the cytosol, while the C-terminal extension had little effect. In this project, we will
verify the functions of Ep signal peptides in order to express our foreign proteins in soybean
seed coat. There are two potential pro-peptides in SBP an NTPP of 26 amino acids and a
CTPP of 20 amino acids (Welinder and Larsen, 2004). These signalling peptides are

removed when SBP matures.
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Figure 1. 2 Schematic Diagram of the Endomembrane System in Plant Cells

This figure illustrates the endomembrane organelles of the plant secretory pathway.
CW, cell wall; ER, endoplasmic reticulum; G, Golgi apparatus; PM, ‘plasma membrane; N,

nucleus; PVC, prevacuolar compartment (Brandizzi et al., 2004).
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1.7 Optimizing Expression of Foreign Proteins

The expression of functional proteins in heterologous hosts is a cornerstone of
modern biotechnology. For several reasons however, proteins are often difficult to express
outside their original context, e.g. expression of mammalian genes in E. coli (Feng et al.,
2000) which may contain codons that are rarely used in the desired host (Twyman et al.,
2003; Gustafsson et al., 2004). Improvements in the speed and éost of gene synthesis have
facilitated the design of gene sequences to maximize the likelihood of high protein
expression. Theée strategies include alteration of mRNA structural elements and use of
different codon biases. The translation rate can be maximized by codon usage in some
transgenes (Koziel et al., 1996) since the efficiency (rate and accuracy) of translation is
expected to be proportional to the concentration of the cognate tRNA (Shpaer, 1989;
Sorensen and Mortensen, 2005; Hu et al., 2006). For instance, level of the codon-optimised
version of the Plasmodium yoelii merozoite surface protein 4/5 (PyMSP4/5) expressed in
tobacco for controlling malaria accumulated to a level six fold higher than the native P.
yoelii sequence (Wang et al., 2008).

Since differences in CG content between soybean and fungi (45% in soybean versus
63% in Trametes versicolor) (Fungi; Dikarya;, Basidiomycota, Agaricomycotina;
Agaricomycetes; Agaricomycetes incertac sedis; Polyporales; Coriolaceae) is very large,

codon optimization may be critical for protein expression in the soybean seed coat.

1.8 Methods for Measuring Targeting

To visualize protein distribution within individual cells and tissues they are labeled
with either a reporter or an antigenic tag, or detected by specific antibodies. Enzyme

reporters, such as B-glucuronidase (GUS) (Jefferson, 1989) cannot provide subcellular
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protein localization at high resolution or in real time as they are detected indirectly via
chromogenic reaction products (Taylor, 1997). The use of antigenic tags, such as the T7 or
HA epitopes and specific antibodies, requires labor-intensive and time-consuming
techniques such as immunocytochemistry and electron microscopy. The green fluorescent
protein (GFP) originally cloned from the jelly fish dequorea victoria overcomes many of

these limitations.

1.9 Green Fluorescent Protein as a Reporter in Plant Cells

GFP can be used and detected in plants, animals, fungi, and prokaryotes (Chalfie,
1995; Brandizzi et al., 2003; Brandizzi et al., 2004). Its advantages reside in its simple and
reproducible detection under standardized conditions in a large variety of organisms and cell
types. Due to its autofluorescence and high quantum yields, GFP and its spectral variants
(Griesbeck et al., 2001) provide sensitive and convenient tools to track biological molecules
in real time in yeast, animal and plant systems (Hanson and Kohler, 2001). Furthermore,
GFP fluorescence can be both qualitative and quantitative (Lissemore et al., 2000;
Mortensen and Larsson, 2001; Gu et al., 2004). Thus GFP is widely used in the study of
protein targeting (Zhou et al., 2004).

Usually, GFP is expressed as a chimeric protein either with selected peptide targeting
sequences or as a fusion with complete proteins. Expression of GFP constructs can be
observed in living material using conventional or preferably, confocal laser scanning
epifluorescence microscopes (Brandizzi et al., 2004). GFP has a number of intrinsic
properties that make it attractive as a marker for cell biological studies. For instance, it is

highly fluorescent and requires no co-factors or substrates to fluoresce. It is relatively stable,

s
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shows no detectable level of cytotoxicity and in many instances does not interfere with the
functioning of native proteins when attached to them as chimeric constructs. Moreover, it
has been genetically modified to alter its spectral and other properties such as folding rate, to
make it more efficient (Cubitt et al., 1995). Overall, these advantages have facilitated protein
targeting research (Neuhaus and Boevink, 2001); however potential problems with GFP such
as photo-bleaching (Tamura et al., 2003) have been observed.

In our project, we are using pCambia 1302 vector, which contains mGFP5
(absorption 395/475 nm, emission 510 nm). The advantages of mGFPS5 are that it does not
require splicing, generates equal absorption peaks, and it is more thermo-stable (Neuhaus et
al., 2001). The mGFP5 has been widely used in Arabidopsis (Yang et al., 2005; Gendra et al.,
2004; Taira et al., 2004; Abdenoor et al., 2003) but analysis of large numbers of
transformants of rice and Arabidopsis at CAMBIA showed that the fluorescence produced
by the mGFPJ protein could be quite faint (pCambia webpage).

‘Arabidopsis thaliana has been chosen as our model for testing the ability of the
putative SBP protein targeting signals to direct GFP to specific subcellular locations. We use
Arabidopsis leaf mesophyll cells for protein targeting studies because 1) Arabidopsis is a
widely accepted model plant. More importantly, both soybean and Arabidopsis are dicots
and being closer in terms of phylogeny, they may share the same mechanism of protein
targeting; 2) the sizes of mesophyll cells are relatively large compared with palisade cells,

and amount of chloroplasts is relatively fewer (Mr. Ann-Fook Yang, AAFC, personal

communication).
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1.10 Expressing Heterologous Protein Genes in the Soybean Seed Coat

The epep cultivar Jack was chosen as the host since it has little peroxidase
background in the soybean seed coat, which makes the detection of HRPC and LCC proteins
expressed in soybean seed coat easier. The design of our soybean constructs contained
several important features: 1) to restrict gene expression to the HGC the Ep promoter was
employed. A 1.5kb DNA fragment upstream from the Ep gene can restrict GUS gene
expression to the soybean HGC (Dr. D Simmonds, unpublished data). 2) The NTPP and
CTPP of the Ep gene were used to target expressed proteins to the subcellular location
occupied by SBP (this thesis; Moise, unpublished). 3) To aid folding of the expressed
proteins, the four amino acid adaptor GGAA was inserted between the NTPP and CTPP and
the mature protein (Argos, 1990). 4) A HIS tag was inserted between GGAA adaptor and
CTPP to assist protein isolation. 5) The coding sequence of the matufe protein along with the
signal sequences from the Ep gene was codon-optimized for soybean at GeneScript, USA
(Batard et al., 2000). The DNA cassette was cloned into the modified pCambia 1300 vector,

between Nco I and Bst E 11 sites.

1.11 Use of Horseradish Peroxidase and Fungal Laccases to Verify the Seed Coat

System

1.11.1 Horseradish Peroxidase Structure and Function

Horseradish Peroxidase (HRPC) belongs to class III of the plant peroxidase super-
family that includes SBP. It can use a variety of organic compounds such as phenolics, as

electron donors, while peroxide is reduced to water. HPRC contains a heme cofactor in its
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active site. HRPC is one of the most valuable and widely used industrial 'enzymes
(Ghasempur et al., 2007). It is used in medical diagnostics because of its superior
temperature stability, longer shelf life and high sensitivity (Yoshida et al., 2003) and is
widely used in bio-sensing and immunoassays. Due to its ability to oxidize a wide range of
substrates there are several areas where it could replace current chemical oxidation process
as a substitute for chlorine bleach in the process of pulp and paper bleaching, soil
remediation and on-site waste destruction.

Generally speaking, the function and practical applications of HRP are the same as
SBP since HRPC and SBP share strikingly similar three-dimensional structures with more
than 60% sequence homology (Kamal and Behere, 2003). Although HRPC and SBP have
many structural stabilizing factors in common (Gajhede et al., 1997; Henriksen et al., 2001),
SBP has a higher melting temperature (86°C vs 74°C for HRPC) (Chattopadhyay and
Mazumdar, 2000) and a 20 fold higher catalytic efficiency than HRPC at their pH optima
using ABTS as a substrate at 25°C (Kamal and Behere, 2003). Structural differences may

account for the difference of their activity and stability (Kamal and Behere, 2003).

1.11.2 HPRC Signalling Peptides

The HRPC (M37156) cDNA sequence is 1062 bp (Fujiyama et al., 1988; Fujiyama et
al., 1990) and encodes a 354 aa protein (AAA33377) (Welinder, 1979; Gray et al., 1998)..
By comparing the HRPC deduced protein sequence with that of the purified protein, two
putative signal peptides were identified: an N-terminal propeptide
MHFSSSSTLFTCITLIPLVCLILHASLSDA(30aa) and a  C-terminal  propeptide
LLHDMVEVVDFVSSM(15aa), both of which are predicted by bioinformatics

(Emanuelsson and von Heijne, 2001). The N-and C-terminal signalling peptide are cleaved
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during maturation and both are necessary for efficient sorting of the protein into vacuoles in
tobacco BY2 cells (Matsui et al., 2003). HRPCla derived from a pre-protein lacking CTPP
is shunted into the secretory pathway (Matsui et al., 2003; Matsui et al., 2006). The HPRC
promoter has been characterized (Kawaoka et al., 1992). The subcellular localization of
HRPC in horseradish root has not been reported. Based upon the presence of potential signal
peptides (Emanuelsson and von Heijne, 2001) and studies of transgenic HRPC expressed in

tobacco cells, it likely accumulates in protein storage vacuoles (Matsui et al., 2003).

1.11.3 HRPC Expression in Heterologous Systems

In horseradish plants 86% of the HRPC activity is present in the tap and lateral roots
and 14% activity is found in leaf petiole. The HPRC activity from roots of different cultivars
measured using guaiacol as the substrate ranged from 2.07 to 3.71 U/mg (Kushad et al., 1999)
which is equivalent to 6.46-11.58 ABTS U/mg (this thesis, Results). HRPC has been
expressed in a number of heterologous plant systems, e.g., 0.025-0.3 pyrogallol U/mg in
tobacco BY2 cells (Matsui et al., 2006) which is equivalent to 0.042-0.498 ABTS U/mg
(Table 1.2). While HPRC has been expressed in other plant systems, a specific activity was
not given so direct comparisons cannot be made. When HRPC was expressed in transgenic
aspen an activity of 1,408 guaiacol units ( 4,393 ABTS units) was obtained in leaves, a
value 10 times higher than that of WT poplar leaves (Kawaoka et al., 2003).

In this project, we are expressing codon-optimized HRPC in the soybean seed coat.

1.11.4 Fungal Laccase: Structure and Function

Laccases (EC 1.10.3.2) are copper-containing oxidase glycoproteins that are found in

many plants, fungi, and microorganisms (Thurston, 1994). They can catalyze oxidation of
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various phenolic compounds, aromatic amines and even certain inorganic compounds by
reducing molecular oxygen into water. Their substrate versatility makes laccases highly
interesting for various applications, including textile dye bleaching, pulp bleaching
(http://www.iogen.ca) and bioremediation, where enzymatic catalysis could serve as a more
environmentally and benign alternative to the currently used chemical processes (Kiiskinen,
2004).

Fungal laccases show much broader substrate specificity than other members. of the
family. The essential sequence features of fungal laccases have been analyzed based on
multiple sequence alignments of more than 100 sequences (Kumar et al., 2003). There are a
set of four un-gapped sequence regions, L.1-L4, as the overall signature sequences that can
be used to identify the laccases, distinguishing them within the broader class of multi-copper
oxidases. Recently, the crystal structure of an active laccase containing a full complement of
copper, and the complete polypeptide chain together with seven carbohydrate moieties, was
reported (Piontek et al., 2002) . The geometry of the trinuclear copper cluster in the Trametes
versicolor laccase is similar to that found in other organisms, suggesting a common reaction
mechanism for the copper oxidation and the O, reduction. In contrast to most blue copper
proteins, the type-1 copper in the 7. versicolor laccase (LCC1) has no axial ligand and is
only 3-fold coordinated (Piontek et al., 2002). The LCCI1 structure is a monomer, organized

in three sequentially arranged domains (Bertrand et al., 2002).
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1.11.5 Laccase Signalling Peptides

Trametes versicolor is one of the best studied white-rot fungi and its laccases
have been intensively studied. The cDNAs encoding the 7. versicolor laccase LCC1
(U44430) and a putative laccase LCC4(U44431) have been characterized (Ong et al.,
1997). LCC1 from T. versicolor encodes an isoenzyme of 519 amino acids preceded by
20aa NTPP (MGLQRFSFFVTLALVARSLA; Lanthier and Yaguchi, unpublished). A
putative NTPP of 27aa (MGKFHSFVNVVALSLSLSGRVFGAIGP; Theresa White,
Iogen, personal communication) has been suggested for LCC IV. These NTPPs might
play an important role during laccase secretion. The NTPPs of laccases were replaced
with the SBP NTPP and CTPP to direct the expressed laccases to the vacuole of the HGC

of soybean seed coat.

1.11.6 Laccases Expressed in Endogenous and Heterologous Systems

Fungal laccase protein sequences are highly conserved (Necochea et al., 2005)
suggesting that their activities should be similar (Theresa White, logen, personal
communication). Up to now, there are several reports of laccase activity from other
Trametes. Crude extracts from Trametes trogii cultures showed laccase activity at 2.4
ABTS U/mg (Garzillo et al., 1998). A laccase purified from Trametes versicolor 951022
was found to be much higher at 437.4 U/mg. With a MWt of 90 kDa it is a new laccase
different from LCC1 and LCC4 (~60 kDa) (Han et al., 2005). Recently, it was found that
the activity of LCC1 in Pichia pastoris can be up to 2.6 U/mg (Koschorreck et al., 2008).

As mentioned above for HRPC, it is difficult to convert literature values for laccases into
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specific activity as these values are expressed as units per volume without any protein
concentrations being given.

Laccase, as a ligninolytic enzyme, has been difficult to over-express in active
form in heterologous hosts. Detection of active recombinant laccase has been reported in
the yeasts Saccharomyces cerevisiae (Kojima et al., 1990) and Pichia pastoris (Jonsson
et al., 1997) and in the filamentous fungi Trichoderma reesei (Kiiskinen et al., 2004) and
Aspergillus oryzae (Yaver et al., 1996). Yeasts and filamentous fungi are generally good
hosts for protein secretion but they are more prone to errors in glycosylation, and the
quality of expressed proteins is not as good as that expressed in plants. They are not ideal
laccase expression systems.

Laccase has been expressed in a number of plant systems, such as maize seed
(Hood et al., 2003; Bailey et al., 2004), rice seed (de Wilde et al., 2008), tobacco leaf
(Sonoki et al., 2005; Sato and Whetten, 2006) and Arabidopsis leaf (Wang et al., 2004).
Unfortunately, laccase gene expression in maize seed although regulated by an embryo-
preferred promoter was not restricted to corn seed and hindered growth. Cotton plant
laccase was aléo expressed in Arabidopsis at 0.005-0.008 U/ mg protein, which was fairly
low. Pycnoporus cinnabarinus laccase was expresSed in rice endosperm at 0.14 U/mg
and Melanocarpus albomyces laccase activity could be as high as 0.58 U/mg proteins in
rice seed endosperm. The heterologous expression of laccase was summarised in Table
1.3.

In this project, we are expressing soy-optimized fungal laccase, LCC1 and LCC4

in the soybean seed coat
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1.12 Thesis Objectives and Hypotheses

The soybean seed coat has been proposed as a vehicle for the production of
foreign proteins to enhance soybean seed value (Moise et al., 2005). The availability of
regulatory elements derived from the Ep gene and the ability to transform soybean has
made this goal feasible for testing. The objective of this thesis was to develop the
soybean seed coat as a bioreactor to produce commercially useful proteins. To achieve
this goal, I have
1) Tested the ability of Ep signalling peptides to function as targeting peptides using
mesophyll cells of 4. thaliana as a model system;

2) Expressed the proteins laccase I, laccase IV and HRPC in soybean seed coat using
vectors designed to optimize expression;

3) Evaluated the ability of soybean seed coats to accumulate foreign proteins;

4) Tested the enzymatic activities of expressed proteins.
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CHAPTER TWO: MATERIALS AND METHODS
2.1 Source of Chemicals and Materials
The chemicals and materials used in this project are listed below in alphabetical

order, showing catalogue number, and manufacturer.

2.1.1 Sources of Chemicals

Acetone (BDH, #BDH1101-4LP); Agarose (BioShop, # AGA001); Ammonium
persulfate (BIO-RAD, #: 161-0700); Anhydrous ethyl alcohol (ethanol)(Commercial
Alcohols Inc.); 2,2’-Azino-bis (3-Ethylbenzthiazoline-6-Sulfonic Acid) (ABTS) (Sigma,
#: A9941); Acrylamide 30% Solution (BioShop, #ACR009); Bacto Tryptone (Triptona
Bacto, #DF0123173); Bacto Yeast Extract (Triptona Bacto, #DF0127179); BisTris (MP
Biomedicals, #101038); Bromphenol blue (Sigma, #B-5525); 4-Chloro-1-maphthol
(Sigma-Aldrich, #C8890-5G); Coomassie brilliant blue R-250 (PIERCE, #20278); Cupric
sulphate (CuSOy4) (Fisher Biotech, #C49010); 3, 3-Diminobenzidine (Fluka, #32741); 2,
7-Diaminofluorine (Aldrich, #D17106-1G,); 1, 8-Diaminonaphthalene (Fluka, #33170);
Dimethyl Sulfoxide (DMSO) (Fisher Biotech, #BP231-1); Ethidium bromide (Fisher
Biotech, #BP102-5); Glycerol (enzyme grade) (Fisher Biotech, #BP229-1); Glycine
(Fisher Chemicals, #G46-500); Guaiacol (Sigma, #G5502-250G); Hydrogen peroxide
(H207) (Sigma, # H-1009); Javex (Bleach) (Colgate-Palmolive Inc.); 2-Mercaptoethanol
(B-Me) (Sigma-Aldrich, #M6250-100ML); Methanol (Fisher Scientific, #A452-4);
Murashige and Skoog Basal (MS salt) (Sigma, #M5524); Non-fat dry milk, local
supermarket; Ponceau S (Sigma, #P3504); Potassium dihydrogen orthophosphate

(KH,PO4) (BDH Chemicals, #ACS657); Propidium iodide (Calbiochem, #537059);

32



pyrogallol (Sigma, # P0381); Sodium azide, (Fluka, through Sigma, #S2002); Sodium
chloride (EMD, #SX0420-3); Sodium Dodecyl Sulfate (SDS) (Bio-Rad, #161-0302) ;
Sodium phosphate diabasic (Na,HPO, « 2H,0) (Fisher Scientific, #S-374); Sucrose
(EMD, #SX1075-3); Syringaldazine (Sigma, #S7896-1G); Temed (BIO-RAD,

#TEMOO01); Trichloroacetic Acid (TCA) (Sigma, # T 9159); Tris (BioShop, #TRIS 001).

2.1.2 Sources of Materials

Agrobacterium tumefaciens strain (Bacteria; Proteobacteria; Alphaproteobacteria;
Rhizobiales; Rhizobiaceae; Rhizobium/Agrobacterium group) GV3101 competent cells
(Dr. Brian Miki’s lab, AAFC, prepared according to Hellens et al., 2000); Ampicillin
(Sigma, #A9518-25G); Tetra-HIS HRP Conjugate (QIAGEN, #34470); Anti-HRPC
antibody (Abcam, #: ab2115); Anti-LCC1 antibody (Southern Alberta Cancer Research
Institute [SACRI] Antibody Services, University of Calgary); Anti-LCC4 antibody
(Southern Alberta Cancer Research Institute [SACRI] Antibody Services, University of
Calgary); BugBuster HT (Novagen, #70922-4); Coomassie (Bradford) Protein Assay Kit
(PIERCE, #1856209); DNeasy Plant Maxi kit (QIAGEN, #68163); DNeasy plant mini kit
(50) (QIAGEN, #69104); Subcloning efficiency DH5a chemically competent E. coli cells
(Invitrogen, #18265-017); E coli Top 10 cells (Invitrogen, # C4040-10,); Flamingo
fluorescent gel stain (QIAGEN, #161-0490); Goat anti-mouse IgG AP conjugate (Sigma,
# A-2429); Goat anti-mouse IgG HRP conjugate (BIO-RAD, # 170-6516); Goat anti-
rabbit IgG AP conjugate (BIORAD, #: 170-6518); Goat anti-rabbit IgG HRP conjugate
(Jackson, #111-036-003); (GeneRuler'™ 100 bp DNA ladder plus (Fermentas, #:
SM0321); GeneRuler™ 1kb DNA ladder plus (Fermentas, #SM0311); HRPC (Sigma, #

P-8250) HRP Color Development Buffer (BIO-RAD, #1.9702833 Rev B,); HRP Color
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Reagent A (BIO-RAD, # L9701118 Rev C,); HRP Color Reagent B (BIO-RAD,
#1.9701120 Rev D,); Hygromycin B (Roche, #10843555001); Kanamycin A (Sigma,
#K1372); Laccase from Trametes versicolor (Biochemika, #38429); LCC1, LCC4, and
HRPC synthetic genes (GenScript, USA); NBT/BCIP Reagent Kit (Molecular Probes,
#N6547); OneStep RT-PCR kit (QIAGEN, #: 210212); pCAMBIA1300 and other

pCAMBIA plasmids (www.cambia.org); pGEMT-Easy plasmid (Promega); pPRX-1

Plasmid (Dr. Mark Gijzen, London, ON, AAFC); pTrcHis2 A (www.invitrogen.com, gift

from Dr. Steve Gleddie); pLacZi (Clontech); Precision plus protein all blue standards
(BIO-RAD, #161-0373); Precision protein all blue standards (BIO-RAD #:161-0318);
Protease inhibitor cocktail (Sigma, # P9599-1ML); PVDF membrane (Fisher, #: BP172-
5); QIAexpress® Ni-NTA Fast Start kit (QIAGEN, # 30600); QIAquick Gel Extraction
kit (QIAGEN, #28706); QIAquick PCR Purification Kit (50) (QIAGEN, #28104);
QIAEX II Gel Extraction Kit (QIAGEN, #20051); REDExtract-N-Amp™ Plant PCR
kits(Sigma, #XNAP-1KT); RNeasy Plant Mini Kit (QIAGEN, #74905); RNase-free
DNase set (50) (QIAGEN, #79254); Restriction enzymes (Fermentas); SBP (Sigma, #
P1432); Taq DNA Polymerase (Fermentas, #EP0402); Soybean cv. Harosoy 63, seeds
(Dr. E. Cober, AAFC); Soybean cv. Jack seeds ( Dr. D. Brown, AAFC); T4 DNA Ligase
(Promega, #M1804); tCUP promoter (Dr. B. Miki, AAFC); Timentin (3.1 g/vial, Glaxo

Smith Kline); Wizard® Plus Minipreps DNA Purification System (Promega, #A7100).

2.2 Plant Materials and Propagation

2.2.1 Arabidopsis Transformation and Growth

The Agrobacterium-mediated transformation of Arabidopsis thaliana (ecotype

Columbia) was performed by the floral dip method (Clough and Bent, 1998). Seed was
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normally collected after 3 weeks. All Arabidopsis plants were grown in a Conviron E15
growth cabinet under the following conditions: 16 h, 22°C, 100 pE m™ s day / 8h, 22°C
night; relative humidity of 50%.

The seed sterilization procedures were as follows: 1 ml of 70% ethanol was added
into an Eppendorf tube containing .100-200 pl of seeds. After shaking for 2 min on a
shaker, the tube was spun for 30 sec to collect the seeds. The ethanol was removeh and 1
ml of 50% bleach was added. Seeds were re-suspended by vortexing. After shaking for
10 min, seeds were collected by centrifugation and the bleach was removed. Then 1 ml of
autoclaved, distilled water was added, the tube was shaken for 2 min and the seeds were
collected. Washing with water was repeated 2 more times. Finally the seeds were re-
suspended in 8-12 ml of 0.1% agarose. Transformed plants were selected by spreading on
half-strength MS medium (Murashige and Skoog, 1962) containing 1% sucrose and 0.8%
agar, pH 5.7-5.8, supplemented with 30 pg/ml of hygromycin and 300 pg/ml of timentin.
After 2-3 weeks of growth on selective medium transgenic plants were transferred to soil

and grown in a Conviron E15 growth cabinet.

2.2.2 Soybean Transformation and Growth

Embryogenic suspension cultures of soybean [Glycine max (L.) Merrill cv. “Jack”]
were initiated and transformed by particle bombardment (Finer and McMullen, 1991) as
modified by Dr. Sijun Zhou in the laboratory of Dr. Dan Brown ( S. Zhou, D. Brown,
manuscript in preparation). One to two weeks after bombardment, embryogenic tissue
was placed in a liquid proliferation medium containing hygromycin. Four to six weeks
after bombardment, lobes of yellow-green, hygromycin-resistant tissue, which began as

outgrowths on brown clumps of hygromycin-sensitive tissue, were isolated and cultured
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to give rise to clones of transgenic embryogenic material. Transgenic, fertile plants can
be routinely produced from the proliferating transgenic embryogenic clones. The
presence of the AprIl gene was verified by PCR (Tara Rintoul, personal communication).
Seeds from soybean cultivars including Harosoy 63, Jack and all transgenic;,
were germinated in moist vermiculite in a growth cabinet (Conviron E15) for 7 days until
soybean plant had 3-4 trifoliate (ternate) leaves and then was transferred to soil in 12-inch
pots. All soybean plants grown from seedlings were grown under the following
conditions: 14 h, 25°C, 300 uE m? s™ day / 10h, 20°C night; relative humidity of 80%.
After one week the light period was shortened to 13 h, and two weeks later, the light
period was reduced to 12 h until the plants set seeds (Dr. D. Simmonds, personnel

communication), at which time the relative humidity was reduced to 70%. At

approximately 5 weeks after flowering, watering was terminated to allow for seed drying

(Miller et al., 1999).

2.3 DNA Isolation and Manipulation
2.3.1 Isolation of Plasmid DNA

The Promega Wizard Prep Kit was used to isolate plasmid§ from E. coli liquid
cultures according to the manufacturer’s recommendations. DNA was eluted from the
resin with 50 ul of sterile water or TE buffer supplied by the Promega. DNA
concentration was quantified using Spectronic BioMate 3 and 1.5% agarose gel

electrophoresis was used to confirm the presence of plasmid DNA. Samples were stored

at —20°C for further use.
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2.3.2 Isolation of Genomic DNA

Genomic DNA was isolated from plant tissues (usually leaves) using the
QIAGEN DNeasy Plant Mini Kit according to the manufacturer’s recommendations.
Typically 100 mg (wet weight) of tissue were processed (DNeasy Plant Mini, and Maxi
Handbook, www.QIAGEN.com). DNA was eluted from the resin by DNA elution buffer
(buffer AE) provided in the kit. To get high yield of DNA, a second elution was
performed and the two eluates were combined. DNA concentration was quantified at 260

nm using Spectronic BioMate 3. Samples were stored at —20°C for further use.

2.3.3 Restriction Digestion and Gel Electrophoresis

Typically, restriction digestions were performed for one hour at 37°C in a final
volume of 50 pl containing 0.5-1.0 pg of DNA, the specific reaction buffer as indicated
by the manufacturer, BSA with final concentration at 1 pg/ml, and 1 pl of restriction
enzyme (5-10 units). The DoubleDigest’™ WEB page was referenced

(http://www.fermentas.com/doubledigest/index.html) if two restriction enzymes did not

share the same restriction enzyme buffer. After digestion 1% agarose gel electrophoresis
was used to obtain the inserts (Sambrook et al., 1989); the band(s) of interest were cut out

of the gel and stored in -20°C for future purification.

2.3.4. Purification of DNA Fragments from Agarose Gels

The gel slice containing the DNA band of interest was excised with a clean, sharp
scalpel. DNA was isolated using the QIAquick or QIAEX II Gel Extraction Kit,
depending on the fragment size, according to the manufacturer’s recommendations. The

DNA was eluted using 50 pl of the supplied buffer or water. The purified DNA
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fragments were stored in -20°C for cloning or other uses after quantifying DNA

concentration at A260 nm by using a Spectronic BioMate.

2.3.5 PCR Product Purification

PRC products were purified with the QIAquick PCR purification kit according to
the manufacturer’s recommendations. The DNA was eluted using 50 pul of the supplied
buffer or water. The purified DNA fragments were stored in -20°C for cloning or other

uses after quantifying DNA concentration.

2.3.6 Ligation

DNA fragments generated by restriction enzyme digestion or PCR products
digested with restriction enzymes were ligated into pCAMBIA1302 or modified
pCAMBIA1301 vectors. Al:3 ratio of vector: insert (concentration) was generally used
to maximize ligation. Typical ligation conditions were 1x Rapid Ligation Buffer (60 mM
Tris-HCL, pH 7.8, 20 mM MgCl2, 20 mM DTT, ImM ATP 10% PEG, Promega), 50 ng
of vector DNA, 150ng of insert, 3 Weiss units of T4 DNA ligase in a final volume of 10
ul. The ligation reaction was incubated overnight at 4°C and stored at —20°C until needed

for transformation.

2.4 PCR Reaction Conditions

2.4.1 Standard PCR

For standard PCR the reaction volume was 20 ul and contained 1X Taq buffer
(100mM Tris.HCI pH 8.3, 500mM KCl, 15mM MgCl, 10X PCR buffer), 0.2 mM each
dATP, dCTP, dGTP, dTTP, 0.5 uM each forward and reverse primers, 1 U of Taqg DNA

polymerase, and 0.5 pg of template DNA. The annealing temperature was optimized by
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gradient PCR. Extension time was estimated based on the synthesis speed for Taq

polymerase of 1000 bp per min (rscott.myweb.uga.edu/protocols/CEP_13.pdf). The

number of cycles was 30-35.

2.4.2 Colony PCR

To screen E. coli colonies for inserts, colonies were grown 15 hours (overnight) at
37°C. A single, labelled colony picked with either a sterile loop or pipette tip and added
to the PCR reaction mix as the template DNA. The PCR recipe and conditions were the

same as the standard PCR.

2.4.3 Transgene Screening

Genomic DNA was isolated from leaves using the REDExtract-N-Amp™ Plant
PCR kits (Sigma) according to manufacturer’s recommendations. Transgenic plants were
PCR screened for different transgene elements such as Ep promoter, transgene itself,

NOS terminator, tCUP promoter and hpt II gene. The primers for are found in Table 1.

2.5 Bacterial Transformation

2.5.1 E. coli Transformation

DH5a E. coli competent cells were thawed on ice for 10 min. Plasmid DNA
(about 0.5 pg) was mixed gently with 50 pl cells and incubated on ice for 30 min.
Following a heat shock at 42°C for 45 sec, the mixture was placed on ice for 2 min. Then
1 mL of SOC medium (0.5% yeast extract, 2% tryptone, 10 mM NaCl, 2.5 mM KCl, 10
mM MgCl,, 10 mM MgSO,4) was added to the transformed cells and the mixture was
incubated at 37 °C for one hour with shaking. For selection, aliquots were plated on

freshly prepared LB plates (7.5 g agar per 500 ml Luria-Bertani broth) containing
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50mg/L kanamycin. Plates were incubated overnight at 37°C, and colonies were selected

for preparing liquid cultures to isolate the recombinant plasmids or for colony PCR.

2.5.2 Agrobacterium tumefaciens Transformation

Agrobacterium tumefaciens competent cells (GV3101) were thawed on ice for 10
min. Plasmid DNA (1 pug) was mixed gently with 100 ul cells. The mixture was frozen in
liquid nitrogen for 5 min, and then thawed for 5 min at 37°C. After 1 ml of LB was added
the mixture was transferred to a 15ml Falcon tube and incubated for 2 h on a roller drum
at 30°C. The mixture was poured into 1.5 ml microfuge tube, and the tube was spun for 5
min to pellet cells. The supernatant was removed and the pellet was resuspended in 100
ul LB. All of the suspension was plated on LB plates containing 50mg/LL kanamycin and

incubated at 30°C. Transformed colonies were visible on the fourth day of incubation.

2.6 Plasmid Construction
2.6.1 GFP Constructs for Protein Targeting

Four constructs were made to test the ability of putative signal peptides from the
Ep gene to target GFP to their predicted subcellular locations in A4. thaliana. The base
vector was pCAMBIA1302 containing the mgfp5 version of the dequoria victoria green
fluorescent protein (Siemering et al., 1996). pPCAMBIA1302 was cut with Sph I, which
resulted in a DNA fragment containing LacZ MCS, 35S promoter, mGFP, HIS tag, and
NOS poly A. The resulting DNA fragment was subcloned into the Sph I site of pGEMT-
Easy to create intermediate plasmid pGEMT-GFP. To generate the CTPP fusion a 60 bp
fragment encoding the C-terminal region of SBP was generated by PCR of the plasmid

pPRX-3 (Ep peroxidase cDNA cloned into pCMV-BK; gift of Dr. M. Gijzen, London,
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AAFC) using the primers PRX-gfp3-For and PRX-gfp3-Rev (Table 2.1). To create the
GFP3’prx construct the PCR product was purified by QIAGEN PCR Purification Kit,
“digested with Nhel + BstE II for CTPP and ligated into pPGEMT-GFP digested with the
same enzyme pair. To create 5’prxGFP construct, the N-terminal targeting signal pro-
peptide (NTPP) DNA fragment was amplified by PCR using the pPRX-3 as the template
and the primer pair PRX-gfp5-For + PRX-gfp5-Rev. The resulted PCR products were
digested with Nco I + Spe I, and were subcloned in the pPCAMBIA 1302 vector cut with
the same restriction enzymes. To create the 5’prxGFP3’prx construct, we used Xba I and
Spe 1to cut 5’prxGFP and cloned the released fragment into GFP3’prx linearized with the
same two enzymes.
In total, four GFP constructs were obtained, namely, A) pPCAMBIA1302 thth was
a control vector, without any Ep NTPP or CTPP; B) GFP3’prx with the CTPP fused with
GFP; C) 5’prxGFP with the NTPP fused with GFP; and D) 5’prxGFP3’prx with both

NTPP and CTPP fused with GFP (Figure 3.2).

\

2.6.2 Ep (S) Series Constructs for Soybean Transformation

The pCAMBIA series of plasmids used in this project are described at
http://www.cambia.org/daisy/cambia/materials/vectors.html. pCAM1301-tCUP plasmid
was made by replacing the CaMV 35S promoter that drives expression of hpt II gene by
the tCUP promoter (Malik et al., 2002). The peroxidase promoter (Prx) was synthesized
based on the Prx sequence (Gijzen, 1997) at NRC-Plant Biotechnology Institute (PBI),

Saskartoon and cloned into HindlIlI/Ncol sites of plasmid pCAM1301-tCUP to give the

base plasmid S8. In S8 derivatives the order of the expression cassette was hpt I[<-tCUP

- NOS -synthetic gene <—prx NOS. In S18 derivatives, ~2.7kb fragment derived from
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pLacZi (Clontech) was inserted between the tCUP and Prx promoters to give the order
hpt II--tCUP - LacZ - prx— synthetic gene — NOS. These constructs were built by Dr.

Loreta Gudynaite-Savitch.

To improve the potential expression efficiency of HRPC, LCC1 and LCC4 in
soybean, the codon usage of the transgenes was optimized to meet the codon bias of
soybean genome (Kotula and Curtis, 1991; Chang et al., 2006, 2006; Hu et al., 2006).
The three transgenes were synthesized by GenScript Corporation (USA)

(http://www.genscript.com). The synthetic genes in pUC57 were digested with Ncol +

BstE 1I and the fragment cloned into the above vectors. Fragments cloned into S8 result
in the plasmid series S8-HRPC, S8-LCC1, S8-LCC4; fragments cloned into S18 result in

the plasmid series S18-HRPC, S18-LCC1, S18-LCC4 (Figure. 3.3).

2.6.3 Laccase Constructs for Antibody Production

The base vector used for laccase cloning was pTrcHis2 A (Invitrogen,
http://www.invitrogen.com) a gift from Dr. Steve Gleddie. Primers were designed to
amplify DNA encoding the mature protein parts of LCC1 (Ong et al., 1997) and LCC4
(Dr. Theresa White, logen, unpublished data). LCC1 DNA was amplified with the primer
pair LCC1-Nco I-OP-LCC1 + LCC1-Sal I-OP- LCC1 with the synthetic LCC1 as the
template, and the product purified by QIAGEN PCR purification kit. After digestion with
Ncol + Sall, it was cloned into pTrcHis2 A digested with Ncol + Sall

(http://tools.invitrogen.com/content/sfs/vectors/ptrchis2a mcs.pdf). Mature LCC4 was

cloned in the same manner but with the template synthetic LCC4 and the primer pair

LCC4-Nco I-For and LCC4-Sal 1-Rev (Figure 3.1).
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2.6.4 Laccase Constructs for Arabidopsis Transformation

The base vector for LCC expression in Arabidopsis was pPCAMBIA1302. Plasmid
DNA from S18 LCC1 or S18 LCC4 was cut with Nco I -Bst E II. The inserts were
separated on an agarose gel, purified using QIAGEN gel purification kit and subcloned
into pPCAMBIA 1302 resulting in two 35S::synthetic LCC gene-NOS cassettes designated

pCAMBIA1302-LCC1 and pPCAMBIA1302-LCC4 (Figure 4).

2.7 Techniques for Transgene Analysis
2.7.1 Confocal Microscopy

Confocal microscopy involved the use of a Zeiss Meta 510 microscope
(Agriculture and Agri-Food Canada, Ottawa) fitted with a 63X 1.2 water-immersion
objective (C-Apochromat, Zeiss) and Argon ion laser. Fresh leaf squares 0.2cm X 0.2 cm
were cut using a shaver blade and cell membrane was stained using 8.2 mM FM4-64
(T13320, Molecular Probes) for 10 min. Samples were mounted on glass slide and
0.17mm cover slip in 0.01% toluidine blue as a background auto fluorescence
counterstain. The slides were excited with the line 488 nm (6.2A, 28.8 % power) and
emission was detected at 505 to 530 nm for GFP and at 575 to 750 nm for cell membrane
(AAFC, Ottawa). This work was done in collaboration with Dr. Jaimie Schnell.

The confocal images taken at University of Saskatchewan used the same settings

except FM4-64 was not added in order to stain plasma membranes.

2.7.2 Assay of Peroxidase and Laccase Enzyme Activity

The specific activity of peroxidase or laccase was calculated by determining the

rate of oxidation of 2,2°-Azino-bis (3-Ethylbenzthiazoline-6-Sulfonic Acid) (ABTS). As
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ABTS is oxidized, it changes colour from clear or pale green to an intense blue-green
(Piitter and Becker, 1983). One unit of activity produces 1.0 umol of oxidized ABTS per
minute at the appropriate pH at 25°C. The complete protocols are given in Appendix 2
and Appendix 3. The Honours student, Ms. Sadia Karim, helped to screen HPRC

transgenic soybean seeds for peroxidase enzyme activity.

2.8 Protein Extraction and Quantification

2.8.1 Isolation of Protein from E. coli for Antibody Production

The E. coli proteins (both soluble proteins and inclusion bodies) were extracted
using BugBuster Protein Extraction Kit (Novagen) based on manufacturer’s
recommendation. To 100 ml of LB, 1 ml of overnight cultured LCC transformed E coli
was added. The absorbance value reached around 0.6 after culturing at 37°C with shaking
at 250 rpm. Then production of LCC proteins was induced with 1 mM IPTG. The 2 ml of
pTrcHis2 A LCCI1 or pTrcHis2 A LCC4 liquid culture was taken out before IPTG
induction, and 1, 2, 3, 4 h after IPTG induction. The soluble and insoluble proteins were
extracted from pTrcHis2 A LCC1 or pTrcHis2 A LCC4 E coli culture, and SDS gel
analysis was performed with 15 pg proteins in each lane. HIS tagged proteins were
purified by using QIAexpress Ni-NTA Fast Start kit according to manufacturer’s
recommendations. Then, the expressed protein bands were purified by SDS-gel
electrophoresis followed by excision from the gel. The gel fragment was sent to SACRI
for antibody production. The titres of LCC antibodies raised in rabbit were verified in

Calgary by Sampson Law.
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2.8.2 Isolation of Protein from Plant Tissue

Protein extracts were obtained by grinding 100 mg of plant tissue (soybean seed
coat, embryo or Arabidopsis leaves) in liquid nitrogen with the aid of a homogenizer
(IKA Werke). For the peroxidase activity assay, 150 ul of 0.067 M phosphate buffer
(0.144 g Na,HPO4 ¢ 2H,0 + 0.798 g KH,PO4 in 100 mL deionized water, pH to 6.0) was
used with 1 pl protease inhibitor cocktail (Sigma) added to prevent protein degradation.
The protein extractioﬁ buffer for laccase activity assay was 0.1 M sodium acetate pH 5.0
(1.36 g sodium acetate in 100 ml deionized water). The extract was centrifuged at
15,000rpm for 15 min at 4°C. Supernatants were stored at -20°C until required for

enzyme assay or gel electrophoresis.

2.8.3 Protein Concentration Quantification

Protein concentration was measured on Spectronic BioMate 3 (Thermo Electron
Corporation) using Coomassie (Bradford) Protein Assay Kit (Pierce). For the standard
curve, a stock Bovine Albumin Standard (BSA) was diluted in 0.067 M phosphate buffer
to give a range from 0 to 2,000ug/ml. Absorbance at 595 nm was measured using a
Spectronic BioMate 3. The BSA standard curve was used to determine protein

concentrations of samples.

2.8.4 Protein Electrophoresis and Western Transfer

Protein extracts were concentrated by the addition of 100 % trichloroacetic acid
(500 g TCA into 350 ml ddH,0) to achieve a final concentration of 20% TCA. After
incubating at 4°C for 10 min the pellet was collected by centrifugation at 14, 000 rpm for

5 min in a cold room (4°C). The supernatant was removed, the pellet was washed using
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200 ul of cold acetone for 5 times, collected by centrifugation as before and dried at 95°C
for 5 min. Phosphate buffer was added to achieve the final concentration of 2 mg/ml.

Proteins were separated on a 12% SDS-PAGE gel in a BioRad mini gel
apparatus (Laemmli, 1970). The proteins were denatured by 5 min-incubation at 100°C
heat-block. Electrophoresis was carried out for 10 min at 60 V and then 100 V for 2 h.
Following electrophoresis, the gel was removed from the apparatus and equilibrated in a
Western transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol, pH 8.3) for 30
min at room temperature. For transfer, a cassette consisting of two fibre pads, two filter
papers (all soaked in Western transfer buffer for 10 to 20 minutes), the SDS gel and a
PVDF membrane (wetted in 100% methanol, then soaked in Western transfer buffer) was
assembled in a BioRad Gel transfer apparatus. Transfer to PVDF membrane was
achieved using 100 V (350 mA) for 1 h. The apparatus was then disassembled, the
membrane was rinsed in 1X PBS (10X PBS is 80 g NaCl, 2 g KCl, 14.4 g Na,HPO,, 2.4
g KH,PO4, water to 1 L, pH 7.4) for 5 to 10 minutes and then overnight at 4°C in Western
blocking solution (5% nonfat dry milk in PBS) to block non-specific binding on a shaker.
The next day, the membrane was washed 3X for 5 min each in PBST (PBS with 0.2%
Tween-20).

Plant protein samples were analysed using either commercially available
antibodies such as QIAexpress Anti-HIS tag antibody (QIAGEN) (conjugated with
HRPC), and rabbit polyclonal anti-HRPC antibody (ab2115, Abcam) or those prepared
specifically for this project (laccase antibodies produced in rabbit). The membrane was
incubated for 1 h at room temperature in the primary antibody diluted to the required

concentration in antibody buffer (5% nonfat dry milk in PBST, 0.02% sodium azide) on a
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shaker. Following 3 washes for 5 min each in PBST, the membrane was incubated for 30
min at room temperature with the secondary antibody (conjugated with AP or HRPC)
diluted with 5% nonfat dry milk in PBST to the required concentration. The membrane
was washed 3X for 5 min in PBST, then washed in PBS for 5 min to remove the Tween-
20 from the surface. To detect alkaline phosphatase the membrane was overlaid with
NBT/BCIP solution for several minutes until sufficiently developed. To detect HRPC,
HRP Color Reagent A, and B were used. To stop colour development, the membrane was
submerged in water and rinsed 2X for 5 min in water. Membrane was photographed and

dried on filter paper for permanent storage.

2.8.5 DNA Sequencing and Bioinfomatics

The sequences of all clones were verified by DNA sequencing at PBI (DNA
Technologies Unit, Plant Biotechnology Institute, NRC, Saskatoon, SK, Canada). Both
strands were sequenced. For DNA analyses, the software was DNAMAN 5.2.10 (Lynnon

Corporation), DNA Star (DNASTAR), NTI 10 (Invitrogen) and free software in NCBI

website (online).
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Table 2. 1 Primers Used in This Project

Primer Name

Sequence

Usage

Ep 1.5 F32 5'-TAGATAAAAAAATGGGATATAATTTTTCTCAG 3' Transgene Screening
Ep-1.5F 5'-“CGCAAGCTTTAGATAAAAAAATGGGATATAATTTTTC-3' Transgene Screening
Ep-12 F 5'-CGCAAGCTTTTGTAATCTCACCTTTTTCATTTAA-3' Transgene Screening
Ep-09F 5'- CGCAAGCTTATTTGTACCATCATTATTTCCC-3' Transgene Screening
Ep-0.6 F 5'- CGCAAGCTTCAATGTTCCAAAACCTAATGC-3' Transgene Screening
Ep-0.3F 5'- CGCAAGCTTCCAACCACATTTAAGAGATTATAG-3' Transgene Screening
Ep-Ori-Rev 5'-CCCATGGTTTGAGTTAATATG-3' Transgene Screening
HptlI (99) For 5’ GATTTGTGTACGCCCGACAGT 3’ Transgene Screening
Hptll (614) Rev 5> CCGCAAGGAATCGGTCAAT 3° Transgene Screening
HRPC-RT-F 5’ TGACATTGGCTGGAGGTCCT 3’ Transgene Screening
HRPC-RT-R 5> AGCCACAGAAGCAAGTCCGA 3’ Transgene Screening
HRPC (361)Rev 5’ TGACTCCACAGCAGCCTTCA 3’ Transgene Screening
HRPC(1047his)Rev 5> TGATGATGATGATGATGAGC 3’ Transgene Screening
HRPC (243) Rev 5’ TCGCAACCATTCACGAAG 3’ Transgene Screening
HRPC-Not1-For 5> TTGCGGCCGCATGGGTTCTATGAGGCTTTTGGTGGTT 3’ Cloning, screening

HRPC-Xbal-Rev 5> AATCTAGA TT ACTTAGATTG AGCCACCAAC TTTTG 3° Cloning, screening

LCCI1-RT-F S’ACACCGGGCGGAGTTGATAA 3’ Transgene Screening
LCC1-RT-R 5’ATGGTGATGGTGATGAGCGG 3' Transgene Screening

LCC1(HIS)RT-Rev

5'TGATGGTGATGGTGAGCGGCT 3'

Transgene Screening

LCCI1-Nco I-OP

5’ TTCCATGGCTATCGGACCTGTGGCAA 3°

LCC1 Cloning

LCC1-Sal I - OP

5’ TTGTCGACTTGGTTCGCTTCAGAAAG 3’

LCCI1 Cloning

LCC1 (198) Rev

5" AGTGGCGATGGAACAACAC ¥’

Transgene Screening

LCC1-Not 1 For

5’ TTGCGGCCGCATG GGTTCCATGCGCCTGCTGGTGGTG3’

Cloning, screening

LCC1-Xba 1 Rev

5> AATCTAGATTACTTTGATTGGGCAACCAGTTTTTG3’

Cloning, screening

LCC4-RT-F S’GTTCCACCAACTGTGCCTGTT 3’ Transgene Screening
LCC4-RT-R 5" AAGCCAAACCGAAATGGTGA 3’ Transgene Screening
LCC4(1622his)Rev  5’GGTGATGATGATGGTGTGCAG 3’ Transgene Screening
LCCA4-Nco 1I-For S’AACCATGGTTACTGATCTTACAATTTCC 3’ LCC4 Cloning
LCC4-Sal I-Rev 5> AAGTCGACCAAATCGGAGGAATCAAGAGC 3’ LCC4 Cloning

LCC4 (214) Rev

5’ GAACTCGTCACCTTTGTTTCC 3’

Transgene Screening

LCC4-Notl For

5’ TTGCGGCCGCATGGGTAGCATGAGACTTCTC3’

Cloning, screening

LCC4-Xbal Rev

5> AATCTAGATCACTTAGACTGAGCCACCAACTTCTGTTT 3°

Cloning, screening

PRX-gfp5-For 5'-“ACTGGCCATGGGTTCCATGCGTCTATTAG-3' GFP cloning
PRX-gfpS-Rev 5'-CCACTAGTAAGCTGAGCATAAGAGAC-3' GFP cloning
PRX-gfp3-For 5'-CAAGCTAGCAATGGAGACTCGTTTGGA3' GFP cloning
PRX-gfp3-Rev 5'-“CAAGGTGACCTTATTTAGATTGAGCAACAAG3' GFP cloning
NOS (13) For 5" AATCCTGTTGCCGGTCTT 3’ Transgene Screening
NOS (192) Rev 5’ TTATCCTAGTTTGCGCGCT 3’ Transgene Screening
SoyTub2For 5> GTGACTTGAACCATCTGATCTAGC 3’ Assess DNA quality
SoyTub2Rev 5 GTTGAAGCCATCCTCAAGCCAG 3’ Assess DNA quality
tCUP(20) For 5 GGGATCTTCTGCAAGCATCTC 3° Transgene Screening
tCUP(432) Rev 5’ TGGCGGTTGGTGAGAAAT 3’ transgene Screening
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CHAPTER THREE: RESULTS

In this chapter, prior to a description of the results, we first describe the DNA
constructs used for transgenic work (3.1) and then the validation of the tools and reagents
that were generated for the analyses of these transgenics (3.2).

In all cases, the sequences of the transgenes within the vectors were verified by

sequencing at Plant Biotechnology Institute (PBI), Saskatoon.

3.1 Vector Constructions

3.1.1 Constructs for Antibody Production

We attempted to express high levels of laccases I and IV in E. coli so that the
purified proteins could be used as antigens for the production of specific anitsera that
could be used for protein analyses. Based on the DNA sequences of the synthetic LCC1
and LCC4 (Appendix 1), we created primer pairs (LCC1-Nco I-OP/LCC1-Sal I-OP and
LCC4-Nco I-For/ LCC4-Sal I-Rev) to amplify ~1.5 kb DNA fragments which correspond
to mature LCC1 protein (499aa) and LCC4 mature protein (500aa) respectively. The PCR
products were purified, digested with Nco I and Sal | restriction enzymes and subcloned
into pTrcHis2 A digested with the same enzymes. The two major reasons we used the
pTrcHis2 A (Invitrogen) vector were that it is IPTG inducible and the HIS tag at carboxyl
terminus of the gene expression cassette allows easier detection and purification
(Kehlenbach et al., 1999; Li et al., 2002). The resultant constructs were named as LCC1
antibody construct and LCC4 antibody construct respectively and transformed into E coli

Top 10 cells.
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Figure 3. 1 Schematic Maps of LCC1 (A.) and LCC4 (B.) Constructs Used to

Produce Proteins for Antibody Production.

In these constructs, the components of constructs and their uses are designated as
follows: Ptrc: the trc promoter is a strong, hybrid promoter combining elements of the
~35 region, ~10 region, lac operator, rrnB antitermination signal, gene 10 region,
ribosome binding site, and minicistron ORF; LCC1, or LCC4 are mature part of synthetic
transgenes, followed with polyhistidine tag (6aa). Ptrc promoter is composed of -35 (trpB)
and -10 (lacUVS5) hybrid promoters for high-level expression of fusion protein (Santos et
al., 2001); Lac O: lac operator permits binding of the Lac repressor to repress
transcription; Anti-term: r#nB anti-termination signal reduces the level of premature -
transcription termination (Li et al., 1984); g10 RBS: bacteriophage gene 10 translational
enhancer that optimizes translation initiation of minicistron (Olins et al., 1988);
minicistron: minicistron and reinitiation ribosome binding site that contains a second
ribosome site for efficient reinitiation of translation into the laccase gene; 6xHis: 6 His
residues used for purification of recombinant fusion proteins on metal-chelating resins.
The restriction enzyme sites used for cloning are indicated in the maps. For more

information see http://tools.invitrogen.com/content/sfs/vectors/ptrchis2 map.pdf.

A) LCC1 Antibody Construct

Nco 1 Sall

¢10 RBS 6xHis

Ptrc Promoter

B) LCC4 Antibody Construct

Neol Sall

Ptrc Promoter gl0RBS Ox1lis
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3.1.2 Constructs for GFP Targeting

The aim of building GFP constructs was to test the functionality of the putative
signaling peptides of SBP as suggested by Welinder and Larsen (2004) by investigating
the ability of NTPP and CTPP to target GFP within Arabidopsis leaf mesophyll cells. In
SBP (genomic accession #: AF014502; cDNA accession #: L78163; protein accession #:
AAL40127), the length of putative NTPP is 26 aa and the CTPP is 20 aa.

pCAMBIA1302 (accession #: AF234298) was used as the control vector, and it
was then further modified for the testing of targeting signals (Figure 3.2). In this vector
GFP with a HIS tag was expressed from the CaMV 35S promoter/enhancer.

The cloning of the CTPP was complicated by the presence of two Nhe I sites in
the vector used for Agrobacterium transformation. Thus a cloning strategy was developed
in which an 850 bp Sp/ I fragment containing LacZ alpha, MCS, 35S promoter, mGFP,
HIS tag, and NOS poly A signal was subcloned into the Sph I site of pGEMT-Easy to
create the intermediate plasmid pGEM-T-GFP. To generate the CTPP fusion a 60 bp
fragment encbding the C-terminal region of SBP was generated by PCR of the plasmid
pPRX-3 (Ep peroxidase cDNA cloned into pCMV-BK; gift of Dr. M. Gijzen, London,
AAFC) using the primers PRX-gfp3-For and PRX-gfp3-Rev (Table 2.1). The PCR
products were purified, digested with the appropriate restriction enzyme pairs and cloned
into pGEM-T-GFP digested with the same enzymes. Once the desired fusions had been
made in pGEM-T-GFP they were cut with Spk I and cloned back into pPCAMBIA1302,
thus making the GFP3’prx. |

To generate the NTPP, a 78 bp DNA fragment encoding the N-terminal region of

SBP was generated by PCR of the plasmid pPRX-3 using the primers PRX-gfp5-For and
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PRX-gfp5-Rev (Table 2.1). We directly subcloned the Nco I — Spe I DNA fragment into
pCAMBIA 1302 vector cut with the same restriction enzymes to generate 5 prxGFP.

To generate GFP with both signal peptides, we used Xba I and Spe I to cut
5°prxGFP and cloned the released fragment into GFP3’prx linearized with the same two

enzymes, therefore making 5’prxGFP3’prx construct.

3.1.3 Constructs for Arabidopsis Transformation

The LCCI1, and LCC4 synthetic transgenes were cleaved from pUC57 (Genescript)
using Nco 1 and BsfE 1I and then directly ligate into pPCAMBIA 1302, resulting in two
constructs for Arabidopsis transformations, named by pCAMBIA 1302 LCCI, and

pCAMBIA 1302 LCC4 (Figure 3.3).

3.1.4 Constructs for Soybean Transformation

The three synthesized transgenes (LCC1, LCC4, and HRPC; Appendix I), flanked
by an Nco I site at the 5° end and an Bs/E II site at the 3’ end, were cloned in the Sma I
site of pUCS57 (Genscript). The general pattern of components for the transgenes was as
follows: NTPP-GGAA-soy codon optimized mature transgene-GGAA-HIS tag-CTPP.
The GGAA adaptors were used to facilitate the protein folding properly while the HIS tag
was present to aid purification. Digestion with Nco I and BstE 11 released a fragment that
could be directly subcloned into the vectors S8 or S18 (Figure 3.4) and used for soybean
transformation. S8 and S18 are versions of pCAMBIA1300 modified by Dr. L.
Gundynaite-Savitch in which the tCUP promoter replaces the 35S promoter to drive hpt
II (hygromycin) expression used for the selection of transgenic plants. We selected the

region approximately 1.5 kb upstream from the Ep gene as the promoter to drive
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expression of foreign genes. However, since the Ep promoter has not yet been fully
characterized, it is possible that elements necessary for the high expression levels and
“seed coat specificity of the Ep gene were not included in the Ep 1.5 promoter.

The major reason for the use of these vectors was to minimize or even eliminate
promoter-promoter interactions between tCUP and Ep promoters that could potentially
negate the tissue-specificity of the Ep promoter. In the S8 vector this was achieved by
cloning two promoters in the head to tail configuration. In the S18 vectors this was
achieved by clbning 2.7 kb of yeast LacZ DNA between the two promoters. The resulting
constructs were named S8 LCC1, S8 LCC4, and S8 HRPC when cloned into the vector
S8 and S18 LCC1, S18 LCC4, and S18 HRPC when cloned into S18. All 6 soybean
constructs were shipped to Dr. Dan Brown, AAFC, London, Ontario for transformation.

At the time of writing only some S18 transgenic plants were available for analysis.
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Figure 3. 2 Schematic Maps of mGFP Fusions with Signal Peptides of SBP

A) GFP control vector (pCAMBIA 1302) without any signals from SBP;

B) GFP3’prx: fusion protein of mGFP with the CTPP of SBP;

C) 5’prxGFP: fusion protein of mGFP with the NTPP of SBP;

D) 5’prxGFP3’prx: fusion protein of mGFP with the SBP NTPP at 5* end and the
SBP CTPP at 3’end.

In these constructs, the components of constructs and their uses are designated as
follows: 35 S promoter: promoter from CaMV, used to drive the expression of GFP and
GEFP fusions; NTPP: N-terminal transit peptide of SBP; CTPP: C-terminal transit peptide
of SBP; NOS: hopaline synthase 3’UTR and polyA signal.

The restriction enzyme sites used for cloning are indicated in the maps.
A) GFP

T-Border

OBt

T-Border
(right)

TERES Promoter

T-Border
(right)

T-Border
(right)

IR Pomoter
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Figure 3. 3 Schematic Maps of Laccase Constructs for Arabidopsis Transformation
A) pPCAMBIA 1302 LCCI1;

B) pPCAMBIA 1302 LCC4;
In these constructs, the components of constructs and their uses are designated as
follows: 35 S promoter: promoter from CaMV, used to drive the expression of laccase

synthetic genes; NOS: nopaline synthase 3’UTR and polyA signal.

A) pCAMBIA 1302 LCC1

Nco

T-Border
(right)
Synthetic LCCI

Nco

T-Border
(right)

35 S Promotet Synthetic LCCH
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Figure 3. 4 Schematic Maps of Soybean Vectors for Transformation

Soybean codon optimized genes were cloned into S8 and S18 vectors for
transformation. In these constructs, the components and their uses are designated as
follows. 35 S promoter is 35S promoter from CaMV; Apt 11 is hygromycin resistance gene;
tCUP is a constitutive promoter derived from tobacco, and it is used for driving
hygomycin gene expression; NOS is nopaline synthase terminator; HRP or LCC1 or
LCC4: synthetic genes for horseradish peroxidase or laccase I or laccase IV respectively
optimized for soybean codon usage, with the addition of HIS tags and N- and C-
terminal transit peptides from SBP; Prx: 1.5 kb DNA fragment with the SBP promoter;
LacZ is 2.7 kb of yeast LacZ DNA, a reporter gene that codes for f-galactosidase. The

restriction enzyme sites used for cloning are indicated in the maps.
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3.2 Molecular Tools for Characterizing Transgenic Plants
3.2.1 PCR Tools

PCR was used to screen transgenic plants for the presence pf key DNA elements
including Ep promoter, the different transgenes, NOS, tCUP, and hpt 1I regions. As a
control for genomic DNA (gDNA) Quality we used GmTub2 gene. Standard PCR
conditions are described in Materials and Methods, section 2.4, and the primers used for
transgenic soybean screening are shown in Table 2.1. The optimized PCR working
conditions are tabulated in Table 3.1.

Two DNA extraction kits were tested for the ability of the gDNA to be amplified
by PCR-the Sigma REDExtract-N-Amp™ Plant PCR kit and the QTAGEN DNeasy Plant
Mini Kit. Their effectiveness was compared by isolating gDNA from a leaf from a
control (cy. Jack) and transgenic (S8 LCC1 4-2-1) soybean using Sigma and QIAGEN
kits and then testing for PCR amplification of regions containing GmTub2 (tubulin
positive control for gDNA) NOS, tCUP and hpt I1.

As expected only the transgenic plant had the NOS, tCUP, and Apt II PCR
products (Figure 3.5 lanes 3, 4) indicating that the primers are specific under these
conditions. The results showed tﬁat DNA prepared with either the Sigma or QIAGEN Kkits
was equally good for PCR screening. The Sigma kit was thus used throughout.

Testing for the presence of the Ep promoter is complicated by the presence of the
ep allele in cv. Jack that has the same putative promoter and indeed most of the Ep gene
(Gijzen, 1997; Gijzen, unpublished data). In order to detect these parts of the transgenes,
we adopted a strategy of designing a forward primer complementary to the 5’ end of the

Ep 1.5 promoter (Ep-1.5 F32) and we designed a reverse primer within the transgene
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~200 bp downstream of Nco I éite for each transgene and within the DNA sequence
encoding the mature protein. The PCR (Figure 3.6) results showed the primer pair of Ep-
1.5 F32/transgene reverse primer did not detect the Ep promoter in WT (Jack) plant
gDNA (Figure 3.6 lane 2, 4, 6), but did detect bands of Ep-LCC1, Ep-LCC4, and Ep-
HRPC (Figure 3.6 lane 3, 5, 7) with the expected sizes of 1748, 1764, 1793 bp
respectively. These results indicate the presence of Ep promoter connected to the

transgene can be detected in the transgenic plant.
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Figure 3. 5 Comparing the Effectiveness of Sigma and QIAGEN gDNA as

Templates for Transgenic Soybean Screening by PCR

gDNA was prepared from WT (Jack), and S8 LCC1 4-2-1 plants using either the
Sigma or QIAGEN kits and was screened by PCR for GmTub2, NOS, tCUP, hptll, and
LCC1 sequences. Standard PCR conditions were used with an extension time
summarized in Table 3.1. The expected sizes are indicated on the right.
Lane 1: gDNA isolated from cv. Jack (WT) using the Sigma kit.
Lane 2: gDNA isolated from cv. Jack (WT) using the Qiagen kit.
Lane 3: gDNA isolated from S8 LCC1 4-2-1 using the Sigma kit.
Lane 4: gDNA isolated from S8 LCC1 4-2-1 using the Qiagen Kkit.
Lane 5: S8 LCC1 plasmid DNA (positive control)

The primers used for amplification (Table 1) were NOS (13) For + NOS (192)
Rev for NOS amplification; SoyTub2For + SoyTub2Rev for GmTub2 amplification;
tCUP (20) For + tCUP (432) Rev for tCUP amplification; HptIl (99) For + Hptll (614)
Rev for hptll amplification.




Figure 3. 6 Specific PCR Identification of the Ep 1.5 Promoter Fused with

Transgenes

Genomic DNA was isolated using the Sigma kit. Aliquots were PCR amplified under
using standard conditions with a Td of 60°C and an extension time of 2 min. The expected
sizes are indicated.

Lane 1: GeneRuler™ 100 bp (# SM0321) (Fermentas). Sizes are in base pairs.

Lane 2: gDNA from cv. Jack (WT), amplified with primers Ep-1.5F32 + LCC1 (198) Rev
Lane 3: S8 LCC1 plasmid DNA, amplified with primers Ep-1.5F32 + LCC1 (198) Rev
Lane 4: gDNA from cv. Jack (WT), amplified with primers Ep-1.5 F32 + LCC4 (214) Rev
Lane 5: S8 LCC4 plasmid DNA, amplified with primers Ep-1.5 F32 + LCC4 (214) Rev
Lane 6: gDNA from cv. Jack (WT), amplified with primers Ep-1.5 F32 + HRPC (243) Reyv.
Lane 7: S8 HRPC plasmid DNA amplified with primers Ep-1.5 F32 + HRPC (243) Rev.

The sequences of primers were listed in Table 1.

3000

2000
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3.2.2. Production and Purification of LCC1 and LCC4 Proteins in E. coli for
Antiserum Production

To produce specific antisera against laccases (anti-HRPC is commercially
available), we expressed laccases that had been cloned into the vector pTrcHis2 A as
described in Section 3.1.1. The vector pTrcHis2 A contains an IPTG-inducible promoter
that drives expression of the cloned gene. Each construct was grown and induced with
IPTG as described in Materials and Methods, section 2.8.1. Analysis by SDS-PAGE
revealed no major differences when 1-4 mM IPTG was used (data not shown). When a
culture containing pTrcHis2 A LCC1 was induced a band of 54.9 kDa (determined by
SDS gel) was detected (Figure 3.7A) in the soluble fraction based upon the fractionation
procedure as defined by the BugBuster kit. This size is close to the calculated size of 54.6
kDa for this fusion protein. Purification was attempted based upon the presence of the
HIS-tag and several proteins were detected by SDS-PAGE gel (Figure 3.7B).
Surprisingly, several bands were observed with sizes of 82.1, 75.7, 23.3 kDa on SDS gel,
and no strong band was observed at the expected size of 54.6 kDa. This experiment was
repeated 3 times with similar results. While all the proteins in lane 6 are expected to have
a HIS-tag their origins are unknown. They are unlikely to be from the bacterial host;
using the tools available at NCBI (BLASTP; accessed April 7, 2009) we could not find
any matches to E coli proteins. The band at 23.3 kDa may result from degradation and the
higher molecular weight proteins of 82.1 kDa and 75.7 kDa may represent soluble
proteins that are unexpectedly resistant to SDS and are not totally denatured on SDS gel
(Dr. P. Telmer, AAFC, oral communications). As will be demonstrated later (Figure

3.9C), these bands are recognized by a cross-reacting antiserum prepared against LCC4
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and therefore likely represent LCC1. The upper two bands were isolated from a
preparative SDS gel and sent for antibody production.

LCC4 was expressed in E coli employing the same approach as for LCC1. A
pTrcHis2 A LCC4 culture was induced with IPTG and fractionated into a soluble fraction
and the inclusion body. In this case LCC4 was expressed in inclusion bodies based upon
the fractionation procedure as defined by the BugBuster kit. In Figure 3.8 A, LCC4 with
an observed size of 64.3 kDa (Figure 3.8A) determined by SDS gel was similar to the
predicted size of 54.4 kDa. LCC4 protein was purified with a QTAGEN HIS tag column.
Several bands were identified with calculated sizes of 62.0, 43.7, 28.0, and 22.5 kDa
(Figure 3.8 B). It is interesting that these sizes are similar to those sizes (55.4, 48.9, 31.2,
19.8 kDa) calculated from the protein sequence of the fusion protein assuming that
internal initiation at methionine is occurring (Santagata et al., 2000). The differences
between protein size determined by aa sequence and protein size calculated based on the
protein ladder standard curve might be due to migratioh distance measurement and
equation curve fit (Plikaytis et al., 1986).

The bands with sizes of 62.0 kDa were cut from several gels and sent for antibody

production.
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Figure 3.7 A Time Course of LCC1 Protein Induction in E. coli

An exponential culture of pTrcHis2 A LCC1 E. coli growing at 37°C with shaking
was induced with the addition of 4mM IPTG. 15 pg of the soluble fraction were loaded
onto an SDS-PAGE gel. The arrow indicates a protein of the size expected for the LCC1-
His fusion. Lane 1: Protein Ladder (BIO-RAD #:161-0373) (5 ul); Lane 2: Before IPTG
induction; Lane 3: IPTG induction for 1h; Lane 4: IPTG induction for 2h;Lane 5: IPTG
induction for 3h; Lane 6: IPTG induction for 4h.

Figure 3.7 B Purification of HIS Tagged LCC1 Protein

LCC1 protein was purified with QIAGEN QIAexpress® Ni-NTA Fast Start kit
according to the manufacturer’s protocol, and fractions were run on an SDS gel. Protein
sizes were determined using a standard curve based upon the protein ladder. Lane 1:
Protein Ladder (BIO-RAD #:161-0373) (5 ul); Lane 2: 15ug of E coli cell lysate;
Lane 3: 15pug of flow through;Lane 4: 15pg of first wash; Lane 5: 0.5ug of second wash;
Lane 6: 1ug of first elution; ‘

5 6
250
150
100
75 ,‘g}m;«%*sz. 1
L

kDa ™
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Figure 3.8 A Time Course of LCC4 Protein Induction in E. coli

An exponential culture of pTrcHis2 A LCC4 E. coli growing at 37°C with shaking
was induced with the addition of 1 mM IPTG. 15 pg of the insoluble fraction were loaded
onto an SDS-PAGE gel. The arrow indicates a protein of the size expected for the
LCC4-His fusion. Lane 1: Protein Ladder (BIO-RAD #:161-0373) (5 ul); Lane 2: Before
IPTG induction; Lane 3: IPTG induction for 1h; Lane 4: IPTG induction for 2h; Lane 5:
IPTG induction for 3h; Lane 6: IPTG induction for 4h.

Figure 3.8 B Purification of HIS Tagged LCC4 Protein Expressed in E coli Inclusion
Bodies

LCC4 protein was purified with QIAGEN QIAexpress® Ni-NTA Fast Start kit
according to the manufacturer’s protocol, and fractions were run on an SDS gel. Protein
sizes were determined using a standard curve based upon the protein ladder. Lane 1:
Protein Ladder (BIO-RAD #:161-0373) (5 ul); Lane 2, E coli inclusion bodies (15 pg);
Lane 3, Flow through (15 ug); Lane 4, Wash one (10 pg); Lane 5, Wash two (0.5 ug);
Lane 6, Elution one (1 ug); Lane 7, Elution two (1 pg);

A. B.

LCC4 62.0

43.7

28.0
22.5

kDa
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3.2.3 Tests of Antibody Functionality and Specificity
3.2.3.1 Functionality and Specificity of Laccase Antibodies

The sensitivity of the LCC1, and LCC4 antibodies were tested using commercial
laccase from from Trametes versicolor (Biochemika, #38429), and at the same time,
soybean leaf, seed coat, and embryo proteins from cv. Jack were used to test the
specificity of LCC1, and LCC4 antibodies.

The anti-LCC1 antibody was used to probe the Biochemika laccase protein
dilution series on a Western blot using AP conjugate colorimetric detection system
(Figure 3.9 A); The anti-LCC1 antibody detects double bands with protein sizes around
at 65 kDa, consistent with previous results (Hood et al., 2003) which showed two LCC1
protein bands were expressed in Trametes versicolor at 64 and 66 kDa. Anti LCCl1
antibody detected no protein signals in extracts from soybean (cv. Jack) leaf, seed coat,
and embryo (Figure 3.9 B). However, the anti-LCC1 antibody could detect laccase on the
same blot. In terms of sensitivity, the anti-LCC1 antibody was not a very good antibody
since the intensities of protein bands on the Western blots did not change as a function of
the amount of Biochemika laccase loaded. Also signal detection required a long exposure
time, e.g., up to 14h (Figure. 3.9B).

Since the anti-LCC1 antibody was incapable of efficiently detecting Biochemika
laccase we tried using the Anti-LCC4 antibody to detect LCC1 proteins expressed in
pTrcHis2 A LCC1 E coli. The results indicated anti LCC4 could detect LCC1 in a
dilution series (Figure 3.9 C) as well as a band of 35 kDa within 15 min. The sizes of the
bands in the doublet (Figure 3.9D) are similar to the two upper bands detected with anti-

LCC1 antibody (Figure.3.7B). The origin of this later band is not known but it may be
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non-specific. In conclusion, the anti-LCC1 antibody could act as an alternative to detect
LCCI1 proteins (Figure 3.9 C). The potential reasons for this might be that 1) LCCI and
LCC4 protein sequences share 70% identity, some part of N-terminal regions of these
two proteins share up to almost 100% similarity; 2) the conserved motifs, such‘as copper
binding regions, are immunogenic.

The LCC1 proteins expressed in soybean have a HIS tag; therefore, the
functionality of anti-HIS tag antibody was tested on the HIS tagged LCC1 proteins
expressed in pTrcHis2 A LCC1 E. coli. The results showed that anti-HIS tag antibody
could efficiently detect HIS tagged LCC1 proteins at 50 ng (Figure 3.9 D), and this
antibody may provide an additional way to detect this protein. Surprisingly, the truncated
LCC1 protein bands were not picked up, and only full-length protein band showed up, the
reason might be full-length LCC1 proteins were relatively highly expressed, and protein
expression levels of other two truncated LCC1 protein bands were not detectable by anti-

HIS tag antibody.
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Figure 3.9 A Test of Anti LCC1 Antibody Sensitivity

The dilution series of Biochemika laccase were made at range from 500 ng to 1
ng, and Western blot was done using AP colorimetric detection. Anti-LCC1 antibody was
diluted at 500X, and secondary antibody Goat anti-rabbit IgG with AP was diluted at
B;OOOX, the overlay time was 5 h.

Figure 3.9 B A Test of Anti LCC1 Antibody Specificity

Soybean (cv. Jack) leaf, seed coat, and embryo proteins were used to test the
specificity of anti-LCC1 antibody. The dilution factor of anti-LCC1 antibody was 250X,
and that of goat anti-rabbit IgG AP conjugate was 3,000X. The overlay time was 14 h.

Anti-LCCI1 antibody can detect Biochemika laccase protein in lane S.

. Figure 3.9 C the Anti-LLCC4 Antibody Could Detect LCC1

The series of total LCCI1 proteins were made at range from 10 to 50 pg and
Western blot was done using AP colorimetric detection. The dilution factor of anti-LCC4
antibody was 1000X, and that of goat anti-mouse IgG AP conjugate (Sigma, A-1293)

was 3,000X. The overlay time was 15 min.

Figure 3.9 D Anti-HIS Tag Antibody Could Detect HIS Tagged LCC1 Proteins

Anti-HIS antibody (QIAGEN) can detected HIS tagged LCC1 proteins expressed
in E coli. The series of purified HIS tagged LCC1 were made at range from 400 ng to 50
ng, and Western blot was done using AP colorimetric detection system. The dilution
factor of the anti-HIS antibody was 1000X, and that of goat anti-mouse IgG AP
conjugate (Sigma, A-1293) was 3,000X. The overlay time was 15 min.
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The functionaiitsf and specificity of the anti-LCC1 antibody were tested using the
same approach as that of the anti-LCC1 antibody. The results showed that anti-LCC4
antibody was fairly robust and could detect nanogram levels of protein (Figure 3.10 A).
The detected protein band intensities varied against the amount of Biochemika laccase
loaded both in colorimetric (Figure 3.10A) and chemiluminescent detection system
(Figure 3.10B). When the relationship between the band intensity in Figure 3.10B and
laccase concentration was plotted in a graph (Figure 3.10 C) the best fit was to a
logarithmic curve. The anti-LCC4 antibody specificity data (Figure 3.10 D) showed that
the anti-LCC1 antibody detected one low molecular weight band in soybean leaf protein
of around 35 kDa, two protein bands in seed coat with sizes of 75 kDa and 50 kDa, and
one protein band in embryo with a size of about 75 kDa. This 50 kDa band might be a
putative soybean laccase (AY113187.2, AAMS54731.1, 589 aa). No data for expression of
this gene in seed coats is available, only a single EST for root and hypocotyl
(http://www.ncbi.nlm.nih.gov/UniGene/clust.cgi?ORG=Gma&CID=8441). The presence
of these bands may make the detection of the expressed laccase difficult since the 50 kDa
is similar to the size as the Biochemika laccase (lane 5) and the predicted size (by aa
sequence) of our LCC1 construct at 59.71 KDa with both SBP signalling peptides present
and 53.59 kDa without them; for the LCC4 construct the values are 59.47 kDa with SBP
signalling peptides and 53.32 kDa without them. The sizes measured on SDS gels may be

affected by the extent of glycosylation (Gillikin and Graham, 1991).
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Figure 3.10 A Functionality Test of Anti-LCC4 Antibody (Colorimetric)

The dilution series of Biochemika laccase proteins were made at range from 500
ng to 1 ng, and Western blot was done using AP conjugate colorimetric detection. Anti-
LCC4 antibody was diluted at I,OOOX, and secondary antibody Goat anti-rabbit IgG with
AP was diluted at 3,000X, the overlay time was 14 h.

Figure 3.10 B Functionality Test of Anti-LCC4 Antibody (Chemiluminescent)

The dilution series of Biochemika laccase proteins were made at range from 500
ng to 1 ng, and Western blot was done using HRPC conjugate chemiluminescent
detection. The anti-LCC4 antibody was used at 1000X, and secondary antibody goat anti-
rabbit IgG with HRP (Dr. Simmonds’) was diluted at 50,000X, the exposure time was

1min.

Figure 3.10 C Standard Curve for Laccase Proteins
Based on the scanned Western picture (Figure 3.10 B), the band intensities were
quantified using the software Quantity One (Bio-Rad), the relationship of protein band

intensity and amount of protein were graphed, fitting to a logarithmic curve.

Figure 3.10 D The Specificity Test of Anti-LCC4 Antibody

Soybean (cv. Jack) leaf, seed coat, and embryo proteins were used to test the specificity
of anti-LCC4 antibody. The dilution factor of anti-LCC4 antibody was 1000 X, and that
of goat anti-rabbit IgG AP conjugate was 3,000X. The overlay time was 14 h. Anti-LCC4

antibody can detect Biochemika laccase protein in lane 5.
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3.2.3.2 Functionalities and Specificities of Anti-HRPC and Anti-HIS tag Antibodies

Anti-HRPC antibody from Abcam, and anti-HIS tag antibody from QIAGEN
were also tested. The HRPC (Sigma) protein was used to test functionality of the anti-
HRPC antibody. At the same time we used cv.Jack soybean leaf, seed coat, and embryo
proteins to test the specificities of anti-HRPC, and anti-HIS tag antibodies.

The anti-HPRC antibody (Abcam) functioned very well to detect 10ng of HRPC
commercial proteins (Sigma) (Figure 3.11 A, B), the HPRC protein bands on the Western
blot changed dramatically against the different amount of HRPC protein loaded. The
relationship between band interisity and amount of HPRC proteins was plotted in a graph
(Figure 3.11 C) based on the Figure 3.11 B, showing a significant linear tread (R* = 0.97).

Soybean leaf, seed coat, and embryo proteins from cv. Jack were used to test the
specificity of anti-HRPC antibody and many bands were detected in protein extracts from
the tested plant tissues (Figure 3.11 D). There are hundreds of peroxidases in plant
genomes mainly to help protect against diseases (Bakalovic et al., 2006; Passardi et al.,
2007) and the anti-HPRC antibody could be detecting them, e.g., peroxidases have the
well conserved Fe'" binding motifs that might be immunogenic (Zubieta et al., 2007).
Therefore, anti-HRPC antibody is not suitable to detect the expressed HPRC protein
signals from soybean seed coat total proteins since the high background will make
detection of the expressed enzymes difficult. However, it would still be useful to confirm
the presence of the expressed HPRC after purification based upon the presence of the HIS

tag.
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The cv. Jack soybean leaf, seed coat, and embryo proteins were used to test the
specificity of anti-HIS tag antibody (Figure. 3.11E). The results showed anti-HIS tag
antibody detected no proteins from leaf and seed coat extracts but did detect 30.0 kDa
protein in soybean embryo. The anti-HIS tag antibody is potentially useful for our project
although it detects a 30.0 kDa band in soybean seed embryo because 1) the seed coat is
our focus of research, and no protein was detected in the non-transgenic controls in either
leaf or seed coats; 2) the size of the detected protein, 30kDa, is different from the
expected size of HIS tagged proteins which should be at least 35.2 kDa for the HRPC

and 53.3 kDa for LCC4 laccases if NTPP and CTPP of SBP are removed (Appendix 1).
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Figure 3.11 A Functionality Test of Anti-HRPC Antibody (I)

The dilution series of HRPC were made at range from 500 ng to 1 ng, and
Western blot was done using AP conjugate colorimetric detection. Anti-HRPC antibody
was diluted at 3,000X, and secondary antibody Goat anti-rabbit IgG with AP was diluted

at 3,000X, the overlay time was 3.5 min.

Figure 3.11 B Functionality Test of Anti-HRPC Antibody (II)

The dilution series of HRPC were made at range from 500 ng to 1 ng, and
Western blot was done using HRPC conjugate chemiluminescent detection. The anti-
HRPC antibody was used at 30,000X, and secondary antibody mouse anti-goat IgG with
HRP was diluted at 50,000X, the exposure time was 20 sec.

Figure 3.11 C Graph of HPRC (Sigma) Protein Band Intensities (Int x mm) as the

Function of the Amount of Laccase Proteins Loaded

Based on the scanned Western picture (Figure 3.11 B), the band intensities were
quantified using the software Quantity One (Bio-Rad), the relationship of protein band

intensity and amount of protein were graphed, showing a strong linear trend.

Figure 3.11 D Specificity Test of Anti-HRPC Antibody

Soybean (cv. Jéck) leaf, seed coat, and embryo proteins were used to test the
specificity of anti-HRPC antibody. The dilution factor of anti-HRPC antibody was
6,000X, and that of goat anti-rabbit IgG HRPC conjugate was 20,000X. The exposure

time was 1 min.

Figure 3.11 E Specificity Test of Anti HIS Tag Antibody

Soybean (cv. Jack) leaf, seed coat, and embryo proteins were used to test the
specificity of anti-HIS tag antibody. The dilution factor of HIS antibody was 1000X, and
that of goat anti-mouse IgG AP conjugates (Sigma, A-1293) was 3,000X. The overlay

time was 15 min.
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3.3 Functionality of SBP Signalling Peptides

Several lines of evidence summarized in the introduction suggest that SBP
contains both a NTPP and a CTPP. This hypothesis was tested by the analysis of
transformed Arabidopsis thaliana (Columbia) plants expressing one of the four GFP
constructs described in 3.1.2 In total, 20 independent lines were obtained for pPCAMBIA
1302; 27 lines for 5’prxGFP, 32 lines for GFP3’prx and 26 lines for 5’ rpxGFP3’prx. A
large number of transformants were generated to increase our chances for recovery of
high expressing lines. Transgene copy number and position effects generate a wide range
of transgene expression levels. Preliminary screening by confocal microscopy identified
3 independent GFP-positive lines for each of the pCAMBIA1302 (L3, L4, L9), 5’prxGFP
(L8, L10, L15), and GFP3’prx (L6, L18, L20) constructs but only one 5’prxGFP3’prx
line (L26). The results were consistent for all lihes with the same construct.

Transgenic Arabidopsis plants were transported to Dr. F. Brandizzi’s lab for
confocal microscopy. We found that unmodified GFP (vector control) was localized in
the cytoplasm of mesophyll cells (Figure. 3.12 I A). The GFP with the SBP NTPP
(5’prxGFP) was targeted to the “exterior” of the cell (Figure 3.12 I B), although it was
difficult to distinguish between cell membrane, cell wall or apoplast locations. The
pattern of GFP fluorescence with the SBP CTPP (GFP3’prx) appears to be cytoplasmic
(Figure 3.12 T C), similar to the vector control lacking signal peptides. Finally, the
location of GFP with both the SBP NTPP and CTPP (5’prxGFP3’prx) was similar to that
of (5’prxGFP), the “exterior” of the cell (Figure 3.12 I D). In conclusion, while NTPP
can target GFP to “exterior” of cell, the exact target location(s) was not conclusive and

might be cell wall, plasma membrane, or apoplast. The CTPP retained GFP signals in the
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cytoplasm. For the two constructs with the NTPP, the exact location(s) were difﬁcuit to
determine (Figure 3.12). Therefore, FM-64, a plasma membrane dye (T13320, Molecular
Probes) was used to stain leaves for 10 min before examination. Under these conditions
the green GFP signal can be distinguished from the plasma membrane which stains red
(Ashtamker et al., 2007). For GFP, 5’prxGFP, and GFP3’prx transgenic plants, we
screened 9 plants from 3 independent lines for each construct with consistent results. We
found that GFP signals were restricted within plasma membranes for GFP and GFP3’prx
constructs but GFP was targeted to outside of the plasma membranes, i.e., the apoplast
for the 5’prxGFP and 5’prxGFP3’prx transgenic plants. Figure 3.13 A shows the GFP in
cytosol with the GFP surrounded by the plasma membrane as revealed by the red line.
The GFP signals were fainter compared with the GFP targeted to apoplast in Figure 3.13
B and D. A likely reason might be dilution or the GFP was unstable when it was exposed
to proteases residing in cytosol. Figure 3.13 B illustrates GFP targeted to the apoplast by
- NTPP of SBP. GFP is clearly surrounded by two lines of plasma membranes in this
micrograph. In Figure 3.13 B the GFP fluorescence does not appear to be as strong in the
other photos. A potential reason is photo bleaching by strong light of confocal
microscope (Tamura et al., 2003; Ward and Brandizzi, 2004). We found that GFP
declined gradually under strong light. Figure 3.13 C indicates that GFP was localized in a
narrow cytosol zone created by the large central vacuole which pushed other cellular
organelles into the smaller space between the tonoplast (vacuole membrane) and plasma
membrane. Figure 3.13 D shows that GFP signals were sandwiched by plasma
membranes, indicating GFP is targeted to apoplast for 5’prxGFP3’prx transgenic plants.
In conclusion, NTPP by itself or with CTPP can target GFP to apoplast. CTPP, as well as

GFP itself (without any protein signalling peptide), retains GFP proteins in the cytosol.
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Figure 3.12 Functionality of SBP Signalling Peptides
The scale bar (10 um) was indicated on the images. A. GFP (Transgenic E-L3); B.

5’prxGFP (Transgenic 5°prx-L8); C. GFP3’prx (Transgenic 3’prx-L20); and D.

5’prxGFP3’prx (Transgenic 5’3’ prx-L26).

q

CW, PV or Apoplast

Cytosol

", PM or Apuplast
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Figure 3.13 Functionality of SBP Signalling Peptides (with PM Stained)

The scale bar (5 um) was indicated on the images. This work was performed in
collaboration with Dr. Jaimie Schnell and Mr. Ann-Fook Yang at ECORC, AAFC,
Ottawa. A. GFP (Transgenic E-L3); B. 5’prxGFP (Transgenic 5’prx-L8); C. GFP3’prx

(Transgenic 3’prx-1.20); and D. 5’prxGFP3’prx (Transgenic 5’3’ prx-126).

A. B.
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3.4 Screening Transgenic Soybean for HRPC and Laccase Activity

3.4.1 Collection of Plant and Seed Materials

The analysis of seed coat enzyme activity and the simultaneous recovery of
embryos to ensure the next generation of plants are difficult challenges. As shown in
Table 3.2, when the seed is in the T; generation, the seed coat and leaf are in the Ty
generation. Some Ty plants did not give rise to seed and were lost from analysis while
others yielded only 1 or 2 seeds. These plants were taken to the next generation before
analysis to generate more seeds; however, the transgene was potentially segregating
~among the progeny.

Variation in environmental factors such as growth conditions, presence of bacteria
and insects, and differences in growth cabinets may affect protein production (Mahan et
al., 2004). In addition seeds may imbibe water and germinate at different rates. Since we
germinated seeds on wet filter paper in Petri dishes, preliminary experiments were
performed with cv. Harosoy 63 (EpEp) to determine whether the activity of SBP in the
seed coat decreased with longer soaking times. While there was substantial variability in
SBP activity between times and replicates (data not shown), overall seed coat SBP
activity did not decrease with longer times of incubation in water. As a result we
developed the following protocol: seeds were germinated on wet filter paper in Petri
dishes at room temperature in the dark. Between 3 and 4 days the seed coats were
removed manually into liquid nitrogen for eventual storage at -80°C and the sprouts were
planted in vermiculite at RT for 1-2 days. Following peroxidase enzyme assays, the
plants with the highest specific activity were transferred in the growth cabinets to the next

generation.
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3.4.2 Peroxidase Activity Units as Determined with Different Substrates

The peroxidase activity can be determined with different substrates, with the most
commonly-used being ABTS, guaiacol, and pyrogallol (Morawski et al., 2000; Kawaoka
et al., 2003; Matsui et al., 2006). In order to compare the different peroxidase activity
units determined with different substrates, we assayed HRPC and SBP from Sigma with
each of the 3 substrates (Table 3.3) under our standard conditions. In summary, one
ABTS unit equalled 3.12 guaiacol units and 1.66 pyrogallol units if HRPC (Sigma) was
used for assay. For SBP peroxidase activity, one ABTS unit was equivalent to 2.75
guaiacol units, and 3.49 pyrogallol units if SBP (Sigma) was used for the assay. These
equivalencies were used for comparisons with published HRPC enzyme activity data

measured with different substrates (also see Table 1.2).
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Table 3. 2 Delineation of Generations of Transgenic Soybean Plants and Their Seeds

Plants Leaf Seed Embryo  Seed Coat'
Ty Plant  Derived from callus Ty leaf --- --- ---
T Seed Produced from Ty plant T, To
T, Plant Grown from T seed  Tjleaf
T, Seed Produced from T; plant T T
T, Plant Grown from Toseed T, leaf
T3 Seed Produced from Tp plant Tj T,

! Seed coat is derived from maternal tissue and is the same generation as its parental plant.

Table 3. 3 Comparison of Peroxidase Activity Units with Three Peroxidase
Substrates

Peroxidase ABTS Guaiacol Pyrogallol
HRPC (Sigma) 5069 £11.4 162.4 +13.0 304.8 =25
SBP (Sigma) 300.5 =18.3 109.2 £ 7.8 862 + 4.5

Notes: The average and standard error are presented (N =3). The values are in units per
milligram protein where 1 unit is defined as 1 umol of ABTS substrate oxidized per 1

min.
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3.4.3 HRPC Transgenic Peroxidase Activity

We screened all T; seeds of 14 HRPC transgenic lines shipped from London,
Ontario (AAFC) for a total of 80 seeds. Typically, we grew 3 to 7 T, plants per line;
however, some T; HRPC seeds were advanced to the T, generation if the number of T,
seed was limited. T, plant leaf tissue DNA was screened for the presence of HRPC
transgenes by PCR. We did not advance all T; seed to an additional generation due to
limited growth cabinet space. Our strategy was to assay seed coat peroxidase and advance
only seedlings that had higher peroxidase enzyme activities in their seed coats to the next
generation. The peroxidase activities of the seed coats are indicated in parenthesis after
the plant names in Table 3.4 (the raw data are attached in Appendix IV). In total 192 T,
and T, seeds were screened by the peroxidase enzyme assay. The peroxidase activity in
cv. Jack soybean seed coat was 0.05+ 0.01 U/mg protein (N=10). Among the lines we
screened, we found the peroxidase activities in HRPC transgenic seed coat up to 60 times
higher (3.09 U/mg ) than that of control cv. Jack (0.05 + 0.01 U/mg, N=10). The highest
activity measured was 3.09 U/mg for S§ HRPC # 3-2-1. This level was low, but was
comparable to levels found in horseradish roots by some authors (range from 3.43 to
147.89; see Table 1.2). It was also comparable to heterologous HRPC expression in leaf
tissue from stable tobacco transformants ranging from 0.43-23 U /mg with pyrogallol as
the substrate and 0.71-36.8 U /mg with ABTS as the substrate (Matsui et al., 2006).

Horseradish peroxidase activity differed from seed to seed in the same plant, for
instance, we analysed 11 seeds of S8 HRPC # 3-2-1 plant (T,), and the range of seed coat
peroxidase activity ranged from 0.11 to 3.09 U/mg with average at 0.91 + 0.32 U/mg. T,

seed coat peroxidase activity (0.91U/mg) on average was higher than that of T,
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generation (0.47U/mg). Thus, screening of individual seed is necessary for understanding
the range of protein accumulation in T, seeds.

The seed coat activity varied more in T; and T, generation, and less in the Tj;
generation (Table 3.4). Overall, seed coat peroxidase activity was stably inherited, for
instance, S8 HRPC #3-11 in Table 3.4. The average peroxidase activity of T, seed was
0.33 £ 0.13 U/mg (N = 4), that of T, seeds was 1.01 + 0.25 U/mg (N=7), and that of T;
seeds was 0.82 £ 0.11 U/mg (N = 6). The standard deviation of peroxidase activity
among seed coats of T3 S8 HRPC # 3-11 seeds was lower than that in T, and T,
generations.

Advancing plants to the next generation should lead to segregation of the
transgene according to Mendel’s Laws. For plant HRPC 1-1 (T3), 7 T, seed coats (T}) out
of 38 T, seeds (18.4%) had peroxidase activities that were indistinguishable from that in
cv. Jack. This may indicate that the transgene is being inherited as a single locus at the

expected ratio of 25% although gene silencing may contribute to this ratio.
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Table 3. 4 Screening Transgenic Soybean Seed Coats for Peroxidase Activity

HRPC Transgenic # Seed Average (U/mg) Range Generation *
Soybean Analyzed (= SE) 6 (U/mg)

cv. Jack 10 0.05+0.01 0.03 - 0.09
S§HRPC#1'! 4 0.19+0.04 0.09 ~0.26 T,
S8 HRPC # 1-1(0.26) 38 0.43 £ 0.09 0.03 ~2.66 T,
S8 HRPC # 1-2 (0.23) 5 0.77+0.2 0.18~1.29 T,
S8 HRPC # 3-2 2 0.47+0.22 0.25~0.68 T,
S8 HRPC # 3-2-1 (0.68) 11 0.91+0.32 0.11 ~3.09 T,
S8 HRPC # 3-2-2 (0.25) 3 1.26 +0.14 1.11~1.54 T,
S8 HRPC # 3-4 4 0.48 + 0.06 0.36 ~ 0.66 T,
S8 HRPC # 3-4-1 (0.66) 5 022+0.02 0.14 ~0.26 T,
S8 HRPC # 3-4-2 (0.45) 3 0.47 £ 0.01 0.18 ~0.64 T,
S8 HRPC # 3-4-3 (0.43) 2 0.52+0.1 0.42 ~0.61 T,
S8 HRPC # 3-5 2 -4 T,
S8 HRPC # 3-5-1 (---) 3 0.32+0.04 0.25~0.39 T,
S8 HRPC # 3-5-2 (---) 5 0.26 + 0.05 0.10~0.36 T,
S8 HRPC # 3-6 15 0.31+0.05 0.02 ~0.67 T,
S8 HRPC # 3-6-1 (0.67) 4 0.33 £0.05 0.26 ~0.48 T,
S8 HRPC # 3-6-2 (0.56) 3 0.55 4 0.09 043 ~0.73 T,
S8 HRPC # 3-6-3 (0.55) 3 1.03+0.42 0.50~1.86 T,
S8 HRPC # 3-8 1 0.55 0.55 T,
S8 HRPC # 3-8-1 (0.55) 5 0.53+0.13 0.28 ~ 1.02 T,
S8 HRPC # 3-8-1-1 (1.02) 3 0.11£0.007 0.22 ~0.28 T,
S8 HRPC # 3-8-2 (---) 5 0.69+£0.19 0.36~1.33 T,
S8 HRPC # 3-8-2-4 % (0.95) 7 0.44 £ 0.06 0.21 ~ 0.65 T3
S8 HRPC # 3-10 2 T,
S8 HRPC # 3-10-2 (---) 4 0.33+0.10 0.22 ~0.62 T,
S8 HRPC # 3-11 4 0.33+£0.13 0.04 ~0.68 T,
S8 HRPC # 3-11-1 (0.68) 7 1.01+0.25 0.13~2.20 T,
S8 HRPC # 3-11-1-4 (1.41) 6 0.82+0.11 0.56 ~1.34 T
S8 HRPC # 3-11-2 (0.33) 2 0.65 +£0.37 028 ~1.01 T,
S8 HRPC #5° 13 0.23 £ 0.05 0.02 ~0.46 T,
S8 HRPC # 5-1 (0.46) 3 0.54+£0.08 0.39 ~0.68 T,
S8 HRPC #12° 7 T,
S8 HRPC # 13° 15 0.22 £ 0.03 0.03 ~0.40 T,
S8 HRPC # 14° 6 0.20 £ 0.04 0.10 ~0.35 T,
S8 HRPC # 15° 1 T,
S8 HRPC # 15-1 (---) 5 0.06 £ 0.01 0.03 ~0.08 T,
S8 HRPC # 16 ° 2 029+0.17 0.12 ~0.45 T,
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Notes:

The numbering system includes the name of the vector, the transgene, the bombardment
event name. For example, S§ HRPC #3-8 designates the vector S8 (Figure 3.4), the
HPRC transgene (Appendix I) and the event # 3-8 (in some cases a single digit is given).
The designations S8 HRPC #3-8-1 (0.55) and S8 HRPC #3-8-1-1 (1.02) refer to
subsequent generations that derived from event S§ HRPC #3-8. The number in the
bracket refers to seed coat peroxidase enzyme activity measured in the seed that plant is
derived from.

! The names of T; HRPC transgenic soybean seeds are in the bold, representing the
independent transformation events;

2 In this table, the generation in the last column refers the generation of embryo. The
relationship between generations of seed embryo and seed coat is that the generation of
seed coat is that of embryo minus one (see Table 3.2).

3 We advanced seven T, plants for each of S§ HRPC # 5, #12, #13, and three T plants
for each of S8 HRPC # 14, #16. The T, seeds of those plants were sent to Guelph
University for further research;

4 T, seed coat enzyme data were not available;

> The plants highlighted with yellow were ¢chosen for further molecular characterization
based on the higher level of peroxidase activity and completeness of transgene expression
cassette they harboured.

§ average peroxidase activity for all seed coats assayed in the defined generation without

subtracting the value for cv. Jack.
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3.4.4 Screening Transgenes in HRPC Plants by PCR

T; plants were selected for higher peroxidase activity in Ty seed coats. Leaf
samples were collected and gDNA was isolated using Sigma kit for PCR as described in
Section 3.2. We first tested the gDNA quality by testing for the presence of the soybean
tubulin gene employing GmTub2 primers. The primer pairs for several regions of the
transgene and Apt 11 (Table 3.1) were used for the higher seed coat peroxidase expressors.

None of the HRPC transgenic plants that showed higher peroxidase activity tested
positively for all components of the transgene vector suggesting that transformation had
lead to vector rearrangement in these plants. For example both S8 HRPC # 3-2-1-2 (2.74
U/mg) and S8 HRPC # 3-6-3-2 (1.86 U/mg) lacked detectable HRPC sequences. Nor did
they appear to have fragments corresponding to the Ep promoter, hptll gene and tCUP
promoter. In addition, HRPC # 3-6-3-2 lacked the NOS sequence (Discussed in section
4.3).

Other higher peroxidase expressors such as S§ HPRC 3-8-1-1 (1.02 U/mg), S8
HRPC # 3-8-2-4 (0.95 U/mg), S8 HRPC # 3-11-1-4 (1.41 U/mg) and S8 HPRC # 16-1
(0.45 U/mg) had all of the components tested except for the Epl.5 kb promoter which
was truncated, with between 0.6 and 1.2 kb remaining (Table 3.5). Seed coat peroxidase
was observed in two lines that lacked a full length HRPC gene. This phenomenon is
discussed in Section 4.3. None had the Ep 1.5 kb promoter. We therefore used PCR to
test for the presence of deleted forms of the promoter (Table 3.1). These results showed
that S§ HRPC # 3-8-2-1 and # 3-8-2-4 contained at least 1.2 kb (but not 1.5 kb) of the

promoter. S8 HRPC # 3-11-1-4 contained at least 0.9 kb (but not 1.2 kb). S8 HRPC # 16-
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1 (0.45 U/mg) contained 0.6 kb Ep promoter. Both S§ HRPC 3-2-1-2 and S8 HRPC # 3-
6-3-2 had less that 0.3kb of promoter sequence, which is our limit of detection.

We sought to find the HRPC transgenic plants with high peroxidase seed coat
activity, longer Ep promoters (at least 0.9 kb) and full-length HRPC synthetic coding
DNA. Out of 15 independent HRPC transformants, we found a T, plant, S8 HRPC # 3-8-
2-4 (0.95 U/mg) that harboured the full-length HRPC synthetic gene driven by 1.2 kb Ep
promoter and another T, plant, S§ HRPC # 3-11-1-4 (1.41 U/mg) that had a 0.9 kb Ep
promoter followed by the full-length HRPC synthetic gene (Table 3.5). It has previously
been shown that the 0.6 kb Ep promoter could restrict the GUS expression to the
hourglass cell layer of soybean seed coats (Dr. L. Gudynaite-Savitch, unpublished data).

The activity and specificity of truncated promoters needs to be tested in this project.

Table 3. 5 Screening Selected HRPC Transgenic Plants by PCR

Genes GmTub2 NOS tCUP hpAl Length of Full-length
Ep HRPC gene
promoter

WT (Jack) + - - - - -

S8 HRPC Plasmid - + + + + +

S§ HRPC #3-2-1-2  + + - - - -

S8 HRPC # 3-6-3-2  + - - - - -

S8 HRPC # 3-8-1-1 + + + + (Epl.2kb) +

S8 HRPC # 3-8-2-4  + + + + (Epl.2kb) +

S8 HRPC # 3-11-1-4 + + + + (Ep0.9kb) +

S8 HRPC # 16-1 + + + + (Ep0.6 kb) +

Notes: + represents the presence of the expected PCR product, - represents the absence of

a product. The primers are given in Table 3.1
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Our PCR screening results showed that the Ep 1.5 kb promoter existed in the Ty
plants S8 HRPC # 3-2, and S8 HRPC # 3-6 but lost in T; plants that were grown from T,
seeds shipped from London, ON (Table 3.6). The fact that all T; plants of S8 HRPC # 3-
2, S8 HRPC # 3-4, and S8 HRPC # 3-6 were Ep-promoter-PCR-product negative, and all
the T, plants of S8 HRPC # 3-5, and S8 HRPC # 14 (Table 3.6) were HRPC-PCR-
product negative indicated that the reason for Ep promoter loss was not only due to the
transgene segregation but might be generated by rearrangement, transgene excision or
deletion. Transgene loss was reported in Phytophthora parasitica (Scheid et al., 1991)
and aspen (Melander et al., 2006). It is believed that multiple-copy integration and
subsequent gene loss were the major reasons for the complex segregation behaviours of
the transgene in transgenic plants (Zhao et al., 2007). Furthermore, it was found that
HRPC transgene was inherited to from the Ty to the T; generation of S§ HRPC 3-2, but it
was lost in the T, generation. In S§ HRPC 3-4, one of T plants lost the HRPC transgene
while other 2 plants inherited it from Ty plant. This scenario also happened to the lines of
HRPC # 3-6. The transgene loss in transgenic soybean by particle bombardment was also
found in Dr. D Simmonds’ lab (AAFC, Ottawa). They concluded that if transgenes were
found in T; plants, the transgene would likely be inherited stably (Ogasawara et al., 2005)
because the transgene rearrangements were most frequent in T} and T, generations (Dr.

Rugang L1i, oral communication).
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Table 3. 6 Transgene Segregation Through Generations

Plants Plant Ep 1.5 promoter Full-length
Generation plus HRPC ? HRPC gene 4

Jack -— - -

S8 HRPC plasmid - +1 +

S 8 HRPC # 3-2* To + +

S 8 HRPC # 3-2-1 Ti -2 +

S 8 HRPC # 3-2-2 T - -
S8HRPC#3-2-1-2 T, -
S 8 HRPC # 3-4 To +

+
S 8 HRPC # 3-4-1 T - -
S 8 HRPC # 3-4-2 T - -
S 8 HRPC # 3-4-3 T, - +
S 8 HRPC # 3-5 To - +
S 8 HRPC # 3-5-1 T - -
S 8 HRPC # 3-5-2 T - -
S 8 HRPC # 3-6* To + +
S 8§ HRPC # 3-6-1 Ty - +
S 8 HRPC # 3-6-2 Ty - +
S 8§ HRPC # 3-6-3 T - +
S 8 HRPC # 3-6-1-4 T, - +
S8 HRPC#3-6-3-1 T, - +
S8HRPC#3-6-3-2 T, - -
S8 HRPC # 14 To - +

S 8 HRPC # 14-1 Ty ; )
SSHRPC#14-2 T, ; ;
S$HRPC#14-3 T, ; ]

Notes:

1«4» represents the presence of the expected PCR product;
2 «.» represents the absence of a product;

? the length of Ep promoter was determined by the primer set Ep-15 F32 / HRPC (243)
Rev shown in Table 3.1;

* the full-length HRPC gene was determined using the primer set HRPC-Notl-For /

HRPC-Xbal-Rev indicated in Table 3.1.
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3.4.5 Western Blot Analysis of HRCP Transgenic Plant S8§ HRPC 16-1

We attempted to use an anti-HRPC antibody to detect the expression of HRPC
protein in HRPC transgenic soybean. Extracts from seed coat and embryo of transgenic
seeds were compared to extracts of the same tissues from cv. Jack (epep, negative
controls). Commercial HRPC and SBP (Sigma) proteins were used as positive controls.
Given the relatively low levels of expression, we pooled seed coat protein samples from
related plants with higher peroxidase activities, measured protein concentration and then
ran SDS gels. Based on our controls and the levels of activity that were measured, we
were close to the limit of detection. HRPC proteins could not be detected with either
HRPC or His-tag antibodies used as probes (data not shown).

We were able to take advantage of the HIS tag to purify HRPC from seed coats
and embryos of 80 pooled samples from S8 HRPC 16-1 (T,), a blant with a truncated Ep
promoter (0.6 kb) but HRPC activity. The QIAGEN HIS tag column enriches for proteins
with 3 consecutive HIS (oral communication, Dr. H. Schernthaner, AAFC, Ottawa) and
recombinant HRPC has a C-terminal with 6XHis residues (Appendix 1). In Figure 3.14 A,
the Western blot was probed with anti-HRPC antibody and in Figure. 3.14 B a replicate
blot was probed with anti-His-tag antibody.

Figure 3.14 A, lane 2 represents the purified seed coat proteins from S8 # HRPC
16-1 probed with anti-HRPC antibody. To compare HIS tag purified band patterns (lane 2)
with that of total cv. Jack seed coat proteins, we ran cv. Jack seed coat protein as the
negative control in lane 3. The anti-HRPC antibody detected 6 bands with estimated
molecular wéights of ca 76.0, 64.6, 39.4, 37.4, 35.4 and, 30.0 kDa (lane 2 of Figure 3.14

A) whereas many bands were detected in lane 3 indicating that purification by QIAGEN
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HIS tag column had worked. Probing of the replicate transfer in Figure 3.14 B with His-
tag antibody revealed one faint band as indicated by the arrow with an estimated
molecular weight of 35.4 kDa. When this blot was repeated a size of 34.7 kDa was
determined (data not shown). This band may correspond to the band at 35.4 kDa band in
lane 2 (Figure 3.14 A) detected with the anti-HRPC antibody (indicated by the arrow).
Unfortunétely we did not have enough material to do multiple repeats. This band was not
seen in the untransformed control. Therefore both antibodies detect a protein of about the
same size that contains epitopes for HRPC and His, suggesting that it may be HRPC.
This putative HPR C has a much lower molecular weight than HPR C from Sigma run in
lane 5. The size of the full length HRPC from 4. rusticana calculated from the DNA
sequence is 38.7 kDa for a protein of 353 aa (accession #: AAA33377). Several lines of
evidence suggest that HPR C has NTPP and CTPP groups that are removed during
targeting to the vacuole in transgenic systems (Kis et al., 2004; Matsui et al., 2006).
When Fijiyama (Fujiyama et al., 1988) removed these putative signals INTPP, 30 aa and
CTPP, 15 aa) from their deduced protein sequence, a size of 33.9 kDa (308 aa) was
determined. And the mature protein isolated from A. rusticana has a size of 33.9 kDa
(308 aa) as determined from the protein sequence (Welinder, 1979). Based on our S8
HRPC soybean construét (Appendix 1), and assuming that the NTPP and CTPP were
removed, the mature HRPC, including GGAA adaptors aﬁd 6XHIS tag will have a size
of 35.2 kDa (322 aa) if glycosylation is not taken into consideration. Thus the size of the
expected protein is 35.2 kDa. However, the size of HPR C (Sigma) estimated by SDS gel
electrophoresis is ~50 kDa which is similar to previous estimates of 43.8 kDa (Regalado

et al., 1996), 50 kDa (Loustau et al., 2008) and 44 kDa (Welinder, 1979) using the same
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technique. The difference between the calculated and measured sizes may in part reflect
the extensive glycosylation of native HRPC, estimated at 18% of the mass (Shannon et al.,
1966). Sizes of glycosylated proteins are often over-estimated by SDS gels (Bohnsack et
al., 2000). If so, then the putative HPRC identified in Figure 14 may not be extensively
glycosylated. We also ran the HIS tag purified embryo proteins from S8 # HRPC 16-1 in
lane 6 while total protein of cv. Jack embryo was used as a control. The two patterns are
very similar. The 35.4 kDa band found in lane 2 was not seen in lane 6, and 7 of Figure
3.14 A, suggesting the 35.4 kDa band was only expressed in the HRPC transgenic
soybean seed coat. In lanes 6 and lane 7 of Figure 3.14 B, a band with an estimated
molecular weight 33.0 kDa (32.7 kDa when repeated) was detected with anti-HIS tag
antibody. A protein of this size was also detected during experiments to determine
antibody specificity (Figure 3.11 E). This band is not likely to be the putative HPR C
‘expressed in the embryo for two reasons. The size of the protein in lane 7 is smaller that
the size in lane 2 as calculated for each of the two gels. In addition, if this was HRPC
then we would expect a band of the same size to be revealed with the anti-HRPC
antibody. As indicated above, no band of the corresponding size is observed (Figure
3.14A lane 6). The band in the soybean embryo protein sample (lane 7) detected with
anti-HIS tag antibody may represent the detection of an endogenous soybean protein
since 45 hits using HHHHH as the probe were found in soybean genome (BLASTP:

accessed at http://blast.ncbi.nlm.nih.gov/Blast.cgi, April 16, 2009). While this evidence

suggests that HRPC expression can be detected by Western blot analysis, more replicates

with different transgenic events are needed to confirm the result. Since the level of HPRC
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expression is relatively low, we will need to accumulate a lot of seed for seed coat

extraction-in the above experiments 80 seeds were processed.

3.5 Screening Laccase Transgenics
3.5.1 Laccase Transgenic Lines

To S8 LCC1 and LCC4 transgenic soybean plants were grown in London Ontario,
T, seeds were harvested and shipped to Ottawa. In total, we obtained 5 lines of S8 LCCl1
transgenic soybean, and 36 lines of S8 LCC4 transgenic soybean. We also had Ty plants
shipped from London, including 11 lines of S18 LCCI1 transgenic soybeans, and 4 lines
of S18 LCC4 transgenic soybeans (Appendix 5).

To get more transgenic soybean seeds to work with we advanced some of the T;
seeds of S8 LCC1 and S8 LCC4 transgenic soybean seeds to the T, generation. PCR
screening of T, plants was performed to minimize unnecessary seed coat laccase enzyme
assays, and to focus on promising transgenics with intact genes since a known side effect
of bombardment transformation is transgene rearrangement (Finer and McMullen, 1991;
Patnaik and Khurana, 2001; Reddy et al., 2003; Zhao et al., 2007) as seen for the HRPC
transgenics. We used LCC1, LCC4 and hpt II primer sets. Ten out of 36 S8 LCC4 lines, 2
out of 5 S8 LCCI lines and 1 out of 11 S18 LCC1 lines were transgene negative and
discarded. These results demonstrated the need to monitor transgene stability usually
required to obtain stable homozygous lines when Ty plants were taken up to the T3 or T4

generation (Verweire et al., 2007).

97



Figure 3.14 A Western Blots of Purified HRPC Proteins Detected with Anti-HRPC
Antibody

A Western blot was probed with anti-HRPC antibody at 3000X, detected with
goat anti-rabbit IgG with AP antibody at 1000X (Molecular Probes). The proteins signal
was recorded 15 min after overlay. L1, Protein ladder (BioRad # 161-0373); L2,
Purified HRPC proteins from S8 HRPC 16-1 seed coat, (100 ng); L3, Jack Seed Coat
proteins, (25 pg); L4, HRPC (Sigma) protein, (50 ng); L5, SBP (Sigma) protein, (50 ng);
L6, Purified HRPC proteins from S8 HRPC 16-1 embryo, (100 ng); L7, Jack embryo
proteins, (25 pg)

Figure 3.14 B Western Blots of Purified HRPC Proteins Detected with Anti-HIS Tag
Antibody

A Western blot was probed with anti-His tag antibody at 1000X, detected with
goat anti-mouse IgG with AP antibody at 1000X (Molecular Probes). The proteins signal
was recorded 30 min after overlay. The arrow indicates the protein discussed in the text.
L1, Protein ladder (BioRad # 161-0373); L2, Purified HRPC proteins from S8 HRPC 16-
1 seed coat, (100 ng); L3, Jack Seed Coat proteins, (25 pg); L4, HRPC (Sigma) proteins,
(50 ng); L5, SBP (Sigma) proteins, (50 ng); L6, Purified HRPC proteins from S8 HRPC
16-1 embryo, (100 ng); L7, Jack embryo proteins, (25 pg)

A. B
1 2 3 4 5 6 7 1 2 3 4 5 6 7
100" i 100 woss
50 50 =
37 = 37 =
-
25 = 25 -
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Seed coats were assayed for laccase activity using ABTS as the substrate. For T,
LCC transgenic soy, we chose to assay 15 seeds for each independent line. For the lines
with fewer than 15 seeds, we screened them all. Promising plants with higher laccase
activities in the seed coat were advanced to the T, generation. Leaf material was
harvested for gDNA analysis and seeds for laccase enzyme assays. The detailed
information on the number of seeds assayed, the mean value of laccase activity, the range
of laccase within a line or in specific T, or T; plants were tabulated in Table 3.7 and
Table 3.8. In total 404 laccase T; and T, transgenic soybean seeds were assayed.

The laccase activity in cv. Jack soybean seed coat was 0.01+ 0.003 U/mg (N=10)
when assayed as described in Appendix 3 using ABTS as the substrate. The raw data of
laccase activity in individual seed coats can be found in Appendix 5. Laccase activity in
the transgenic soybean varied from line to line, and seed to seed. The laccase activity in
S8 LCC1, S18 LCC1, S8 LCC4 and S18 LCC4 transgenic seed coats was up to 9 fold
higher (0.099 U/mg) than that of cv. Jack.

Based upon data from laccase enzyme activity and transgene screening, we chose
S8 LCC1# 4-2-2-1, and S8 # LCC1 5-1-2 plants as the candidates for S8 LCCl1
transgenic soybean, and S8 LCC4 # 16-1-1, and S8 # LCC4 30-1-4-2 plants as the
promising candidates for S§ LCC4 further research since all them contain 1.2 kb or 1.5

kb promoters, and full-length of LCC1 or LCC4 synthetic genes (Table 3.9). These were

indicated in yellow.
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Table 3.7 The Screening of S8 LCC1, and S8 LCC4 Transgenic Soybean Seeds

HRPC Transgenic # Seed Average (U/mg) Range Generation *
Soybean Analyzed (= SE)* (U/mg)
Jack 10 0.01 £0.003 0~0.021 ---
S8 LCC1#4-1" 8 0.028 + 0.003 0.01 ~0.035 T,
S8 LCC1 # 4-1-1 (0.035) 3 0.011 +0.001 0.009 ~0.012 T,
T,
S8 LCC1 #4-2 7 0.031 + 0.002 0.023 ~0.035
S8 LCCI1 # 4-2-2 (0.035) 5 0.032 +0.004 0.021 ~0.04 T,
S8 LCC1 # 4-2-2-1 (0.04)° 10 0.030 + 0.003 0.014 ~0.049 T;
T,
S8 LCC1#5 15 0.029 + 0.003 0.004 ~ 0.035
S8 LCC1 # 5-1 (0.045) 4 0.014 £ 0.005 0.009 ~ 0.027 T,
S8 LCC1 #5-1-2 (0.027) 13 0.010 + 0.002 0.006 ~ 0.024 T
T
S8 LCC1 #10-2 11 0.001 + 0.001 0~ 0.005
S8 LCC1 #12-2 8 0.001 = 0.001 0~ 0.005 T,
S8 LCC4#1 10 0.02 £ 0.003 0 ~0.04 T,
S8 LCC4#2 8 0.008 + 0.003 0~0.023 T,
S8 LCC4#3 1 0.03 0.03 T,
S8 LCC4#5 10 0.033 £ 0.003 0.009 ~0.043 T,
S8 LCC4 #9-2 2 0.026 £ 0.005 0.02 ~0.031 T
S8 LCC4#11 2 0.021 +£0.019 0.002 ~0.04 T,
S8 LCC4#13 3 0.002 + 0.002 0 ~0.006 T
S8 LCC4#14 3 0.002 + 0.002 0 ~0.005 T,
S8 LCC4 # 15-2 2 0.035 = 0.005 0.03 ~0.04 T,
S8 LCC4 # 154 1 0.04 0.04 T
S8 LCC4 # 15-6 1 0.005 0.005 T,
S8 LCC4#16 2 0.035+0.005 0.03 ~0.04 T,
S8 LCC4 # 16-1 (0.04) 13 0.031+0.007 0 ~0.099 T,
S8 LCC4 # 16-1-1 (0.099) 11 0.025+ 0.004 0.009 ~ 0.05 T
S8 LCC4#17-1 12 0.017 +0.004 0~0.032 T
S8 LCC4 #17-2 5 0.015 + 0.006 0.001 ~0.036 T,
S8 LCC4#18 13 0.011 +0.002 0~0.023 T,
S8 LCC4 # 19-1 10 0.008 = 0.002 0~0.019 T,
S8 LCC4 #19-2 10 0.005 = 0.002 0~0.016 T,
S8 LCC4 #21 9 0.019 £ 0.004 0~0.032 T,
S8 LCC4 #24 8 0.023 + 0.008 0.002 ~ 0.066 T,
S8 LCC4 #26 7 0.023 = 0.005 0~0.04 T,
S8 LCC4 #27 15 0.009 = 0.003 0~0.04 T,
S8 LCC4 # 30-1 4 0.023 + 0.006 0.01 ~0.04 T,
S8 LCC4 # 30-1-4 (0.04) 4 0.028 +0.006 0.01 ~0.04 T,
S8 LCC4 # 30-1-4-2 (0.04) 10 0.037+ 0.004 0.023 ~ 0.063 T;
S8 LCC4 # 31 10 0.016 + 0.004 0~0.03 T,
S8 LCC4 # 32-1 6 0.027 + 0.008 0~0.05 T,
S8 LCC4 # 32-2 15 0.018 = 0.005 0~0.052 T,
S8 LCC4 # 33 1 0.01 0.01 T,
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The numbering system includes the name of the vector, the transgene, the bombardment
line name. For example, S8 LCC4 # 16 designates the vector S8 (Figure 3.4), the LCC4
transgene (Appendix 1) and the line (in some cases a single digit is given). The
designations S8 LCC4 #16-1 (0.04 U/mg) and S8 LCC4 #16-1-1 (0.099 U/mg) refer to
subsequent generations that derived from line S8 LCC4 #16, and the 0.04 U/mg means
the seed coat laccase activity of the seed in which plant S8 LCC4 # 16-1 was derived
from.

! The names of T, laccase transgenic soybean, representing the independent
transformation events;

? In this table, the generation in the last column refers to plant generation, or the
generation of seed (embryo);

3 The plants highlighted in yellow were chosen for further molecular characterization
based on the higher level of laccase activity and completeness of transgene expression
cassette they harboured.

* average laccase activity for all seed coats assayed in the defined generation without

subtracting the value for cv. Jack.
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Table 3. 8 The Screening of S18 LCC1, and S18 LCC4 Transgenic Soybean Seeds

HRPC Transgenic # Seed Average (U/mg) Range Generation -
Soybean Analyzed (= SE) (U/mg)
Jack 10 0.01 £0.003 0~0.021 ---
SI8LCCl1#3A" 15 0.023 + 0.004 0~ 0.045 Th
S18 LCC1# 2B 5 0.004 £ 0.001 0~0.007 T
S18 LCC1# 3B 11 0.001+0 0~0.005 T
S18 LCC1#2C 5 0.035 £ 0.004 0.018 ~0.041 T
S18 LCC1#3C 15 0 0~0.003 T,
S18 LCC1# 2E 3 0 0 T,
S18 LCC1# 2F 15 0.001+0 0~0.006 T,
S18 LCC1#2G 15 0.025 + 0.003 0~0.05 T,
S18LCC1#2] 14 0.005 + 0.001 0~0.01 T,
S18 LCC1# 2H 15 0.001+£0 0~0.005 T,
S18 LCC1# 21 12 0.03 + 0.001 0.022 ~ 0.034 T,
S18 LCC4# 1A 15 0.006 £ 0.004 0~0.05 T,
S18 LCC4# 1B 6 0.005+0 0.004 ~ 0.006 T
S18 LCC4# 1C 11 0.01 £0.003 0~0.023 T,
15 0.03 £ 0.002 0~0.04 T,

S18 LCC4#1D

1

The names of T; laccase transgenic soybean, representing the independent
transformation events;
2 In this table, the generation in the last column refers to plant generation, or the

generation of seed (embryo);
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~ Table 3. 9 Screening Selected S8 LCC1 and S8 LCC4 Transgenic Plants by PCR

Genes GmTub2 NOS t(CUP hpfll Length of  Full-length
’ Ep LCC1/LCC4
promoter 3 gene4

WT (Jack) - -2 - - - -

S8 LCC1 4-2-2-1 + + + + 1.2 kb +

S8 LCCt 5-1-2 + - - + 1.2 kb +

S8 LCC4 16-1-1 + + + + 1.5kb +

S8 LCC430-1-4-2 + + + + 1.5kb +

Notes:

I« represents the presence of the expected PCR product;

2w %

represents the absence of a product;

The length of Ep promoter was determined with Ep-1.5 F32 / LCCI1 (198) Rev for S8

LCC1 transgenic plants, and Ep-1.5 F32 / LCC4 (214) Rev for S8 LCC4 transgenic

plants (Table 2.1); PCR working conditions were tabulated in Table 3.1.

* Full-length synthetic genes were determined with LCC1-Nco I-OP / LCC1-Sal I — OP

for LCC1 synthetic gene, and LCC4-Nco I-For / LCC4-Sal I-Rev for LCC4 synthetic

gene (Table 2.1); PCR working conditions were tabulated in Table 3.1.
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3.5.2 Laccase Activity Heritability from Generation to Generation

To determine whether laccase activity was stably inherited, we monitored the
changes of laccase activities from T; to T; generation for selected lines. The variation in
laccase activity in laccase transgenic soybean seed coats was much less than in HRRC
transgenic plants. The data in the Table 3.10 showed that laccase activity as a trait of
laccase transgenic seed coat could be stably inherited. In T; generation, the range of seed
coat laccase activity in the different lines varied from 0.023 to 0.031 U/mg proteins. It
was found that the seed coat laccase activity fluctuated a great deal from generation to
generation, for instance, laccase activities of S§ LCC1 # 5-1-2 (0.032 U/mg, T3) was
more than 2-fold higher than that in T, generation (0.014 U/mg). We found the S8 LCC4
# 16-1 plant with 0.099 U/mg laccase, which was the highest llevel of expression found to
date. Among of the seed coats tested, some had little or no laccase activity indicating that

gene loss or silencing may have occurred in these specific plants (discussed in Section

4.2).

Table 3. 10 The Laccase Activity Heritability of Generations

Plants T, T, T;
S8 L.CC1 #4-2-2-1 0.031+0.002 (N =7) 0.032 £0.004 N=5) 0.027+0.004 (N =10)
S8 LCC1 #5-1-2 0.029 £ 0.003 (N=10) 0.014 £ 0.005 (N =4) 0.032 £ 0.005 (N=13)

S8 LCC 4 #16-1-1 0.035 £0.005 (N=2) 0.031+£0.007 (N=13) 0.025+0.004 (N=11)
S8 LCC4 #30-1-4-2 0.023 £ 0.006 (N=4)  0.028 +0.006 (N=4)  0.037+ 0.004 (N=10)

Laccase activity in soybean seed coat (cv. Jack): 0.01 +0.003 U/mg (N =10)
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3.5.3 Western Blot Analysis of LCC4 Transgenic Plant S8 LCC4 # 16-1

Since the level of expressed laccase proteins in soybean seed coat was too low to
be seen in Western blots (data not shown), we purified the expressed LCC4 proteins. We
purified LCC4 from seed coats of 80 pooled samples from S8 LCC4 16-1 (T,), a plant
with full length of Ep promoter and full length synthetic LCC4 gene, and higher laccase
activity in its seed coat. The presence of the HIS tag linked to the expressed laccase
allows the use of QTAGEN HIS tag columns to purify HIS tagged LCC4 proteins.

In Figure 3.15 A, the Western blot was probed with anti-LCC4 antibody and in
Figure. 3.15 B a replicate blot was probed with anti-His-tag antibody. Enough protein
was recovered to run duplicate blots. In Figure 3.15 C a Western blot developed by
chemiluminescence was shown. Figure 3.15 A, lane 2 represented the purified seed coat
proteins from S8 LCC4 # 16-1 probed with anti-LCC4 antibody. To compare HIS tag
purified band patterns (lane 2) with that of total cv. Jack seed coat proteins, we ran cv.
Jack seed coat protein as a control (lane 3). Note that in the protein ladder lane (lane 1,
Figure 3.15 A) there was a band of 64.7 kDa detected by anti-LCC4 anﬁbody that was
not present in the protein ladder (lane 0). Nor was this band present in the blots probed
with anti-HRPC antibody but was present in some blots previously probed with the anti
LCC4 antibody (Figure 3.10 A, lane 1) suggesting that a protein contaminant not visible
in the stained protein marker reacts with anti-LCC4 antibody. The HIS tagged LCC4
protein expressed in E coli was detected with anti-LCC4 antibody (Figure 3.15 A, lane 5)
as a strong band with an estimated size of 59.1 kDa (59.7 kDa in replicate blot). Its size
as determined on the blot with anti-HIS antibody was 58.2 kDa (59.1 kDa in a replicate

blot, lane 5 of Figure. 3.15 B and C). These values were slightly larger than the calculated
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size of 54.4 kDa (509 aa). This result demonstrated that these two antibodies could detect
the HIS tagged LCC4 protein produced in E coli.

The anti-LCC4 antibody detected 2 bands with estimated molecular weights of
77.6 kDa, and 64.7 kDa (lane 2 of Figure 3.15 A, labelled with solid black dots) in the
seed coat from the transgenic plant. The sizes of these two bands on replicate gel run with
the same protein extract were 75.5 and 66.3 kDa respectively (data not shown). Probing
of the replicate transfer in Figure 3.15 B with His-tag antibody revealed one faint band,
as indicated by the arrow, with an estimated molecular weight of 77.6 kDa (75.5 kDa in
Figure 3.15 C). This value was very close to the size of the upper band (77.6 kDa)
detected with the anti-LCC4 antibody as indicated by the arrow in band in lane 2 of
Figure 3.15 A). A band with a similar size was seen in the untransformed control probed
with anti-LCC4 antibody (lane 3, Figure 3.15 A). The origin of this band was not known
but a band of this size was not seen in the same control probed with anti-HIS tag antibody
(lane 3, Figure 3.15 B).Therefore both antibodies detect a protein of about the same size
that contains epitopes for LCC4 and HIS, suggesting that it may be the expressed LCC4.

The size of the full length LCC4 protein from 7. vesicolor calculated from the
DNA sequence is 56.1 kDa (527 aa) (Ong et al., 1997). With the removal of the NTPP of
27 aa (Dr. Theresa White, logen, Ottawa, personal communications) the expected final
protein size would be 53.2 kDa (500 aa). Laccase has no predicted CTPP and is expected
to be secreted (Jonsson et al., 1997; Ong et al., 1997, Guo et al., 2005). Commercial
laccase (Biochemika) has a size of 64 ~ 66 kDa (Hood et al., 2003) or 64.5 kDa

determined here (lane 4, Figure 3.15 A) although the band is diffuse. Similar size
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differences have been previously observed and may be due in part to the contribution of
glycosylation (Sardana et al., 2007).

Based upon our S8 LCC4 soybean construct (Appendix 1), and assuming that the
NTPP and CTPP of SBP were removed, the mature LCC4 (501 aa), including GGAA
adaptors (8 aa) and 6XHIS tag (6 aa) has a predicteci size of 54.6 kDa (515 aa) before
glycosylation is taken into consideration. The size of putative expressed LCC4 protein as
measured by SDS gel was 77.6 kDa suggesting that glycosylation also is playing a role in
the seed coat system as has been observed in other transgenic systems, e.g. LCC4 from T.
versicolor expressed in Pichia pastoris had a size of around 85 kDa as determined by
SDS gel and contained ~ 40% carbohydrate (Brown et al., 2002); when LCC1 of
Trametes versicolor was expressed in maize seeds, the measured size was 63 to 65 kDa
compared to the predicted size of 53.0 kDa (Hood et al., 2003). There are 13 potential N-
linked glycosylation sites in the LCC4 mature protein sequence (Ong et al., 1997) and the
molecular mass of LCC4 expressed in soybean might depend on the level of
| glycosylation.

In summary, we found that LCC4 protein was expressed in soybean seed coat
with a size of 77.6 kDa, suggesting that the LCC4 gene fused to the Ep 1.5 kb promoter

was successfully expressed in the seed coat.
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Figure 3.15 A LCC4 Proteins Detected with Anti-LCC4 Antibody

Western blot was probed with anti-LCC4 antibody at 1000X, and then it was
detected with goat anti-rabbit IgG conjugated with AP at 3000X. NBT/BCIP Reagent Kit
(Molecular Probes) was used to detect the protein signals. The overlay time was
overnight. Lane 0 is a BioRad protein ladder lane from another SDS gel that is included
for comparison. It was not probed with anti LCC4 antibody. Lane 1, Protein Ladder (5
ul), (BioRad # 161-0373); Lane 2, Purified LCC4 from S8 LCC4 16-1-1 seed coat (70
ng); Lane 3, Jack seed coat protein (25 pg); Lane 4, Laccase (Biochemika) (500 ng);
Lane 5, pTrc 2A LCC4 E coli extract (6 pug);

Figure 3.15 B LCC4 Proteins Detected with Anti-HIS Tag Antibody (colorimetric)
Western blot was probed with anti-HIS tag antibody at 1000X, and then it was

detected with goat anti-mouse IgG conjugated with AP at 3000X. NBT/BCIP Reagent
Kit (Molecular Probes) was used to detect the protein signals. The lane setting was the

same as Figure 3.15 A.

Figure 3.15 C LCC4 Proteins Detected with Anti-HIS Tag Antibody (chemiluminescent)
Western blot was probed with anti-HIS tag antibody at 1000X, and then it was

detected with goat anti-mouse IgG conjugated with HRP (BIO-RAD, # 170-6516) at
30,000X for chemiluminescent detection with ECL plus Western blotting system
(Amersham, # RPN2132).Lane 1, Protein Ladder (5 pl); (BioRad # 161-0373); Lane 2,
Purified LCC4 from S8 LCC4 16-1-1 seed coat (100 ng); Lane 3, LCC1 Transgenic
maize seed total proteins, (50 ug); Lane 4, Laccase (Biochemika), (1 ug); Lane 5, pTrc
2A LCCA4 E coli extract (6 pg);
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CHAPTER FOUR: DISCUSSION
4.1 Overall Conclusions:

In this project, we tested the functionality of the SBP signalling peptides (NTPP
and CTPP) by GFP targeting in Arabidopsis mesophyll cells. The results showed that
NTPP-GFP was targeted to the apoplast while GFP- CTPP was found in the cytosol.

Two different vectors S8 and S18 (Figure 3.4), were used to introduce HPRC,
LCC1 and LCC4 transgenes into soybean by particle bombardment. Seed coats from T;
seeds were screened for peroxidase or laccase enzyme activities from 14 S8 HRPC
transgenic plants, 5 S8 LCC1 transgenic plants, 36 S8 LCC4 transgenic plants, 11 S18
LCCI1 transgenic plants and 4 S18 LCC4 transgenic plants. Activities up to 3.09 U/mg for
HRPC transgenics and up to 0.099 U/mg for laccase transgenics were measured,
suggesting that the transgenes were successfully expressed in soybean seed coat. No
differences between vectors expressing the same transgene (S8 vs S18) were observed.

Transgenic plants expressing high level enzyme activity were propagated to the
T, and T3 generations and characterized both by PCR to monitor transgene stability and
inheritance, and enzyme analysis. The loss of the full-length gene was found at 40%
(Table 3.8) in T, generation among five independent lines tes‘;ed. Monitoring the
presence of transgene by PCR is necessary until the homozygous plants are obtained.

Western blot analysis was performed with protein purified from seed coats of one
HPRC and one LCC4 transgenic using commercial anitsera (anti-HPRC or anti-HIS tag
antibodies) or an antiserum we produced (anti-LCC4 antibodies). A putative HRPC with

a size of 35.4 kDa and a putative LCC4 with a size of 77.6 kDa were identified.
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In summary, these results suggest that the soybean seed coat can be used to

express useful foreign proteins.

4.2 Protein Targeting

Transgenic plants are attractive vehicles for producing recombinant proteins.
Plant cells compartmentalize and store metabolites and proteins in vacuoles, and they
often need to be targeted to the correct compartments to accumulate in a stable fashion
(Jiang and Sun, 2002). Although initial unpublished experiments by Drs. M. Gijzen and
D. Simmonds (AAFC) had shown that the Ep 1.5kb promoter directs HGC-specific
expression of the B—Glucuronidase (GUS) reporter gene, experiments to verify the ability
of the signal peptides to target the endogenous protein into vacuoles had not been done
prior to this thesis.

In our project, we characterized the functionality of the SBP signalling peptides
and found that the NTPP targeted GFP to the apoplast; whereas, the CTPP retained GFP
in the cytoplasm (Figure 3.13). Unfortunately, we did not find GFP localized in protein
storage vacuoles when GFP was fused with both NTPP and CTPP signals (Figure 3.13).
The acidic environment of the central vacuole of Arabidopsis leaf could lead to GFP
degradation (oral communication, Dr. H. Zheng, McGill University) (Gallie and Kado,
1989). We tried two approaches reported to overcome this problem. We either
incorporated FM-64, a protease inhibitor, into our protocol to prevent GFP degradation or
we incubated Arabidopsis overnight (Tamura et al., 2003). Neither approach produced a
sharp image that could confirm GFP localized in the vacuole. A possible explanation
might be that the pathway targeting GFP to the vacuole was saturated and excess of GFP

spilled over to the apoplast by a default secretion pathway. Another reason for not seeing
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GFP signals in vacuoles could be that other unidentified vacuolar targeting sequences in
SBP DNA sequences might be needed to complement NTPP and CTPP. A precedent for
this possibility was the finding that multiple vacuolar sorting determinants exist in
soybean 118 globulin (Tamura et al., 2003).

The GFP targeting in Arabidopsis mesophyll cells was good as a model but it
might not reflect the situation in soybean hourglass cells. It has been shown that GFP
intensity could vary in the vacuoles of different plants (Maruyama et al., 2006). Protein
targeting was believed to be plant tissue independent. This concept was challenged by the
findings that Aspergillus niger phytase was efficiently secreted in rice leaf cells, however,
other studies revealed that within endosperm cells it was retained in protein storage
vacuoles (Di Sansebastiano et al., 2007). Therefore, we need to more fully identify and
characterize the functionality of the SBP signalling peptides in the hourglass cells of
soybean seed coat before making final conclusions on the value of targeting strategies for
enzyme production in hourglass cells.

We assumed that the HRPC and laccase were targeted to protein storage vacuoles
in hourglass cells but protein storage vacuoles have not been identified so far (Z. Jin,
2008, unpublished data). Based on the findings in Arabidopsis, expressed HRPC and
laccase could be secreted to the apoplast and that location may also be appropriate for
foreign protein accumulation (Drakakaki et al., 2006). This is consistent with other
studies in which LCC1 targeting to the maize seed .cell wall was achieved with high
expression levels (Hood et al., 2003; Hood et al., 2007; Streatfield, 2007). However
targeting enzymes such as laccases to the apoplast may lead to problems for the plant

(Hood et al., 2003).
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Recently, it was found that the ER retention signals could increase foreign protein
yield because there was less protease activity in ER to degrade the expressed proteins.
Combining an apoplast targeting sequence with an endoplasmic reticulum retention
sequence could result in the foreign protein being sequestered in the ER (Hood et al.,
2003). However, there are still concerns with ER retained proteins. For instance, the
space in the ER might be a limiting factor for highly expressed foreign proteins since
dilation and proliferation of the ER network were observed when overexpressing the
hepatitis B surface antigen in the ER in soybean cell culture (Streatfield et al., 2003).
Other potential drawbacks for ER-retained proteins is that the expressed proteins may not
have the proper post-translational modifications since the expressed proteins may be
further glycosylated in Golgi bodies and the addition of the C-terminal signal needed for

retention. These may affect activities of certain proteins. -

4.3 Transgene Expression and Stability

Predictable and high level transgene expression from generation to generation is
necessary. We found that the HRPC transgenes detected in Ty plant genomes were
frequently lost in the T; and T, generations. For example, the Ep promoter-HRPC coding
region fusion was present in the Ty plant genomes of S8 HRPC # 3-2, S8 HRPC # 3-4
and S8 HRPC # 3-6, which were 3 independent lines, but absent in T; generation of
plants such as S8 HRPC # 3-2-1, S8 HRPC # 3-2-2, S8 HRPC # 3-4-1, S8 HRPC # 3-4-2,
S8 HRPC # 3-4-3, S8 HRPC # 3-6-1, S8 HRPC # 3-6-2, and S8 HRPC # 3-6-3. The
percentage of Ep promoter loss was 60% (3/5). In addition deletions of the HRPC coding

region were found in 40% (2/5) among 5 independent HRPC lines tested (Table 3.8). The
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presence of the hygromycin gene in the T, generation was confirmed by PCR (D. Brown,
AAFC, London); however, by the T; generation, hygromycin was already lost in some
plants.

Transgene instability was also monitored for the laccase plants. We used PCR to
screen T; plants for the presence of the transgene and the hygromycin resistance gene.
Ten out of 36 S8 LCC4 lines, 2 out of 5 S8 LCC1 lines and 1 out of 11 S18 LCC1 lines
were transgene negative. The inheritance of laccase transgene from Ty to T; generations
was not monitored as no Ty laccase transgenic gDNA was available although during the
regeneration of transformed plants the presence of the hygromycin gene was confirmed.

Particle bombardment transformation can lead to transgene rearrangements (Finer
and McMullen, 1991; Patnaik and Khurana, 2001; Reddy et al., 2003; Latham et al., 2006;
Zhao et al., 2007) Since the same transgene components are found in the S8 and S18
vectors used for soybean transformation (except the synthetic transgene), we would
expect that similar results for S18 transgenic plants. Transgene loss was also found in
PHB transgenics (J. Schnell, unpublished) and SBP transgenics (J. Schnell and D.
Johnson, unpublished) in our research group. This was not unexpected as the literature
showed that the recombination events in bovine B-casein trangenic soybean by particle

bombardment resulted in the trangene loss (Choffnes et al., 2001).

In our project, particle bombardment was used to transform soybean ( cv. Jack)
because of the inefficiency of Agrobacterium mediated transformation of soybean (Finer
and McMullen, 1991; Mello-Farias and Chaves, 2008). Furthermore, the transformation
efficiency achieved by our colleagues using particle bombardment was fairly high (Dr. S

Zhou, unpublished data). Unlike Agrobacterium-mediated transformation, where the
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integration of the introduced DNA into the plant chromosomal DNA is defined by the T-
DNA borders, particle bombardment results in the introduction of random pieces of the
vector DNA. The potential for false positives in the Ty generation can not be ruled out
because the template DNA might be located somewhere other than the nucleus within
cell and might not be integrated into the plant chromosomal DNA. Extra-chromosomal
maintenance of introduced DNA has been observed (Praitis, 2006). Similar phenomena
are also found in Agrobacterium-mediated transgenic plants (Frary and Earle, 1996;
Tzfira et al., 1997; Stewart JR, 2008). The integration of HRPC transgenes into
chromosomal DNA has to be confirmed by Southern blot hybridization analysis. Our
strategy was to first identify plants with high peroxidase activity in the seed coat. Due to
the large numbers of plants screened it was more efficient to do the Southern blotting
analysis or gene mapping for only promising HRPC transgenic plants after the initial
screen. Molecular characterization of T3 and subsequent generation by Southern blot is
one of our future directions, but has been restricted due to the long generation times for
soybean.

Transgene rearrangements are common in plants generated by particle
bombardment. The introduced DNA can be integrated at single sites or multiple sites on
the chromosomal DNA, as partial copies or mﬁltiple copies in varying orientations. The
inversely-repeated transgenes could be excised by recombination (Assaad and Signer,
1992). In addition, the introduced DNA may be mixed or interspersed with plant genomic
DNA (Pawlowski and Somers, 1998). Transgene elimination has been demonstrated in
transgenic dry bean and soybean, in which DNA inserted into the rDNA region, was

eliminated by the disruption of rDNA unit (Romano et al., 2005). Complete loss of
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transgenes was also reported in transgenic guar (Joersbo et al., 1999). Transgene
rearrangement has been documented in commercial soybean, e.g., when Roundup Ready
soybean (event 40-3-2) was analysed, a 254 bp EPSPS(enoylpyruvate shikimate synthase)
gene fragment was found in addition to the EPSPS transgene described in the original
application (Windels et al., 2001).

Our results appear to parallel findings that have been widely reported and indicate
that further stages of selection are needed to generate lines with stable and heritable
expression of our genes. In the future, we should monitor transgene stability up to at least
the T3 or T4 generations until we obtain stable, homozygous transgenic lines (Verweire et
al., 2007) as confirmed by the presence of the transgene by PCR and stable enzyme
activity. In our case, it might take one more generation to get the homozygous transgenic
soybean plant since seed coat is maternal tissue and transgene segregation is one
generation later than that in embryo. Then Southern analysis can be done, not only to
characterize the transgene copy number but also prove that the transgene is integrated
into the plant genome. If DNA analysis confirms the presence of the transgene but the
enzyme activity is too low to be detected, it suggests that transgene silencing might have
occurred. Monitoring the presence of transgene from generation to generation and
enzyme activity are keys to guarantee the transgene stability and inheritability.

The variation in peroxidase activity between lines might be associated with
transgene position effects and/or silencing in addition to instability. The HRPC transgene,
if inserted into in more active regions of soybean genomic DNA, would be likely
expressed at higher levels, while integration in less active areas could lead to lower

expression levels as has been observed in tobacco (Peach and Velten, 1991; Mlynarova et
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al., 1994) and many other species, such as maize (Singh et al., 2008) and rice (Mlynarova
et al., 1994) Homology-dependent silencing is possible since the introduced Ep 1.5 kb
promoter is the same as the endogenous one. It was found that homologous promoters
could cause gene silencing by methylation (Matzke et al., 1993; Jakowitsch et al., 1999;
De Jaeger et al., 2002). Multiple copies of the transgene is fairly common in transgenic
plant transformed with particle bombardment and this could also lead to expression
silencing (Travella et al., 2005).

Seed to seed variation can result from transgene segregation and eventually cause
transgene elimination (Romano et al., 2005). It was found that the expression of gal4
(transcriptional factor) fused with GFP showed the variation of GFP expression from

seed to seed that were from the same parental rice plants in T generation (J.M. Hibberd

WEB site, accessed at http://www.plantsci.cam.ac.uk/Hibberd/pdf/alex1.pdf). The GUS

expression variation from seed to seed that were from the same parental plant in T
transgenic wheat (pina.:uidA lines) generation was also observed (Wiley et al., 2008). In
our project, we have found there were variations of enzyme activity from seed to seed in
T, generation; this is might be due to transgene segregation or transgene elimination
triggered by a process of genome defence.

Screening every single seed by enzyme assay in T; and T, generations is
necessary to obtain the promising transgenic plants. The T3 generation was important
because the seed coat enzyme activity varied more widely in T; and T, generation, and
variation of seed coat enzyme activity in Ts; generation was found to narrower. This

phenomenon was true both for HRPC (Table 3.4, S8 # HRPC 3-8) and laccase
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transgenics (Table 3.10), indicating transgene segregation occurred in T; and T,
generations, and homozygous plants were more likely to be obtained in the T3 generation.

Based upon the literature (Verweire et al., 2007) transgene homozygozity may be
reached in the T3 generation (T, generation seed coat). Due to time constraints we could
not advance all our lines to the T3 generation but preliminary experiments in a few lines
suggest that seed coat peroxidase activity was stably inherited. For instance, S8 HRPC #
3-11 in Table 3.4, yielded average peroxidase activity in T; seed at 0.33 £ 0.13 U/mg (N
=4), in T; seeds at 1.01 + 0.25 U/mg (N=7), and in T3 seeds was 0.82 £ 0.11 U/mg (N =
6) although clearly the number of plants (seed coats) analysed was small. We found that
the peroxidase activity in T3 seeds was significantly higher than that in T; seeds (P <
0.05). We also monitored the changes of laccase activities from T; to T3 generation
(Table 3.10). The mean values of laccase activity in T, and T3 generations were not
significantly different from that in T; generation. In both case the removal of plants that
have segregated out the transgene will have affected these numbers. Our results showed
that high laccase activity could be stably inherited.

It appears tﬁat in some of our plants we have peroxidase activity in the absence of
the transgene as determined by PCR (Table 3.5). Possible explanations are i) During
transformation the vector was fragmented and truncated HRPC DNA was inserted
downstream of an unknown promoter. In this scenario, transgene expression might not be
seed coat specific. This model predicts that truncation has led to loss of primer sites for
HPRC PCR, therefore, we can not expect to get PCR products of HRPC transgene since
the 5° end of HRPC transgene was gone. And any expressed protein may not react with

anti HIS tag antibody but should react with the anti-HPRC antibody. HPRC sequences
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should be detectable with primers that target the region of the HPRC sequence needed for
activity. ii) Variation induced by tissue culture may have also activated other peroxidase
genes (Kaeppler et al., 2000; Morcillo et al., 2006). The expression of peroxidase genes
could be induced by stress conditions in which plant tissues were immersed in liquid
culture with selection pressures of hygromycin and this unregulated expression persisted
throughout generations. This model predicts that no HPRC is produced and thus is not
detectable. iii) The truncated Ep promoter (< 300 bp) might have activated other
peroxidases by insertion upstream of another peroxidase gene. There are hundreds of
peroxidases in soybean genome (Gijzen et al., 1993; Santos et al., 2008). This model does
not make strong predictions about the distribution of peroxidase expression since we do
not know the specificity of the truncated promoter. It is unlikely that anti HRP antibody
and anti HIS antibody will react with this peroxidase since we do not know which
peroxidases are activated. iv) tCUP promoter fragments could also activate other
peroxidase gene expression since tCUP promoter is one of components in our soybean

transformation constructs. The predictions are similar to those in iii.

4.4 The Expressed HRPC P‘roteins in Soybean Seed Coat

Horseradish Peroxidase (HRPC) belongs to the class III plant peroxidase super-
family. It is one of the most widely-used industrial enzymes (Ghasempur et al., 2007) in
applications ranging from paper bleaching to medical diagnostics (Yoshida et al., 2003).

Enzymatic oxidation is a critical technology for industrial biotechnology. It offers
significant improvements over traditional chemical processes when produced in plants by
minimizing the use of toxic chemicals, lowering capital costs, producing cleaner products,

and increasing cost efficiencies (Clough et al., 2006). We are the first research group to
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express the active HRPC in soybean seed coats. To achieve this, the NTPP and CTPP of
HRPC were replaced with sequences from SBP and codon usage was optimized for
soybean. Furthermore, the expression of the HRPC synthetic gene was driven by the Ep
1.5 kb promoter. The HRPC gene was therefore strategically designed to be expressed in
the soybean seed coat hourglass cells.

Following particle-bombardment transformation, 14 independent HRPC
transgenic soybeah lines were obtained. We screened T; HRPC transgenic seeds for
peroxidase enzyme activity and the HRPC transgenic seeds with high peroxidase enzyme
activities were advanced into the T, generation. Among of 192 T; and T, seeds screened,
we found that the peroxidase activities in HRPC transgenic seed coat could be up to 60
times higher than that of cv. Jack. Following screening by PCR and HRPC enzyme
activities, we chose several candidates for further analysis. At the time of writing, only
S8 HPRC # 16-1 with an activity of 0.45 U/mg, had provided us with enough material for
Western analysis.

In our transgenics, HRPC activity averaged more than 10 times that found in cv.
Jack with the highest level being 3.09 U/mg found in S8 HRPC # 3-2-1. This value is
comparable to activities found in root extracts from Armoracia rusticana (Table 1.2) with
values of 3.43, 147.89, and 6.46 to 11.58 having been reported. HPRC has been
expressed in other heterologous plant systems (see Table 1.2), such as tobacco BY2 cells
(Matsui et al., 2006) at a level of 0.04-0.50 ABTS U/mg which is lower than that
expressed in the seed coat. Unfortunately literature values for regenerated tobacco
transgenics cannot be expressed as units per mg protein. HRPC has also been expressed

in transgenic aspen with peroxidase activities up to 4,393 ABTS units/mg have been
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reported in leaf, a value 10 times higher than WT plants (Kawaoka et al., 2003) and
much higher that achieved to date in the seed coat. Thus overall we can conclude that the
level of expression is better than has been reported for tobaccb in culture and comparable
to root extracts from Armoracia rusticana. This has been achieved during our first
attempt to express a foreign enzyme in the soybean seed coat.

To provide more evidence that HRPC was being expressed in seed coats we
turned to Western blotting. HRPC was purified from S8 HRPC # 16-1 (T,) based on the
presence of the HIS-tag added to the carboxy terminal end. A presumptive HPRC protein
of 35.4 kDa (Figure 3.14) was detected using both anti HRPC, and anti-HIS tag
antibodies. This protein was not found in embryo tissue from the transgenic nor in cv.
Jack and has a size similar to the 35.2 kDa calculated for the HPRC transgene with 322
aa. The Western blot data provides additional support for the production of HRPC in the
soybean seed coat.

HRPC has been expressed in heterogolous plant systems. Mature HRPC
expressed in tobacco plants was reported to have sizes of 45 kDa (Pellegrineschi et al.,
1995; Kis et al., 2004) and 38 kDa (Matsui, 2006). It is also known that signalling
peptides did not affect the sizes of the expressed HRPC, which indicated that NTPP and
CTPP were properly removed when HRPC proteins matured (Kis et al., 2004). The size
of commercial HRPC is estimated to be between 43.8 kDa (Regalado et al., 1996) and 50

kDa (Loustau et al., 2008). The levels of heterogeneity of glycans at each N-

glycosylation site of horseradish peroxidase might contribute to these differences (Gray
et al., 1998). Since the size of expressed HRPC (35.4 kDa) was fairly close to the

calculated size at 35.2 kDa, glycosylation might be different in the seed coat system. For
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example, the expressed proteins might be targeted to the apoplast after being synthesized
in ER (Figure 1.2) without further modification in Golgi bodies.

It was reported that SBP has a 20 fold higher catalytic efficiency than HRPC at
their respective pH optima using ABTS as a substrate at 25°C (Kamal and Behere, 2003).
It may follow that a 20 fold higher HRPC expression would be needed if the HRPC and
SBP were to achieve the same level of peroxidase activity. HRPC expression in
transgenic soybean seed coat must be robust to achieve higher peroxidase activity. An
activity of 0.82 U/mg in S8 HRPC # 3-11-1-4, 16 times higher than in cv. Jack, may be
very significant. For this system to be commercially viable, higher levels of expression
may be necessary. The expression level of HRPC was roughly estimated as follows:
eighty seed coats yielded 15 ml of extract at 500 ug/ml total proteins, or a total of 7,500
ug. HIS tag column chromatography yielded 1 ml at effluent as 12 pg /ml purified
proteins, for a total of 12 pg. HRPC protein (%) expressed in TSP in seed coat protein
was at (12/7500) x 100% = 0.16 %. Although this level is far below the economically
accepted level of 1% (Daniell et al., 2001), it is still within an acceptable range and may
be enhanced by crossing our elite lines and selecting for expression level. We could reach
1.6% if the expressed protein yield could be enhanced by 10 times. Given the variation
that we have witnessed we believe that a 10-fold increase is possible.

It was reported that overexpression of the potato Stprx2 gene conferred increased
salt-tolerance (Collinge and Boller, 2001), and that of the sweet potato swpa4 gene
enhanced oxidative-stress tolerance (Kim et al., 2008). Interestingly, a growth stimulation
was observed in transgenic tobacco and hybrid aspen upon overexpression of horseradish

peroxidase (Yoshida et al., 2003). So far, we have not found any negative pleiotropic
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effects of the expressed HRPC on soybean growth. Hopefully positive pleiotropic effects
of the expressed HRPC on soybean growth, such as the enhanced resistance to plant
diseases, and the growth stimulation will be a possibility in the future research. In
conclusion, the biologically-active HRPC proteins were successfully produced in the
soybeaﬁ seed coats, producing the first evidence in support of the soybean seed coat as a

bioreactor for the production of novel proteins.

4.5 The Expressed Laccase Proteins in Soybean Seed Coat

Laccases catalyze oxidation of various phenolic compounds, aromatic amines and
even certain inorganic compounds by using molecular oxygen as the electron acceptor
(Thurston, 1994). Substrate versatility makes laccases highly interesting for various
applications, including textile dye bleaching, pulp bleaching and bioremediation (Claus et
al., 2002; Claus, 2003, 2004), where enzymatic catalysis could serve as a more
environmentally benign alternative to the currently used chemical processes (Kiiskinen,
2004). In this project, we have expressed soy-optimized fungal laccase, LCC1 and LCC4
in the soybean seed coat.

To produce laccase antibodies in rabbits, we first expressed LCC1 and LCC4
proteins in Top 10 £ coli cells using the Ptrc promoter and induction with IPTG. The HIS
tag purified laccase proteins were used to inject rabbits for laccase antibody production.
The results showed that anti LCC4 antibody was fairly robust and could be used at a
1000X dilution while anti LCC1 antibody was of poorer quality. Fortunately, the anti
LCC4 antibody could cross-react with LCC1. Testing of the anti LCC4 antibody
demonstrated that it could detect laccase protein expressed in E coli, Trametes versicolor,

and LCC1 transgenic maize seeds.
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We also attempted to express laccases in Arabidopsis using by CaMV 35S
promoter, but high laccase expressors were not found. Some of the transgenic
Arabidopsis showed growth retardation, yellow leaves, and seed sterility. The strength of
CaMV 35S promoter might have generated toxic levels of laccase. It is known that leaky
expression of laccase in maize caused maize seed colour to change from yellow to brown,
which was an indication of lignification (Hood et al., 2003).

In this project, we expressed soy-optimized fungal laccases (LCC1, and LCC4) in
the soybean seed coat. The cDNA portion corresponding to mature laccase was fused
with SBP signalling peptides and driven by Ep 1.5 kb promoter to target the expressed
laccase proteins to hourglass cells of the soybean seed coat. In total, we obtained 5 lines
of S8 LCC1 transgenic soybean and 36 lines of S8 LCC4 transgenic soybean. We also
had Ty plants shipped from London, including 11 lines of S18 LCCI1 transgenic soybeans
and 4 lines of S18 LCC4 transgenic soybeans. To get more transgenic soybean seeds to
work with we advanced some of the T; seeds of S8 LCC1 and S8 LCC4 transgenic
soybean seeds to the T, generation.

Seed coats were assayed for laccase activity using ABTS as the substrate. Plants
with higher laccase activities in the seed coat were advanced to the T, generation. In total,
404 laccase T and T, transgenic soybean seeds were assayed. Generally the laccase
activity in S8/S18 LCC1, and S8/S18 LCC4 transgenic soybean seeds (Table 3.7) could
be up to 9 fold higher than that of Jack. Our S§ LCC4 16 line yielded 0.099 U/mg laccase
activity in the T, generation, which was comparable to LCC1 transgenic maize seeds in

our hands (Hood et al., 2003).
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The Western blot data provides additional support for the production of LCC4 in
the soybean seed coat. We found that LCC4 protein was expressed in soybean seed coat,
with a size of 77.6 kDa (Figure 3.15) as estimated from SDS gel electrophoresis. We
repeated this experiment twice and got the same result. The predicted size based upon the
amino acid sequence (515aa) was 54.6 kDa before glycosylation is taken into
consideration. As suggested before the difference between the predicted and measured
sizes suggest that glycosylation might be playing a role in the seed coat system as has
been observed in other transgenic systems. For instance, LCC4 from 7. versicolor
expressed in Pichia pastoris had a size of around 85 kDa as determined by SDS gel and
contained ~ 40% carbohydrate (Brown et al., 2002); when LCC1 of Trametes versicolor
was expressed in maize seeds, the measured size was 63 to 65 kDa compared to the
predicted size of 53.0 kDa (Hood et al., 2003). There are 13 potential N-linked
glycosylation sites in the LCC4 mature protein sequence (Ong et al.,, 1997) and the
molecular mass of LCC4 expressed in soybean might depend on the level of
glycosylation. This explanation does not preclude the possibility that mis-targeting may
have lead to a protein containing the targeting peptides, although their retention would
only add a small amount to the size (retention of the CTPP would only add 20 aa
equivalent to 2.1 kDa ).

Laccase, as a ligninolytic enzyme, has been difficult to over-express in active
form in heterologous hosts. Detection of active recombinant laccase has been reported in
the yeasts Saccharomyces cerevisiae (Kojima et al., 1990), Pichia pastoris (Jonsson et al.,
1997), in the filamentous fungi Trichoderma reesei (Kiiskinen et al., 2004), Aspergillus

oryzae (Yaver et al., 1996).
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Laccase also has been expressed in plants (Hood et al., 2003; Sonoki et al., 2005).
In maize, the embryo-preferred promoter was employed to target laccase to maize seed.
Unfortunately, laccase gene expression was not restricted to seed, and hindered plant
growth. Cotton laccase was expressed in Arabidopsis at 0.005-0.008 U ABTS/ mg
protein, which was much lower than ours. Pycnoporus cinnabarinus laccase was
expressed in rice endosperm at 0.14 U ABTS /mg and Melanocarpus albomyces laccase
activity could be as high as 0.58 U ABTS /mg proteins in rice seed endosperm (de Wilde
et al., 2008). Hood et al. (2003) expressed LCC1 (Trametes versicolor) in maize seed.
We measured their laccase activity in transgenic maize at 0.09 U ABTS/mg with the gift
seeds we obtained from them. The laccase level of our best plant seeds (S8 LCC4 # 16-1)
was the same as that of LCC1 transgenic maize seeds (Hood et al., 2003). In conclusion,
the laccase expression level (0.027 to 0.099 U/mg) in our laccase transgenic soybean seed
coat was within the range of published data and this level has been achieved during our
first attempt. |

It is unknown why the expression of laccases is low in most heterologous systems
but there are many hypothetical reasons. Some laccases have very narrow expression
patterns, for instance, LCC4 is not expressed in normal culture condition (Brown et al.,
2002). Laccases usually contain a CpG-dinucleotide motif and it has been suggested that
decreasing the motif content could increase the yield of expressed laccase (Hirai et al.,
2008). It is known that plants tend to sequester the copper for essential functions during
limited copper supply (Abdel-Ghany and Pilon, 2008), which might limit access for
copper-dependent laccase synthesis. High laccase activity may interfere with the growth

and development of plants.
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In plants, laccases are not only involved in lignin synthesis (Ranocha et al., 2002),
but also in plant defence such as the woundirig response (Alcalde, 2007). For instance,
cucumber multicopper oxidases were found to be abundant in cucumber fruit tissue
against plant diseases (Ohkawa et al., 1989). Overexpression of polyphenol oxidase in
transgenic tomato plants resulted in enhanced bacterial disease resistance (Li and Steffens,
2002). In an attempt to minimize negative pleiotropic effects, we employed the seed coat
specific promoter Ep to restrict the expression of laccase to the seed coat. It is possible
that it may also contribute to stress resistance; however, this was not examined. An
apparent contradiction is that plant laccase promotes lignin synthesis, whereas fungal
laccase depolymerises lignin. It is unknown how laccases control opposite functions in
plant and fungi.

Although recombinant laccase was expressed at relatively low levels, it is still a
good source for industrial enzymes production. Compared with HRPC, laccases require
oxygen as an oxidant, which is much less expensive than the hydrogen peroxide required
by peroxidase enzymes (Widsten and Kandelbauer, 2008). Moreover, laccase does not
seem to be affected by wastewater constituents whereas HRPC was significantly affected
by wastewater constituents (Auriol et al., 2008). From the perspective of cost
effectiveness, laccase may present important advantages over HRP for industrial
applications. However this cost advantage may disappear when the cost of ABTS, added

along with laccase as being a reaction mediator (Bourbonnais et al., 1997) to increase
oxidation efficiency via its redox potential (Johannes and Majcherczyk, 2000) is

considered.
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In summary, we successfully expressed biologically active laccases in soybean
seed coat in this project, which proved that soybean seed coat could be good bioreactor to

produce the novel proteins.

4.6 Future Directions of Research

4.6.1 Improvement in Transformation Technology is Essential

The development of methodologies for the delivery of genes into intact plant
tissues by particle bombardment has revolutionized the field of plant transformation. The
concept of accelerating DNA-coated particles into cells and tissues has evolved from
novelty to an established tool in plant molecular biology (Klein et al., 1988), for instance,
soybean transformation (Klein et al., 1992). Low copy number gene transfer and stable
expression were both accomplished in a commercial wheat cultivar via particle
bombardment (Yao et al., 2006; Sailaja et al., 2008). Recently, it was also found that
glass beads can replace gold particle to achieve higher transformation efficiency (Feng et
al., 2008).

In our project, full length vector DNA was used to deliver the HRPC and laccase
transgenes by particle bombardment. One drawback is the integration of the vector
backbone sequences into the host genome along with the transgenes. Backbone sequences
often have negative effects on transgene expression, silencing being one of them and it
could also lead to transgene rearrangements. Studies showed that extensive stretches of
prokaryotic vector sequences are not well tolerated by higher eukaryotic genomes
(Matzke and Matzke, 1998). When integrated into plant DNA, excess vector sequences

are often densely methylated and this could spread into the neighbouring transgenes
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(Jakowitsch et al., 1999). It is possible that unusual sequence composition, such as high
GC content, could make long stretches of vector sequences conspicuous to plant
methyltransferases (Astua-Monge et al.,, 2002). Partiqle bombardment using only
transgene expression cassettes may therefore improve the stability of transgene
expression.

Agrobacterium-mediated transformation is an alternative to direct geﬁe delivery
methods. One of advantages of the Agrobacterium system is the insertion of a discrete
segment of DNA into the recipient genome; the T-DNA is delivered by right and left
border sequences. Agrobacterium -mediated soybean transformation is less efficient than
particle bombardment but it is improving (Wang and Xu, 2008; Yukawa et ai., 2008). It
would be helpful to improve Agrobacterium-mediated transformation in the recalcitrant
soybean genotypes. It may eventually generate plants with more predictable insertion
patterns and therefore more stable expression patterns. At this time it is inefficient and
would not have yielded the large numbers of transgenic lines needed in this study.

Current transformation techniques are a significant limitation in the development
of complex biotechnologies for soybean because of the inefficiencies and difficulties in

recovering useful material for study. Improvements are essential for future research.

4.6.2 Traditional Breeding Techniques May Help to Enhance Accumulation of

Foreign Proteins

Soybean seeds, as a bioreactor, offer the opportunity for producing bulk quantities
of proteins. The risk of contamination by pollen is reduced since soybean is largely self-

pollinating (Robic et al., 2006). Self-pollination to produce homozygous plants and
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further improvement of agronomic characteristics through breeding may increase the
levels of enzymes in future generations (Hood et al., 2007). Stable inheritance of the
transgene, consistent expression patterns and competitive agronomic properties of
transgenic crops are important parameters for transgenic crops. It was found that higher
production levels of recombinant B-glucanase would be identified in homozygous
transgenic T3 barley plants and these remained constant over a 3-year period. These
homozygous plants had irﬁproved 1000-grain weight values with respect to those of the
original transformants (Horvath et al., 2001). It was also reported that expression levels
of cellulase could be increased 100-fold from the T; generation through breeding and
selection. It was expected to reach cost-effective production levels in a few generations
(Hood et al., 2007). Breeding with elite transgenic lines could produce good transgenic
materials with improved seed yields, field performance and most importantly, increased
accumulation of the target protein (Streatfield et al., 2001; Hood et al., 2003). Tissue
culture and transformation processes may produce undesirable field characteristics in
transgenic plant (Gilbert et al., 2005), therefore, field evaluation is necessary for selecting
genetically stable and agronomically acceptable material for commercial use.

For our higher HRPC or laccase lines we should advance them to T3 or Ty
generations to get homozygous plants with stable expression levels. We are confident that
the HRPC and laccase expression levels could be significantly enhanced to reach
acceptable levels (1% TSP) (Daniell, 2006) by means of conventional breeding practices.
For the high expressors, we are going to perform Southern blotting analysis to determine

the transgene copy number and to do transgene mapping if possible.
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4.6.3 Other Considerations to Boost Transgene Expression Levels

The expression of heterologous proteins in transgenic plants is an established
technology and continues to undergo improvement. The classes of proteins that have
been successfully expressed in plant systems at very high levels include industrially-
useful enzymes, viral proteins, pharmaceutical proteins, and antibodies (Hood et al.,
2007). The factors affecting the level of accumulation for each of these protein classes
differ. The main factors include gene regulatory elements, codon usage, transgene copy
number, position effects, protein targeting, and protein degradation (Streatfield, 2007).
Among them, codon usage, promoter choice and protein targeting are critical to achieve

high levels of target proteins in the tissue of interest.

4.6.3.1 Ep Promoter and Transgenes

Promoters are regions of the DNA generally upstream of a gene’s coding region.
It contains specific sequences recognized by proteins involved in the initiation of
transcription (Potenza et al., 2004). Promoters regulate the gene expression levels and
spatial patterns; therefore choosing a suitable promoter to drive the genes of interest is a
key to obtaining optimal expression.

In seeds, only a few seed coat-specific promoters have been studied. For instance,
barley seed coat specific promoter (Wu et al., 2000) and pea seed coat specific promoter
(Buchner et al., 2002) were well characterized. The Ep promoter is a soybean seed coat-
specific promoter. This thesis describes the first attempt to use the Ep promoter for plant
biotechnology. Our intention was to target gene expression to the hourglass cells

anticipating minimal disruption of plant growth. As an endogenous promoter, we hoped
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for greater developmental and spatial control and stronger activity as it is native to the
soybean HGC. We were aware of the potential risk that endogenous promoters could lead
to gene silencing by co-suppression

The present data suggest that the tissue specificity of the Ep 1.5 kb promoter is
good but its strength must be improved to achieve high levels of expression. Gene
expression levels are governed by combinations of elements that control the rate of
transcription initiation and transcript turnover. It is governed by a number of regulatory
sequences additional to those generally considered to encompass a promoter. For instance,
the 3° UTR can contribute to the control of gene expression (Sunilkumar et al., 2002). It
was also found that the size of the promoter fragment could have an effect on gene
expression (Taylor, 1997) since the removal of sequences with potential for regulation
that are further 5° to the cis acting enhancer elements can eliminate interactions between
them. Thus optimization of the Ep promoter must be accomplished by appropriate vector
and transgene design. It should be noted that the Ep promoter could be affected by abiotic
factors; for example, cold treatments (personal communications, Dr. M. Gijzen). The Ep
promoter has cis-acting elements consistent with defence and stress responsiveness
suggesting Ep it could be induced by environmental factors, such as abiotic and biotic
stress. For these initial experiments we used the Ep 1.5kb promoter as gene expression is
largely restricted in hourglass cell layer; however we realize that optimization is an
important step.

Several of these design features were incorporated in our vectors. In constructs S8
and S18 we retained the 5° UTR region of the Ep gene (ATATTAACTCAAACC, 15 bp),

because it was found that 5> UTRs enhanced gene expression in rice (Potenza et al., 2004)
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and increased efficiency of mRNA translation in maize (Lu et al., 2008). As gene
expression silencers may be found in 3°UTR regions (Mardanova et al., 2007), we did not
include any 3* UTR region of SBP gene. Although some plant intron sequences enhance
the expression of native genes (Kruys et al., 1987; Ortega et al., 2006) , it is a common
practice to remove the introh splice sites, message destabilizing sequences and transcript
terminatioﬁ sequences when the transgenes are synthesized (Giani et al., 2008) to
eliminate any unexpected factors. In our soybean constructs, cDNA sequences of HRPC
and laccase transgenes were synthesized using codons optimized for soybean.

There are several algorithms developed to optimize the codon usage of synthetic
genes. The codons of HRPC, LCCI1, and LCC4 were optimized for soybean. Codon
optimization can dramatically increase foreign protein expression levels. It is reported
that the codon-optimised version of Plasmodium yoelii merozoite surface protein 4/5
(PyMSP4/5) accumulated to levels six fold higher than the native P. yoelii sequence (Cai
et al., 2008).

Matrix attachment regions (MARs) can be used to flank the transgenes in the
vector to shield them from RNA silencing (Wang et al., 2008). Furthermore, many plant
viruses contain translation-enhancing sequences that allow them to compete successfully
with host messenger RNAS for the translation machinery (Rakotondrafara and Miller,
2008). Translational enhancers can be used in vectors to boost protein expression levels

(Mlynarova et al., 2003; Butaye et al., 2004). Both strategies should be considered in the

future studies.
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4.6.3.2 Foreign Protein Degradation

Plants are an attractive host system for expressing foreign proteins although
proteins can be produced using a range of heterologous expression vehicles. Being
eukaryotes, plants correctly fold and assemble complex proteins and have the capacity for
post-translational modifications such as glycosylation although the glycosylation in
plants may be different from that in animals (Ma et al., 2003). The use of plants also
eliminates the risks related to the use of potentially infectious animals, animal cells or
animal-derived culture materials in the production process (Twyman et al., 2003). Low
protein yield has been a significant problem limiting the commercial use of recombinant
plant systems. Maximum product levels of 0.01 ~ 0.1% TSP or less were commonly
reported (Daniell et al., 2001). Therefore, improving foreign protein accumulation is
crucial for enhancing the commercial success of plant-based production systems (Doran,
2006). At any given time, the amount of foreign protein found in plant tissues is a balance
between protein synthesis and protein degradation or loss.

Foreign protein degradation has been found to occur in many plant host species,
for instance, soybean (Smith et al., 2002). In our Western blots, we did not see low-
molecular-weight fragments, but this does not rule out the possibility of degradation since
the digested fragments could be as small as 6-9 amino acids (Russell et al., 2005), which
was below our levels of resolution. A number of factors could influence the susceptibility
of foreign proteins to protease attack in plant cells. Differences between plant and fungal
glycans that affect the folding and quaternary structure of laccase proteins (Ishimizu et al.,
2004) rendering plant-derived proteins more vulnerable to protease activity. Mis-folding

and lack of proper disulphide cross linking in plant-derived proteins can also increase the
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likelihood of protease attack (Callis, 1995). Plant vacuoles, usually considered to be safe
location for the expressed proteins, contain a variety of proteases that are active under
mildly acidic conditions. They were identified as a possible site of recombinant protein
degradation in potato (Dolja et al., 1998). Proteolytic degradation of foreign proteins can
be minimized by targeting synthesis to the ER rather than the cytosol (unpublished results,
Jaimie Schnell). In the future, we could integrate the ER retention signal (KDEL or
HDEL) within our transgene because the plant cell ER contains few proteases and
provides a relatively protective environment with molecular chaperones and stabilizing
agents that interact with foreign proteins to enhance proper folding and assembly
(Outchkourov et al., 2003). ER retention has resulted in foreign protein yields that are
10~100 times greater than those obtained when the protein is allowed to enter the
secretory pathway (Nuttall et al., 2002).

The co-expression of protease inhibitors might be a potential strategy for lowering
foreign protein degradation in planta. For instance, transgenic lettuce plants were
developed with reduced protease activity due to the expression of heterologous protease
inhibitor (Hellwig et al., 2004). The protease inhibitors did not significantly hinder
normal plant growth and development. The use of HIS tag fused in N-terminus of a
transgene was also found to enhance the stability of expressed protein (Gruis et al., 2002).

In summary, we have used a number of traditional strategies to enhance the

production of enzymes in seed coats; however, several options exist for improvement in

the future.

134



4.6.3.3 Potential Uses of Expressed HRPC and Laccases

Peroxidases are a family of isozymes found in all plants. They are heme-
containing monomeric glycoproteins that utilize H,O, to oxidize a wide variety of
molecules (Reed et al., 2005). Horseradish peroxidase has been the most studied and
widely used peroxidase. Horseradish peroxidases have attractive biocatalytic properties
and are used in biosensing and immunoassays (Kamal and Behere, 2008). Hydroxylated
aromatic compounds (HACs) are considered to be primary pollutants in a wide variety of
industrial wastewaters. Horseradish peroxidase is suitable for the removal of these toxic
substances. The results showed that HRP acted faster than SBP (Bédalo et al., 2006).
Apart from phenols, HRPC can also oxide carbon monoxide, formate, and acetate
(Carlsson et al., 2005). A working model has been proposed to improve phenol removal
by applying minimum enzyme concentrations, it has achieved the highest removal in
comparison with previous studies (Ghasempur et al., 2007).

The laccase of the fungus Trametes versicolor was able to polymerize various
halogen-, alkyl-, and alkoxy-substituted anilines, showing substrate specificity similar to
that of the horseradish peroxidase. The product profiles obtained by high-pressure liquid
chromatography were similar for the two enzymes. In addition to horseradish peroxidase,
a T. versicolor laccase can also polymerize aniline derivatives (Hoff et al., 1985). The
HRPC and laccase produced in soybean seed coat may provide the bulk quantities needed
for industrial applications, such as paper making industry, and waste water treatment.

This could generate new industries and create new uses for soybean seed coats.
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4.6.4 Summary of Future Research Directions

The results presented in this thesis suggest several lines of study both for HRPC
and laccase transgenics, including: 1. Improvements to the expression cassette in order to
achieve higher levels of enzyme are necessary. In our experiments the Ep 1.5 kb
promoter was used for practical reasons. In the future, a clone containing a longer region
of upstream DNA 5’ driving expression of marker genes such as GUS or enhanced GFP
could be the starting point for deletion analysis to discover which part(s) of the fragment
are responsible for high level and tissue-specific expression. These findings could be
used to improve the transformation vectors. Other regulatory elements such as
transcriptional and/or translational enhancers could be added to the transgenes. For
example the inclusion of introns into transgenes (Rose and Last, 1997; Fiume et al., 2004;
Samadder et al., 2008) increases expression as does the translational enhancer from signal
from soybean chlorotic mottle virus (Hasegawa et al., 1989).

2. Excess vector sequences are often densely methylated and this could spread
into the neighbouring transgenes, and may contribute to transgene silencing. This
hypothesis can be tested by Southern blotting analysis in which gDNA fragments are
generated by the restriction enzymes that cut only vector backbone DNA sequence but
not transgene expression cassette (for instance, X#o I). At the same time, the gDNA from
the untransformed cv. Jack cut with the same restriction enzymes is used as the negative
control. If the same fragment hybridized to the original pPCAMBIA 1300 vector and the
transgene, it indicates that the transgene is flanked with vector DNA sequence. We can
also use PCR to test if the transgene is flanked with vector backbone DNA sequence. The

solution should be to design primer pairs that cover the 5° and 3’ boundaries, for example,
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one primer flanks the insert, and other flanks the vector DNA sequence. If the PCR result
is not positive, we might need to clone whole insert to determine if the transgene is
flanked with the excess of vector DNA sequence. Another strategy is to use thé
methylation sensitive restriction enzymes, such as Hpall and Mspl, to digest the gDNA of
HRPC transgenic soybean. Methlyation of the transgene would be indicated if the
transgene can be digested with Mspl but not by Hpall (Quemada et al., 1987; Tang and
Leisner, 1998). In this case, the plasmid DNA of S8 HRPC cut with the same enzymes
can be used as positive control.

3. Determine experimentally the number of generations needed to recover stable
lines and to determine whether the enzyme activity in the seed coat remains stable. This
can be done by selfing plants up to generations T3 or T4 until homozygozity has been
reéched (as judged by monitoring the inheritance of the transgene as was done in section
3.4.4) and testing the enzyme activity in many seeds we have done in (section 3.4.3). In
addition we can test the hypothesis that crossing lines will increase activity by crossing
the elite lines using the traditional breeding strategy.

4. If plants from T3 or T4 generation expressing higher levels of enzyme can be
isolated, we can investigate whether tissue-specific expression of the transgene has been
achieved. This can be done by RT-PCR for transgene mRNA in the main organs of
transgenic soybean, such as seed pod, seed coat, seed embryo, ﬂower,‘ stem, leaf,

hypocotyl, and root. It may be possible to detect activity directly in seed coats by staining
and by Western blotting using anti-HRPC, anti-laccase, and anti-HIS tag antibodies. In
this thesis we require purified protein from 80 seeds for Western analysis but

improvements in expression and in detection are still possible.
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Appendix 1 There Synthetic Genes of HRPC, LCC1, and LCC4 for Soybean

Transformation Constructs

HRPC Gene Construct: The synthetic cDNA and derived protein sequence of HRPC
codon optimized for soybean. The start codon is highlighted in green and the stop codon
is highlighted in red. Both NTPP and CTPP of SBP gene are indicated in yellow. The
adaptor GGAA, located in-between of signaling peptides and mature HRPC, is shown in

pink. HIS tag is labeled in blue.

1 TTCC GTTCTATGAGGCTTTTGGTGGTTGCTTTGCTTTGTGCTTTTGCTATGCACGC
1 S G S M R L L VV A L L C A F A M H A
61 TGGTTTTTCTGTTTCATATGCT CAATTGACTCCTACTTTTATTGATAA
21 G F 8 VvV 5 Y A L T P T F I D N
121 CTCTTGCCCAAATGTTTCAAATATTGTTAGGGATACTATTGTGAACGAGTTGAGGTCTGA
41 s ¢ p NV S NI V R D T I V N E L R S D
181 TCCTAGGATTGCTGCTTCTATTCTTAGATTGCATTTCCATGATTGCTTCGTGAATGGTTG
6l P R I A A S I L R L H F H D C F V N G C
241 CGATGCTTCTATTTTGCTTGATAACACAACTTCTTTCAGAACTGAGAAGGATGCTTTCGG
81 b A s I L L b N T T S F R T E K D A F G
301 AAACGCTAATTCTGCTAGAGGATTCCCTGTTATTGATAGCATGAAGGCTGCTGTGGAGTC
101 N A NS AR G F P VI DRMI KA A V E S
361 AGCTTGCCCAAGAACTGTGTCATGTGCTGATCTTCTTACTATTGCTGCTCAACAATCTGT
121 A C P R TV S CADULUL T I A A Q Q S V
421 GACATTGGCTGGAGGTCCTTCTTGGAGAGTTCCTTTGGGAAGGAGAGATTCACTTCAGGC
141 T L. A G G P S W R V P L G R R D S L Q A
481 TTTTCTTGATCTTGCTAATGCTAACTTGCCAGCTCCTTTCTTTACTCTTCCTCAACTTAA
161 F L D L A NANUILUPAUPF F T L P Q L K
541 GGATTCTTTTAGAAACGTGGGTCTTAACAGATCATCTGATTTGGTGGCTTTGTCAGGTGG
181 b § ¥F R N V. ¢6 L NR 8§ 8 D L V A L S G G
601 ACATACATTTGGAAAGAATCAATGTAGATTCATTATGGATAGGCTTTATAATTTCTCTAA
201 H T F G K N Q CU R F I M D R L Y N F S N
661 TACAGGTTTGCCTGATCCAACTTTGAACACTACTTACTTGCAAACTCTTAGAGGATTGTG
221 T 6 L. p D P T LN T T Y L @ T L R G L C
721 CCCTCTTAACGGTAACTTGTCTGCTTTGGTGGATTTTGATCTTAGAACACCAACTATTTT

-1-



241

781
261

841
281

901
301

961
321

1021
341

1081
361

pP L N G NL s A L V D F DL R T P T I F

TGATAACAAGTACTACGTTAATTTGGAAGAACAAAAGGGTTTGATTCAATCTGATCAAGA
DN K Y YV NTL EE Q K G L I Q S D Q E

ATTGTTCTCTTCACCAAATGCTACTGATACTATTCCTTTGGTTAGATCATTTGCTAACTC
L ¥ S s p N A T DT I P L V R S F A N S

TACTCAAACATTCTTCAATGCTTTCGTTGAAGCTATGGATAGGATGGGTAATATTACTCC
T ¢ T ¥F ¥ N A F V EA M DR M G N I T P

TCTTACAGGTACTCAAGGTCAAATTAGATTGAATTGTAGAGTTGTTAATTCTAACTCT
L T 6 T ¢ G ¢ I R L N CIRV V N S N S

TTCGGACTTGCTTCTGTGGCTTCARAGGATGC

F G L A S V A S K D A
TAAGCAAAAGTTGGTGGCTCAATCTAAG] GGTGACCTT
K 0 KL vV A Q S K G D L



LCC1 Gene Construct: The synthetic cDNA and derived protein sequence of LCC1
codon optimized for soybean. The start codon is highlighted in green and the stop codon
is highlighted in red. Both NTPP and CTPP of SBP gene are indicated in yellow. The
adaptor GGAA, located in-between of signaling peptides and mature HRPC, is shown in

pink. HIS tag is labeled in blue.

1 TTCC GGTTCCATGCGCCTGCTGGTGGTGGCTTTGCTTTGTGCATTTGCCATGCACGC
1 S G S M R L L vVvVv A L L C A F A M H A
61 TGGTTTCAGTGTTTCGTACGCC GCTATCGGACCTGTGGCAAGCCTGGT
21 G F 8 V 85 Y A A I G P V A S L V
121 TGTTGCTAATGCTCCAGTGTCCCCAGATGGGTTTCTTCGCGATGCAATAGTTGTAAATGG
41 vV A NA PV S P D G PF L R DA I V V N G
181 TGTTGTTCCATCGCCACTCATTACAGGAAAGAAAGGAGATCGCTTTCAACTAAACGTTGT
61 v v p § P L I T GGG K K G DR F QL N V V
241 TGATACTCTTACAAACCATTCTATGCTTAAGTCAACCTCTATACACTGGCACGGGTTTTT
81 b T L T N H S M L K S T S I H W H G F F
301 CCAAGCCGGAACTAACTGGGCAGATGGACCTGCGTTTGTTAACCAATGCCCTATTGCATC
101 Q A G T N W AD G P A F V N Q C P I A S
361 AGGACATAGCTTTCTGTATGACTTCCATGTGCCAGATCAAGCAGGTACTTTTTGGTATCA
121 G B S ¥ L Y D F H V P D QO A G T F W Y H
421 CTCACATCTATCCACACAATATTGCGACGGACTACGCGGGCCATTTGTTGTATACGACCC
141 S H L s T 9 Yy ¢C D G L R G P F V V Y D P
481 ARAGGACCCTCATGCTTCCAGGTATGACGTGGACAATGAGTCAACTGTCATTACTCTTAC
161 K b p H A S RY DV DI NE S TV I T L T
541 AGATTGGTATCATACTGCAGCAAGATTGGGGCCCCGCTTCCCTCTTGGCGCTGATGCCAC
181 b w Yy H T A A R L G P R F P L G A D A T
601 TCTTATTAATGGCTTAGGAAGGTCAGCTTCTACTCCAACTGCGGCTCTGGCCGTGATCAA
201 L I N G L GR S A S TP T A AUL A V I N
661 TGTGCAGCATGGAAAGAGATATAGATTCAGGTTGGTTTCAATTTCCTGTGATCCAAATTA
221 vV Q H 6 K R Y R F R L Vv §$ I 8 C D P N Y
721 TACATTCAGCATTGACGGGCATAACCTCACTGTTATAGAGGTTGACGGTATTAACTCACA
241 T » S I D G H N L T V I E V D G I N S 0
781 GCCCTTACTTGTTGACTCAATACAGATTTTTGCAGCTCAACGCTATAGTTTTGTTCTCAA
261 p L L v D S I QQ I F A A Q R Y S F V L N
841 CGCTAATCAAACTGTTGGAAATTACTGGGTTCGAGCCAATCCAAACTTCGGTACGGTTGG
281 AN Q T V G N Y WV R AN P NF G T V G
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341
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361

1141
381

1201
401

1261
421

1321
441

1381
461

1441
481

1501
501

1561
521

1621
541

1681
561

ATTCGCAGGAGGTATTAACAGTGCAATCTTGCGGTATCAGGGGGCCCCAGTTGCTGAACC
F A G G I N S A I L R Y Q G A P V A E P

AACTACTACTCAGACTACTAGTGTGATCCCTCTCATAGAGACTAACTTGCACCCTTTGGC
T T T ¢ T T sS Vv I P L I E T N L H P L A

CAGGATGCCAGTGCCAGGTTCACCTACACCGGGCGGAGTTGATAAGGCACTAAACCTTGC
R M P V P G S P T P G G V D K AL N L A

TTTTAATTTTAACGGAACAAATTTCTTCATAAACAATGCTACCTTCACCCCTCCTACAGT
F N F N G TN PF¥F¥F F I NNATF T P P T V

TCCGGTTTTACTACAAATACTTTCGGGAGCCCAAACCGCGCAGGATTTGCTACCCGCTGG
p VL L QI L S G A Q T A QQ DL L P A G

CTCAGTTTATCCACTCCCAGCACACAGTACCATTGAAATTACCTTGCCCGCAACCGCCTT
s v Yy p L P A H S T I E I T L P A T A L

GGCCCCAGGCGCGCCTCATCCTTTTCACCTACACGGTCATGCTTTTGCGGTGGTTAGGTC
A P G A P H P F HL HGH A F A V V R S

TGCTGGGTCAACAACGTATAATTACAATGACCCTATATTCCGTGATGTGGTCAGCACCGG
A G S T T Y N Y N D P I F R DV V S8 T G

AACGCCTGCTGCAGGAGACAATGTGACCATCAGGTTCCAAACTGACAATCCTGGGCCCTG
T p A A G DNV T I RF Q T DN P G P W

GTTCTTACACTGCCACATCGATTTTCATCTCGATGCAGGGTTTGCAATCGTTTTCGCCGA
F L H ¢C H I D F H L D A G F A I V F A E

AGATGTCGCGGACGTGAAAGCTGCAAACCCTGTTCCTAAAGCATGGTCAGATTTGTGCCC
b v A DV KA ANUP V P K AW S D L C P

CATCTATGACGGACTTTCTGAAGCGAACC
I Yy b G L S E A N Q
ITTCGGCCTGGCCTCTGTTGCATCAAAGGATGCAAAGCAAAAACTGGTTGCCCAATCAAA
F G L A S V A S KD AI K QK L V A Q S K

G GGTCACCTT
G H L



LCC4 Gene Construct: The synthetic cDNA and derived protein sequence of LCC4
codon optimized for soybean. The start codon is highlighted in green and the stop codon
is highlighted in red. Both NTPP and CTPP of SBP gene are indicated in yellow. The
adaptor GGAA, located in-between of signaling peptides and mature HRPC, is shown in

pink. HIS tag is labeled in blue.

1 TTCC GGTAGCATGAGACTTCTCGTTGTGGCTTTGTTGTGCGCTTTTGCTATGCACGC
1 S G S M R L L vvVv AL L CAUVFAMUEHBEA
61 TGGTTTCTCAGTTAGCTATGCT GTTACTGATCTTACAATTTCCAATGC
21 G F 8 VvV 8 Y A v T D L T I S N A
121 TGATGTGACACCTGATGGTATTACAAGGGCTGCTGTTTTGGCTGGTGGAGTGTTCCCAGG
41 ‘b v T p D G I T R A A V L A G G V F P G
181 TCCTTTGATTACCGGAAACAAAGGTGACGAGTTCCAAATTAATGTGATTGACAACCTCAC
61 P L I T G N K G D E F © I NV I D N L T
241 AAACGAGACCATGTTGAAATCAACTACAATTCATTGGCATGGAATTTTCCAAGCAGGAAC
81 N E T ML K S T T I H W H G I F Q A G T
301 TAACTGGGCAGACGGAGCTGCATTTGTTAACCAATGCCCAATTGCTACAGGAAATAGTTT
101 N W AD G A AUFF VN O C P I AT G N S F
361 TCTTTACGATTTCACAGTGCCAGATCAAGCTGGAACTTTCTGGTATCATTCTCATCTCTC
121 Ly p ¥ T VP D QAG T F W Y H S H L S
421 AACACAGTATTGCGATGGTTTGAGGGGTCCTCTTGTGGTTTATGATCCAGATGACGCTAA
141 T ¢ Yy ¢ b G L R G P L V V Y D P D D A N
481 CGCTTCCCTCTACGACGTGGACGATGACACCACTGTTATCACTCTCGCTGATTGGTATCA
16l A s L. Yyopbpv D DDT TV I T L A D W Y H
541 TACAGCAGCTAAGTTGGGACCTGCTTTCCCAGCTGGACCAGACTCAGTTCTTATTAATGG
181 T A A K L G Pp A F P A G P D S V L I N G
601 TTTGGGARAGGTTTTCAGGAGATGGAGGTGGTGCAACTAATCTTACCGTTATCACTGTTAC
201 L G R F s G Db GGGATNDNUL TV I T VT
661 CCAGGGAAAAAGATATAGGTTCAGACTCGTGTCAATCTCTTGCGACCCAAATTTCACTTT
221 Q 6 K R Y R F R L V s I s C D P N F T F
721 CTCAATTGATGGACATAATATGACCATTATTGAGGTTGGAGGAGTGAATCACGAAGCTCT
241 s I b G H N M T I I E V 6 G V N H E A L
781 TGACGTGGATAGCATTCAGATTTTCGCAGGTCAGAGATACTCATTCATTTTGAATGCTAA
261 bv D S I Q I F A G Q R Y S F I L N A N
841 CCAGTCAATTGATAATTACTGGATCAGGGCTATCCCTAATACTGGAACCACCGATACCAC
281 s I b N Y W I R A I P N T G T T D T T
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4601

1441
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CGGAGGAGTGAACAGCGCAATCCTCAGATACGACACTGCTGAAGARATTGAACCAACTAC
G 6 v N S A I L RY D TAUEETUE P TT

TAACGCAACTACCTCAGTGATTCCTCTCACTGAGACTGATCTTGTGCCTCTCGACAACCC
N A T T SV I P L T E T™ DL V P L D N P

AGCAGCTCCTGGAGACCCACAGGTTGGTGGAGTGGATCTTGCTATGAGCCTTGATTTCAG
A A P G D P QV G GGV DL A M S L D F S

TTTTAACGGATCAAATTTCTTCATCAACAACGAAACTTTCGTTCCACCAACTGTGCCTGT
F N G S N F F I NN E T F V P P T V P V

TTTGCTTCAGATCCTCTCAGGTGCACAAGACGCTGCATCTCTTCTTCCTAATGGTTCTGT
L L.¢ I L S G A Q DA A S L L P N G S V

TTACACACTTCCATCAAATTCTACAATTGAGATTAGCTTCCCAATTATTACAACTGACGG
Yy T L. p S NS T I E I S F P I I T T D G

TGCTCTCAACGCTCCAGGTGCACCTCATCCATTTCACCTTCACGGTCACACCTTCTCCGT
A L N A P G A P H P F HL H G H T F S V

GGTTAGGTCTGCTGGAAGCTCCACTTTTAACTACGCAAATCCTGTGAGGAGGGATACCGT
vV R S A G S s T F N Y A N P V R R D T V

TTCTACCGGAAATTCAGGTGACAATGTGACAATTAGGTTTACAACTGACAACCCTGGACC
s T 6 N S G DNV T I R F T T DN P G P

TTGGTTTCTTCACTGTCACATTGACTTCCACCTCGATGCAGGTTTCGCTATCGTTTTTGC
w F L H C H I D F H L D A G F A I V F A

AGAGGATACCGCTGATACTGCTTCTGCAAACCCAGTGCCTACTGCATGGAGTGATCTCTG
E D TADTA A S ANU®PV P TAW S DL C

CCCTACATACGACGCTCTTGATTCCTCCGATTTG
P T Y DA L D S S D L
*TTCGGTTTGGCTTCAGTGGCAAGCAAGGATGCTAAACAGAAGTTGGTGGCTCAGTC

F G L A S V A S KDAI K QK L V A Q S

TAAG GGTGACCTT
K G D L



Appendix 2 HRPC Enzyme Activity Assay Protocol

Protein extracts were prepared from plant material (seed coats, embryos, leaves)
by using 0.067 M phosphate buffer (0.144 g Na,HPO,4 * 2H,0 + 0.798 g KH,POy in 100
ml deionized water, pH 6.0) as described in Section 2.8.2.

The reaction conditions were as follows: temperature 25°C, pH 6.0, wavelength
405 nm, and light path, 10 mm. The reagents were prepared fresh daily, which included
phosphate buffer 0.067 M, ABTS 2 x 102 M (one tablet dissolved in 912l of ddH,0),
and H,0, 102 M (1pl of 30% H,0, was added into 999ul of ddH,0), and protein sample
(0.20-0.80 U/ml). The spectrophotometer used for measuring the continuous absorbance
at 405 nm for 5 min was Spectronic BioMate 3.

Temperature of solutions was adjusted to 25°C just prior to beginning. At all
other times, solutions were kept at approximately 4°C. The recipes for blank control and
test cuvettes were as follows. Blank control cuvette contained 0.05 ml of 2 x 102 M
ABTS, 0.05 ml of ‘10'2 M H;,0,, and 0.5 ml of 0.067 M phosphate buffer; while sample
cuvette contained 0.05 ml of 2 x 10> M ABTS, 0.05 ml of 102 M H,0,, and 0.5 ml of
sample in phosphate buffer. The reaction solution was mixed by pipetting. The changes
in A49s over the next approximately 6 minutes was monitored and recorded from the
addition of the sample. For the calculations, the AA4s was taken during the maximum
linear rate, which occurred shortly (usually 20 sec) after the addition of the sample. The
AA4s for the blank was subtracted from that of the test. The specific activity was

calculated using the equation below.



Speciﬁc'Activity : AAgos » Vo 1000 « df

gede At e vpe e ¥
(umol min™ mg™ or U mg™) E * Pprotein

AA4ps was the change in absorbance of the test minus the change in the blank
during the maximum linear rate. V4 was the total volume of the assay in litres, which was
0.6 x 10™ L. df was the dilution factor of the enzyme sample. ¢ was the linear millimélar
absorption coefficient. For ABTS under these temperature and pH conditions, it was 1.86
L mmol” mm™ (Piitter and Becker, 1983). d was the path length in millimetres, standard
cuvettes were 10 mm. At was the change in 5 min during which AA405 was recorded. vg
is the volume of the sample in litres, which was 0.5 x 10~ L. Pprotein Was the mass
concentration of the enzyme sample, in mg/L.

*The denominator was multiplied by two because 1 mole of H,0, yielded 2 moles
of oxidized ABTS.

Based on the above procedure, the equation was reduced to:

Specific Activity — _ . AAsos + df

At o o
(umol min’! mg'1 orU mg'l) Pprotei



Appendix 3 Laccase Enzyme Activity Assay Protocol

Protein extracts were prepared from plant material (seed coats, embryos, leaves)
'by using 0.1 M sodium acetate pH 5.0 (1.36 g sodium acetate in 100 ml deionized water,
pH 5.0), detailed protocol for plant protein extraction is in section 2.8.2.

Copper treatment was carried out on clarified supernatant of seed coat protein by
adding 10 mM CuSO4 from concentrated 1M stock solution in H,O. Samples were
incubated in the treatment solution, typically at either room temperature, for about 1 h.
Incubation with metal salts causes up to 90% of the total soluble protein to precipitate
(Hood et al., 2003). Therefore, activated solutions were centrifuged for 10 min at 10,
000 g to remove this precipitate, and then analysed for laccase activity.

The reaction conditions were as follows: temperature 25°C, pH 6.0, wavelength
420 nm, and light path, 1 cm. The reagents were prepared fresh daily, which included 0.1
M sodium acetate pH 5.0, 5 mM ABTS (one tablet dissolved in 3.65 ml of ddH,0), and
protein sample. The spectrophotometer used for measuring the continuous absorbance at
420 nm for 5 min was Spectronic BioMate 3.

Temperature of solutions was adjusted to 25°C just prior to beginning. At all
other times, solutions were kept at approximately 4°C. The recipes for blank control and
test cuvettes were as follows. Blank control cuvette contained 0.1 ml of 5 mM ABTS and
0.4 ml of 0.1 M sodium acetate pH 5.0; while sample cuvette contained 0.1 ml of 5 mM
ABTS, and 0.4 ml of sample in phosphate buffer. The reaction solution was mixed by
pipetting, and then the reaction solution was incubated at room temperature until the
color changed into light green. The changes in Ay over the next approximately 5

minutes was monitored and recorded from the addition of the sample. For the



calculations, the AA4y was taken during the maximum linear rate. The AA4y for the
blank was subtracted from that of the test. The specific activity was calculated using the

equations below.

Specific Activity  _ AAgo * Viotal

E d ] At o vV le ® p ;
(umol min™ mg™ or U mg™) sample * Pprotein

AA4y was the change in absorbance of the test minus the change in the blank
during the maximum linear rate. Vi, Was the total volume of the assay in litres, which
was 0.5 mL. € was the linear millimolar absorption coefficient. For ABTS under these
temperature and pH conditions, the extinction coefficient of ABTS was 36.8 L mMol™
cm™ (Mander et al., 2006). d was the path length in centimetre, standard cuvettes were 10
cm. At was the change in 5 min during which AA4; was recorded. Vsampie is the volume of
the sample in litres, which was 0.05 mL. pprotein Was the mass concentration of the enzyme
sample, in mg/L..

Based on the above procedure, the equation was reduced to:

i 1Vl AA
S peCIﬁC VILY 420
(umol min™! mg'1 orUm g'l) At * Pprotein
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