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ABSTRACT

To identify genes expressed during Douglas-fir ( Pseudotsuga menziesii [Mirb] Franco) 

germination and early seedling development, a cDNA library was constructed with mRNA 

pooled from 4-6-day-old seedlings. The library was then screened differentially with 

cDNA probes synthesized using mRNA isolated from mature seeds and 6-day-old 

seedlings. Partial DNA sequence analysis and predicted amino acid sequences revealed 

cDNA clones that encoded polypeptides with similarity to several plant proteins including: 

a chaperonin 606 (cpn60B), a low molecular weight heat shock protein (LMW HSP), a 

luminal binding protein (BiP), a type II chlorophyll a/b-binding protein (CAB), and a 

cysteine protease (CysP). In northern blots, each cDNA clone detected transcripts that 

increased during seed germination. A clone detected RNA at similar levels in both mature 

seeds and in 6-day-old seedlings was isolated and found to share similarity to a 

NADPH-cytochrome P450 reductase (CPR) (EC 1.6.2.4). The cDNA clones encoding the 

CysP and the CPR were selected for further sequence and gene expression analysis.

The CysP cDNA consists of a 5’ untranslated region ( UTR ) of 153 bp followed by an 

open reading frame (ORF) of 1362 bp encoding a putative mature CysP flanked by N- and 

C-terminal propeptides. A 364 bp 3 ’ C/TR contains multiple putative AU-rich elements that 

may be involved in the destabilization of transcripts. The CysP from Douglas-fir 

(pseudotzain) contains the same invariant amino acid residues that are involved in the 

catalytic reaction and make up the catalytic center of CysP from other plants and animals. 

Pseudotzain transcripts were most abundant in the megagametophyte (MG) after 

germination and were not detected in the MG or embryo during embryogenesis. Various 

osmotic stresses slightly enhanced pseudotzain transcript quantities during early seedling
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development, whereas abscisic acid, gibberellic acid and other plant growth regulators and 

changes in environmental conditions had little or no effect. Pseudotzain transcripts were 

present in different amounts in the cotyledons, root and seed coat of 10-day-old seedlings, 

but were most abundant in the MG, suggesting a role for this protease in storage protein 

mobilization. Phylogenetic analysis of mature pseudotzain groups it with other angiosperm 

CysP having both N- and C-terminal propeptides, suggesting a conserved function and/or 

targeting of this subgroup of enzymes.

The CPR cDNA encodes a polypeptide of approximately 79.6 kDa. A cDNA probe 

detected a single transcript of 3 kb that was expressed differentially in cotyledons, radicle 

and MG. CPR transcript quantities were low during seed maturation, higher in mature 

seeds, and remained constant throughout germination and early seedling development 

before they declined in 14-day-old seedlings. An antiserum against a synthetic CPR- 

peptide was produced and western blot analysis detected a single 80 kDa polypeptide in the 

membrane fraction of microsomal extracts from seeds and seedlings. CPR accumulation 

during germination and early seedling development indicated regulation is at the 

transcriptional or post-transcriptional level. However, CPR activity (measured by 

NADPH-cytochrome-c reduction) present in the microsomes increases during stratification, 

germination and post-germination and decreases in 7-14-day-old seedlings. These results 

indicate CPR may be post-translationally activated during Douglas-fir stratification and 

germination.

This study describes the isolation of the first cDNAs that share identity with a CysP, 

cpn606, a LMW HSP, BiP and CPR (EC 1.6.2.4) from a gymnosperm. The 

developmental expression of these cDNAs suggests that their gene products play critical 

roles during the process of germination and post-germination and provides the necessary 

framework for future studies.
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CHAPTER 1

Seed Germ ination and Post-Germ ination: Im portance and
O verview

Introduction

Seed germination and the early growth and development of the seedling are critical stages 

in the life cycle of plants. The genetic, physiological and biochemical attributes of a seed 

determine a seedling’s potential to become established, compete and thrive in its habitat. 

Despite the importance of seed germination and early seedling growth to agriculture and 

forestry, the molecular mechanisms that underlie the events of germination have yet to be 

determined (Bewley, 1997). To date, most of the molecular biology of germination has 

focused on the economically important angiosperm crop species. The emphasis of this 

chapter is to examine some of the important processes that occur during seed germination 

and early seedling development (post-germination) and what is known about the molecular 

events that underlie these developmental changes. The information accumulated from work 

with angiosperms is compared to what is known about gymnosperms. The similarities and 

differences between angiosperms and gymnosperms are highlighted especially at the 

molecular level.

Seed Germination and Post-Germination Seedling Growth

Germination begins with the uptake of water (imbibition) by the mature dry seed and 

ends when the embryo radicle begins to elongate (Bewley and Black, 1994). When the 

radicle emerges from the seed, germination is complete and the post-germination stage of 

development is underway. Radicle elongation is a turgor-driven event that is a result of a 

yielding of the walls of cells that lie between the root cap and the base of the radicle. 

However, the osmotic potential of the radicle cells does not change prior to the initiation of



radicle growth (Welbaum and Bradford, 1990). During imbibition, the initial rehydration 

of the desiccated seed causes the cellular membranes to undergo a transition from a gel 

phase to a hydrated liquid-crystalline state. As the membranes become hydrated, a transient 

loss of solutes and low molecular weight metabolites from the cells occurs (Simon and Raja 

Harun, 1972). Electrolyte leakage stops as membrane integrity is regained and may be 

partially due  to  an  increase in  th e  membrane-stabilizing phospholipid N- 

acetylphosphatidylethanolamine (Sandoval et al., 1995). Seed rehydration also initiates 

metabolic activity including respiration, glycolysis, synthesis of proteins from stored 

mRNAs, repair of DNA and mitochondria, and the synthesis of new mRNAs. An initial 

phase o f rapid polysomal formation occurs from ribosomes stored in the mature seed, 

however, new ribosomes are also produced and incorporated into polysomes early during 

imbibition (Dommes and Van der Walle, 1990). These early events of germination lead to 

cell elongation, cell division and the synthesis of nucleic acids and proteins essential for 

seedling growth.

During post-germination, the seedling is dependent on the nutrient reserves stored in the 

storage organs of the seed, in the form of oil, carbohydrates and proteins (Bewley and 

Black, 1994). The mobilization of storage compounds is one of the most important 

metabolic activities during post-germination. The composition of the storage reserves 

varies from species to species. In cereals such as rice, com, barley, wheat and oats, the 

main storage product is in the form of carbohydrates (starch). In legumes, storage reserves 

can be high in proteins (vicilins and legumins), whereas in pine and castor bean, oil 

(triacylglycerols) represents the most abundant storage material. Hydrolytic enzymes (e.g. 

lipases, amylases, and proteinases) are required to convert the high molecular weight 

storage compounds into forms that are easily transported (e.g. sucrose and amino acids) to 

the developing organs of the seedling, namely the radicle and the emerging shoots.



Gene Expression Patterns During Plant Development

In angiosperms, distinct sets of genes have been characterized that are expressed during 

embryogenesis, seed maturation, germination and post-germination (Figure 1.1; Goldberg 

et al., 1989). Examples of the gene sets include: the constitutively expressed actin and 

tubulin mRNAs; embryo-specific mRNAs of unknown function; seed storage protein 

mRNAs expressed during embryogenesis; the late embryogenesis abundant (LEA) mRNAs 

thought to encode proteins with a role in seed desiccation and dormancy; mRNAs that 

overlap late embryogenesis and early germination and are stored in dormant mature seeds; 

the post-germination specific mRNAs for the enzymes such as isocitrate lyase and maiate 

synthase of the glyoxylate cycle responsible for the mobilization of stored lipids, or the 

hydrolases involved in seed storage reserve mobilization (Weir etal., 1980; Haradaet al., 

1988; Comai et al., 1989; Dure et al., 1989; Goldberg et al., 1989; Hughes and Galau, 

1989; Galua et al, 1991; Lane, 1991; Thomas, 1993). The identities of many of the 

developmental genes and the mechanisms of their regulation have yet to be determined.

During the rehydration of the mature dry seed, there are changes in the pattern of gene 

expression thought to underlie the shift in seed metabolism (Bewley and Marcus, 1990). 

Specific changes in mRNA populations and newly synthesized protein profiles have been 

observed during germination of monocots, dicots and gymnosperm seeds (Lalonde and 

Bewley, 1986; Sânchez-Martmez et al., 1986; Mullen et al., 1996). In Brassica napiis, 

imbibition initiates transcriptional alterations that lead to a shift from an embryonic to a 

germination developmental program (Comai and Harada, 1990). A wheat protein referred 

to as “germin” accumulates in wheat embryo radicles just before elongation (Lane, 1991). 

Germin has sequence similarity to oxalate oxidases, enzymes with activity leading to the

degradation of calcium oxalate and the production of calcium ions (Ca^^) and hydrogen

peroxide (H^O^). Both of these compoimds fimction as secondary messengers at low
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concentrations and mediate cell-wail polymer cross-linking at higher concentrations 

(Cassab and Varner, 1988; Apostol et al., 1989; Lane et al., 1993; Luttrell, 1993; 

Shovvalter, 1993). Accumulation of germin transcripts, protein and activity in germinating 

wheat seeds coincide spatially and temporally in the outer tissues of the embryo, consistent 

with a role for germin in cell-wall restructuring (Caliskan and Cuming, 1998). However, 

the expression and accumulation of germin is not limited to germination, and its possible 

physiological roles (i.e. signal transduction or cell-wall polymer cross-linking via the

production of Câ "̂  and/or H^O^) appear to overlap germination and post-germination.

Recently, a partial nucleotide sequence (GENBANK accession number AF049065) 

encoding a germin-like protein was isolated from Pinus radiala (Monterey pine) somatic 

embryos. It will be of interest to examine the expression of the gymnosperm germin-like 

gene in comparison to the germin genes of angiosperms. The components that are involved 

in signal transduction and the transcriptional activation of germination associated genes 

have not been identified, although work with developmental mutants is beginning to give 

some insight into the factors involved (see section on the Roles of Abscisic Acid and 

Gibberellic Acid below).

Distinct sets of genes expressed during germination and post-germination have recently 

been characterised in gymnosperms (Stabel et al., 1990; Gifford et al., 1991; Groome et 

al., 1991; Leal and Misra, 1993; Schneider and Gifford, 1994; Mullen et al., 1996). 

Several cDNAs for the glyoxylate cycle enzyme isocitrate lyase from Piniis taeda (loblolly 

pine) were recently characterized (Mullen and Gifford, 1997). The isocitrate lyase 

transcripts were detected in mature seeds, and accumulated to higher amounts during 

germination. There was a corresponding increase in the amount of isocitrate lyase protein 

and enzymatic activity. During the senescence of the megagametophyte (MG; the location 

of the main seed storage reserves of gymnosperms; Figure 1.2), steady-state amounts of
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isocitrate lyase transcript and protein remained fairly constant while activity and the rate of 

in vivo isocitrate lyase protein synthesis declined. This pattern of expression is consistent 

for the role of isocitrate lyase in the mobilization of storage lipids during germination.

One of the most extensively studied classes of seed protein genes encode the LEA 

proteins that are thought to play a role in preventing damage from desiccation during the 

final stages of seed maturation (Dure et al., 1989). LEA transcripts increase during the late 

stage of embryogenesis when storage protein gene expression decreases, and then decline 

during germination. Some LEA genes are induced by desiccation as well as exogenous 

treatment with the phytohormone abscisic acid (ABA) during other developmental stages 

when they are thought to protect plant structures against water loss. The LEA proteins are 

hydrophilic, and have tandemly arranged repeated motifs believed to be important in their 

function as desiccation protectants (Dure et al., 1989). LEA proteins are grouped into 

classes based on their amino acid sequences and LEA cDNAs have been isolated from 

monocots, dicots and gymnosperms including rice, barley, wheat, cotton, rape (5. napiis) , 

radish, Arabidopsis tftaliana, Douglas-fir (Pseiidotsuga menziesii), and white spruce (Picea 

glmca) (Skriver and Mundy, 1990 and references therein; Jarvis et al., 1996; Dong and 

Dunstan, 1997).

In Douglas-fir, several LEA cDNAs were isolated from stratified seeds by differential 

screening of a cDNA library (Jarvis et al., 1996). Each LEA cDNA encoded a 

representative from three classes of LEA proteins identified from angiosperms (Dure et al., 

1989). The LEA transcripts were present in the dry mature seed, declined in freshly 

imbibed seeds, then were induced transiently during the cold-moist treatment required to 

break seed dormancy (Jarvis et al., 1996; Jarvis et al., 1997; see section below on Seed 

Dormancy).

LEA cDNAs (PgEMB12, 14, 15) have also been isolated from white spruce somatic 

embryos by differential screening (Dong and Dunstan, 1997). The LEA transcripts were
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induced by ABA, highly expressed in the cotyiedonary embryo tissue during somatic 

embryogenesis and declined after germination. In contrast to the expression of angiosperm 

LEA genes, the white spruce LEA transcripts were detected early during embryogenesis in 

the immature embryos. This discrepancy may be a result of exogenous ABA application 

necessary for the stimulation of white spruce somatic embryogenesis. The transcripts were 

not detected in plantlets derived from the somatic embryos or in mature needles (Dong and 

Dunstan, 1996; Dong and Dunstan, 1997).

The expression of the LEA genes during embryogenesis and their induction by ABA 

appear to be common to angiosperms and gymnosperms. The ABA-responsive element 

(ABRE) involved in the transcriptional induction of ABA-inducible genes, including the 

LEA genes, have been characterized from angiosperms (Busk and Pages, 1998 and 

references therein). From more than 20 functional ABREs that have been characterized, the 

element is defined as a sequence of 8-10 base pairs with a core sequence of ACGT. The 

ABRE binds a number of basic leucine zipper transcriptional factors m vitro, but theDNA- 

binding protein responsible for ABA-induced gene transcription in vivo has not been 

identified. The regulatory sequences of gymnosperm LEA genes have yet to be 

characterized.

Seed Storage Protein M obilization

The mobilization of seed storage proteins during germination and post-germination is a 

critical process that supplies amino acids for the synthesis of new proteins necessary for 

normal seedling development. Seed storage protein mobilization provides a model system 

for examining developmental patterns of gene expression that underlie changes in the 

metabolism during germination and post-germination. In cereal and dicots, storage protein 

mobilization involves the initial activity of metallo-proteinases, followed by a number of 

cysteine-proteinases (CysP) in a  bulk hydrolysis phase, and finally by amino- and carboxy-



peptidases to yield amino acids (Shutov and Vaintraub, 1987). During germination, 

specific proteinases are synthesized de novo and targeted to storage protein vesicles where 

they initiate proteolysis of the protein reserves.

The most extensively studied plant proteinases have similarities to the mammalian 

lysosomal cathepsin class of CysP (Rogers et al., 1985; Shutov and Vaintraub, 1987; 

Koehler and Ho, 1988; Koehler and Ho, 1990a; Koehler and Ho, 1990b; Hoiwerda et al., 

1990; Holwerda et al., 1992; Bethke et al., 1996). One of the best characterized of the 

plant CysP at the molecular level is aleurain of the barley aleurone cells. The aleurone layer 

of barley grains, a specialized secretory layer of cells surrounding the endosperm storage 

tissue, has provided insights into the regulation, targeting, secretion and activity of 

hydrolytic proteinases involved in protein mobilization. (Figure 1.2). During seed 

mamration, barley storage proteins (hordeins) are synthesized on rough endoplasmic 

reticulum (RER) and are targeted to and accumulate in specialized vacuolar derived 

membrane-bound vesicles referred to as protein bodies (Fincher, 1989). Aleurain gene 

expression is induced by gibberellic acid (GA), and inhibited by ABA, two plant growth 

regulators with opposing roles in germination (Rogers etal., 1985; see section on the Roles 

of ABA and GA below). Aleurain is encoded as a precursor polypeptide (proaleurain) that 

is targeted to the vacuolar compartment of the aleurone cells via two short amino acid 

sequences in the N-terminal propeptide, and is post-translationally processed to mature 

aleurain (Holwerda et al., 1990; Holwerda et al., 1992). A vacuolar targeting receptor that 

binds the N-terminal vacuolar targeting determinant of proaleurain was characterized from 

pea and is thought to direct aleurain from the Golgi to the vacuole via clathrin-coated 

vesicles (Kirsch et al., 1994). Two additional CysP, designated EP-A and EP-B, are 

induced by GA and secreted by the aleurone cells to the endosperm where they are involved 

in the degradation of the hordein, the native storage protein of barley (Koehler and Ho, 

1990a; Koehler and Ho, 1990b; Davy et al., 1998). CysP are also implicated in the
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degradation of the native storage proteins (zeins) from Zea mays (maize), and GA induced 

de novo synthesis of CysP occurs during rice germination (Abe et al., 1987; Arai et al., 

1988; de Barros and Larkins, 1990; Watanabeetal., 1991; Watanabeetal., 1992).

Much less is known about the regulation, targeting, secretion, and enzymatic specificities 

of the hydrolases involved in storage protein mobilization of gymnosperms. The major 

seed storage proteins of gymnosperms share similar structural and solubility characteristics 

with the angiosperm seed proteins (Misra, 1994). Storage proteins are characterized by 

their solubilities in water (albumins), salt solutions (globulins), acid or alkali (glutelins), or 

aqueous alcohols (prolamins). The most abundant seed storage proteins of a number of 

gymnosperms are the crystalloid or “legumin-like” proteins which are similar to the 115 

globulin (legumin) proteins of angiosperms. The activities of proteinases and peptidases 

implicated in the hydrolysis of Pinus sylvestris storage proteins have been characterized 

(Salmiaand Mikola, 1975; Saimiaand Mikola, 1976a, 1976b; Salmia etal., 1978; Salmia, 

1980; Salmia and Mikola, 1980; Salmia, 1981a, 1981b; Misra, 1994). In resting (imbibed) 

P. sylvestris seeds, a pepstatin-sensitive (characteristic of an aspartic acid proteinase) 

proteinase accounts for the majority of the activity and is thought to be involved in the 

initial phase of storage protein hydrolysis that supplies amino acids for the de novo 

synthesis o f other hydrolases (Salmia, 1981b). Based on inhibitor assays with O- 

phenanthroline (a chelator of divalent cations), a metallo-protease activity is present in 

germinating seeds, but little is known about this enzyme (Salmia et al., 1978). During 

germination and post-germination, the pepstatin-sensitive proteinase activity remains 

constant while an increase in two proteinase activities (proteinases I and II) with CysP 

characteristics increase in the MG. Proteinases I and II may be responsible for the bulk 

hydrolysis phase of the storage protein mobilization (Salmia, 1981b). Two groups of 

peptidases present in the storage tissue of resting P. sylvestris seeds are also implicated in 

protein reserve mobilization; one group includes alkaline peptidases that increase in activity
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during mobilization (Saimia and Mikola, 1975); the second group includes 

ami nopeptidases with activities that remain constant during mobilization (Salmia and 

Mikola, 1976b). A carboxypeptidase activity increases after the bulk of storage protein 

mobilization has occurred and is thought to play a role in senescence of the storage tissue 

(Salmia and Mikola, 1976a). Information on the molecular biology of these or other 

hydrolases involved in storage protein mobilization of gymnosperms is non-existent.

Seed Dormancy

Seed dormancy, a state of metabolic and developmental inactivity, serves as a mechanism 

that allows seeds to survive and germinate only at the right time and under specific 

conditions. Dormancy results from an internal block to germination that exists within the 

seed, and needs to be removed before germination can proceed. To overcome dormancy, a 

seed must encounter specific favourable environmental conditions, mainly light (quality or 

photoperiod), temperature (chilling or warming), and moisture (humidity) that vary 

between species. Once these conditions have been met, germination proceeds. Two types 

of dormancy have been defined. The first is referred to as “coat-imposed” dormancy where 

the embryo itself is not dormant, but the surrounding seed tissues impose a mechanical 

barrier to germination (Bewley and Black, 1994). Embryos dissected from these types of 

seeds will germinate readily. The second type is “embryo dormancy” when the embryo 

itself is dormant. Seeds can exhibit either one or both types of dormancy. The 

mechanisms that result in a dormant seed, especially the dormancy inherent in the embryo, 

are largely unknown (Bewley, 1997).

Changes in gene expression patterns and protein synthesis associated with the onset, 

maintenance and loss o f seed dormancy have been examined in angiosperm and 

gymnosperm species (Morris et al., 1991; Hance and Bevington, 1992; Goldmark et al., 

1992; Hong et al., 1992; Dyer, 1993; Li and Foley, 1994; Schneider and Gifford, 1994;
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Johnson et ai., 1995; Li and Foley, 1995; Mullen et al., 1996; Stacy et al., 1996; Jarvis et 

al., 1996; Jarvis et al., 1997). The steady-state amounts of some mRNAs and proteins 

increase while others decrease during seed imbibition. Different sets of genes are 

expressed in dormant versus non-dormant seeds. The identities of most of these genes are 

not known, and their association with dormancy is only correlative and not causative. For 

example, LEA proteins, thought to play a role in desiccation tolerance, accumulate normally 

during the late stages of seed maturation, are present in mature seeds and decrease during 

germination (Dure et al., 1989). However, there is only correlative evidence that LEA 

proteins have roles in the onset, maintenance or release of dormancy. A cDNA (pBS128) 

expressed preferentially in the embryos from hydrated dormant Bromus secalinas seeds 

was characterized (Goldmark, 1992). The pBS128 transcripts rapidly declined and 

disappeared in non-dormant seeds which subsequently germinated. Exogenous application 

o f 50 /<M ABA to non-dormant seeds inhibited germination and enhanced pBS128 

transcript amounts. The transcript B15C from barley shares sequence similarity with 

pBS128 and increased in imbibed embryos from dormant grains (Stacy et al., 1996). The 

B15C transcript was down-regulated in the germinating embryo and by exogenous GA 

application. The protein (PERI) encoded by the B15C transcript is similar to a group 

antioxidants called peroxiredoxins. PERI reduced oxidative damage in vitro, and may 

function as a scavenger o f reactive oxygen species produced as by-products from 

desiccation and respiration occurring during late embryogenesis, imbibition and 

germination.

A set o f dormancy and non-dormancy-associated cDNAs was isolated by differential 

display (Johnson et al., 1995). Five dormancy-associated gene transcripts increased in 

dormant embryos during the first 48 hours of imbibition, while another set of transcripts 

was more abundant in non-dormant embryos during imbibition. One of the non-dormancy- 

associated transcripts (AFN3) shared similarity to a glutathione peroxidase-like cDNA, but
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none o f the other transcripts shared similarity with sequences in the databases. The 

glutathione peroxidase-like protein may act as a scavenger for free radicals produced from 

the reinitiation of metabolism during germination.

A cDNA homologous to the transcriptional factor VIVIPAROUS I (VPI) was cloned 

from mature Avewa fatiia embryos (Jones et al., 1997). The expression of the A. fatiia 

VPI homolog (afVPI) was p>ositively correlated to the dormant phenotype and the lengtli of 

time required for after-ripening (warm, dry conditions that break dormancy). The 

regulation of some dormancy associated gene sets includes post-transcriptional mechanisms 

(Li and Foley, 1996). A set of mRNAs, including transcripts encoding a LEA protein, had 

longer half-lives in dormant than in non-dormant Avena fatua (wild oat) seeds. Only a 

slight difference in transcriptional activity was observed which suggests that these 

dormancy-associated genes are regulated at the level of mRNA stability.

Douglas-fir seeds are subject to dormancy that is overcome by a moist chilling treatment 

(stratification) for several weeks (Edwards, 1986; Taylor et al., 1993). For instance, loss

of dormancy and high germination rates are only achieved after seeds are stratified at 4 °C

for 6 weeks, whereas treatment at 20 °C is not effective in breaking dormancy (Taylor et 

al., 1993). During stratification of Douglas-fir seeds, the steady-state amounts of several 

transcripts increase. These include: LEA genes, histone HI and for the 6-subunit of the 

20S proteosome (Taylor and Davies, 1995). However, the expression of histone HI and 

the 20S proteosome B-subunit is also induced by pretreatment of seeds at 20 °C indicating

that they may not be directly associated with the dormancy-breaking stratification 

requirement. The expression pattern of one of the LEA genes (DF65) correlated to the 

stratification requirement of Douglas-fir seeds, whereas expression of two LEA genes 

(DF6 and DF77) was independent of temperature (Jarvis et al., 1996; Jarvis etal., 1997). 

The expression DF65 was higher in the MG and occurred prior to that in the embryo. This
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pattern o f DF65 expression is consistent with the hypothesis that the surrounding MG 

tissue plays a role in imposing dormancy on the embryo (Jarvis et al., 1997). The 

function(s) of the LEA gene products in overcoming dormancy in Douglas-fir seeds 

requires further investigation.

Roles o f Abscisic Acid and Gibberellic Acid in Dormancy and Germination

The plant growth regulators ABA and GA control seed dormancy and germination. ABA 

is thought to promote dormancy through the induction of gene sets expressed during 

maturation drying, whereas GA promotes and maintains germination (Skriver and Mundy, 

1990; Bewley, 1997). The best evidence for this arises from the studies with the vivipary 

and germination mutants of Zea mays and A. (McCarty, 1995). Vivipary is the

precocious sprouting of the seeds before a dormant state can be achieved. Most of these 

mutants have alterations in the synthesis of ABA or GA, or in the ability to perceive these 

growth regulators. The resultant mutants are either unable to germinate (dormant 

phenotype) or unable to achieve a dormant state (precocious germination phenotype). 

Molecular work with ABA-Insensitive (ABI) mutants has led to the identification of gene 

products involved in ABA signal transduction. The genes include those encoding 

transcriptional activators from A. thaliana {abi3\ Giraudat et al., 1992) and maize {vpl\ 

McCarty etal., 1991), a DNA-binding protein similar to the plant-specific APET ALA2 type 

transcriptional regulators {abi4-, Finkelstein et al., 1998) and two serine-threonine 

phosphatases from A. t/ialiafta {abil and abi2\ Leung et al., 1994; Meyer et al., 1994). 

ABA normally inhibits wild-type A. thaliana seed germination. The abl3, vp l, abil, and 

abl2 mutations result in a decrease in the sensitivity to ABA, and mutant seeds germinate in 

the presence of exogenously applied ABA. However, the question remains why some 

wild-type seeds which are sensitive to ABA, fail to germinate under control conditions (i.e. 

in the absence of exogenous ABA application). The mutants lacking the transcriptional
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activators encoded by abi3 or vpl have reduced amounts of the Em protein (a LEA protein) 

and another LEA protein, both ABA inducible seed maturation-specific proteins (Paiva and 

Kriz, 1994). The significance of these mutational effects in relation to germination is not 

known. Another gene encoding the B subunit of a faraesyl transferase was identified from 

mutants with an enhanced response to ABA {eral. Cutler et a l., 1996). Famesyl 

transferases consist of a  and p subunits that dimerize to form an enzyme which catalyzes 

the attachment of famesyl pyrophosphate to proteins containing a C-terminal targeting 

motif. Famesylation of signal transduction proteins anchors them to lipids or proteins in 

the membrane. The eral mutation results in an increase in sensitivity to ABA and a loss of 

famesyl transferase function which suggests that target protein(s) involved in ABA signal- 

transduction may require negative regulation through famesylation. The results from the 

ABA mutant studies indicate that ABA perception involves a cascade o f  events that includes 

a number of factors.

Treatment with exogenous ABA inhibits germination of stratified Douglas-fir seeds 

(Jarvis et al., 1997). Endogenous ABA levels were similar in dormant and non-dormant 

seeds, however, non-dormant seeds had a reduced sensitivity to ABA. The LEA genes 

were not induced by exogenous ABA treatment of seeds. In contrast, exogenous methyl- 

jasmonate (Me-JA; a volatile plant growth regulator) promoted dormant Douglas-fir seed 

germination and induced LEA gene expression. The expression of a gene encoding a low 

molecular weight heat shock protein (LMW HSP) was also induced by exogenous Me-JA 

application during Douglas-fir seed stratification, but the significance of Me-JA induced 

gene expression in relation to seed dormancy and germination is unknown (Kaukinen et 

al., 1996).

Differences Between Gymnosperm and Angiosperm S eed s

Gymnosperm and angiosperm seeds have genetic, morphological and anatomical
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differences (Figure 1.2). Gymnosperm seeds are comprised of a maternally derived 

diploid seed coat, the haploid MG storage tissue and the diploid embryo derived both 

maternally and paternally. The maternal:paternal gene contribution in gymnosperms, 

including Douglas-fir, is 4 n :ln  and results in a strong maternal control over seed 

germination (El-Kassaby et al., 1992). The main storage tissue of angiosperms can either 

be the cotyledons of the embryo derived from the fusion of the maternal and paternal 

nuclei, or the endosperm derived from the fusion of two maternal polar nuclei and the 

paternal pollen tube nucleus. In both cases, the storage tissues of angiosperms are 

maternally and paternally derived.

Gymnosperms and angiosperms differ in both the size and structure of their respective 

genomes (Kinlaw and Neale, 1997). The haploid genome sizes (expressed as picogram 

per haploid genome) for angiosperms range from 0.45 for rice and 1.0 for tomato, to 2.6 

for maize and 2.7 for lettuce (Bematzky and Tanksley, 1986; Landry et al., 1987; Causse 

et al., 1994; Shen et al., 1994). In the gymnosperm loblolly pine {Pinus taeda) haploid 

genome size is 22.0 (Devey et al., 1994). This may in part be due to higher gene copy 

numbers in gymnosperm. Several low copy and single copy genes of angiosperms, 

including those encoding chaperonin 606, thiolase, elongation factor la , acid phosphatase, 

actin-depolymerizing factor, and alcohol dehydrogenase occur as larger gene families in 

loblolly pine (Kinlaw and Neale, 1997). However, these studies are based on Southern 

blot hybridization which does not distinguish between functional and pseudo-genes. The 

existence of larger gene families in gymnosperms is not simply due to polyploidy common 

to angiosperms. All known species of pine (more than 100) are diploid, with 24 

chromosomes in the diploid genome (Kinlaw and Neale, 1997). It is clear that the 

gymnosperm and angiosperm genomes have evolved differently but the significance of the 

genomic differences remains to be determined.

Gymnosperms differ from angiosperms in a number o f fundamental developmental
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processes. For example, light regulated photosynthesis associated gene sets of 

angiosperms are not regulated by light in gymnosperms (Alosi et al., 1990). The 

biosynthesis o f lignin differs between gymnosperms and angiosperms (Whetten and 

Sederoff, 1995). The synthesis and accumulation of the lignin glucoside monomers p- 

hydroxycinnamyl alcohol glucoside, coniferin and syringin occurs almost exclusively in 

gymnosperms and may represent an ancestral form of lignin biosynthesis. The lignin 

monomers of gymnosperms are less methylated than those of angiosperms, a  characteristic 

that makes gymnosperm wood pulp a  more difficult and expensive source of the cellulose 

fibres used for paper making. The loblolly pine multifunctional O-methyltransferase differs 

in both structure and activity from the angiosperm enzymes involved in the méthylation of 

lignin monomers (Laigeng etal., 1997). The pine enzyme methylates both caffeic acid and 

caffeoyl Co A, enzymatic functions that are mediated by two separate enzymes in 

angiosperms. The dual activity makes this enzyme a potential target for genetically altering 

the méthylation level of the lignin monomers to make gymnosperm lignin more 

angios perm-like.

A cDNA (PM2.1) encoding a novel metallothionein-related (MT-related) protein was 

isolated from developing Douglas-fir zygotic embryos (Chatthai et al., 1997). A 

comparison of the predicted amino acid sequences of the Douglas-fir and angiosperm MT- 

related proteins indicated divergence has occurred within conserved amino acid motifs 

during higher plant evolution. However, a comparison of the promoter o f the 

corresponding PM2.1 gene with other angiosperm MT-related gene elements indicated the 

presence of conserved regulatory elements (Chatthai and Misra, unpublished data).

The temporal accumulation patterns of seed storage proteins differ between gymnosperms 

and angiosperms. In gymnosperms, seed storage proteins start to accumulate soon after 

fertilization and before the embryo has formed cotyledons (Misra, 1994; Chatthai and 

Misra, 1998). However, a comparison of the promoter sequence of the 2S albumin storage
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protein genes of Douglas-fir revealed the presence of conserved regulatory elements 

(Chatthai and Misra, unpublished data). In angiosperms, storage protein accumulation 

begins during the mid-to late-maturation stage after the cotyledons have formed (Goldberg 

et al., 1989). In the gymnosperm Ginkgo biloba, the promoter regions of the legumin 

storage protein genes contain sequence motifs which are known to function as regulatory 

elements that direct seed-specific expression of angiosperm legumins (Hager etal., 1995). 

The legumin genes of the G. biloba contain four instead of the three conserved introns 

found in all known angiosperm legumin genes. This indicates that the evolution of legumin 

genes of higher plants may have involved the loss or gain of an intron.

O b je c t iv e s

To understand the molecular mechanisms involved in the regulation of seed germination 

and early seedling growth of gymnosperms, it is necessary to isolate and identify genes 

expressed during these developmental stages. Therefore, the first objective of this 

dissertation was to isolate and identify genes (cDNAs) that are developmentally regulated 

during Douglas-fir seed germination and early post-germination. The cDNAs were used as 

probes to examine the expression of the corresponding genes, and their nucleic acid and 

deduced amino acid sequences were determined and compared to the sequence databases. 

Selected cDNA clones were used as probes in additional analyses that included: 

examinations o f  the temporal- and spatial-steady-state transcript amounts during 

embryogenesis, stratification, germination, post-germination, and the environmental and 

hormonal factors that control their expression. In order to examine the encoded 

polypeptides o f selected clones, the production of antisera was pursued. Antisera were 

tested and used in examinations of the subcellular localization and accumulation of the 

encoded products.
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CHAPTER 2

The M olecular Characterization of a Set of cDNAs 
D ifferentially Expressed During Douglas-fir Germination and

Post-Germination

Abstract

To identify genes with increased expression during germination and early seedling 

development, a Douglas-fir cDNA library was differentially screened with cDNA probes 

synthesized using mRNA isolated from mature seeds and 6-day-old seedlings. Partial 

DNA sequence analysis and predicted amino acid sequences revealed cDNA clones 

encoding sequences with similarity to several plant proteins including: a chaperonin 606 

(cpn60B), a low molecular weight heat shock protein (LMW HSP), a luminal binding 

protein (BiP), a type II chlorophyll a/b-binding protein (CAB), and a cysteine proteinase 

(CysP). In mature seeds, transcripts corresponding to each cDNA clone were detected by 

northern blot and their quantities increased after 2 days of exposure to the germination 

conditions. The clone with identity to the CysP (PM3-3) and clone PM6-7 had peak 

transcript amounts during the germination phase, whereas the cpn606 (PM3), a LMW HSP 

(PM4-5), BiP (PM5-1), and CAB (PM6-3) showed peaks during the post-germination 

phase. All the transcripts were present at lower amounts in 10-week-old needles except for 

CAB. As a comparison, an additional clone (PM14) that was present at similar quantities 

in both mature seeds and in 6-day-old seedlings was isolated and found to be similar to a 

NADPH-cytochrome P450 reductase (CPR) (EC 1.6.2.4). CPR gene expression changed 

little during germination and early seedling development with lower transcript amounts in 

IQ-week-old needles. The significance of the individual genes, their expression, and 

possible roles during germination is discussed.
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Introduction

Desiccation, an essential part of normal seed development, may activate genes for 

germination and turn off the synthesis o f embryogenesis related proteins (Misra and 

Bewley, 1985; Kermode, 1990). Several studies have revealed the presence of mRNA in 

mature seed tissues, referred to as stored mRNA, that may be immediately available on 

rehydration for translation of the proteins required for germination (Delseny et al., 1977; 

Harada et al., 1988; Whitmore, 1991; Masumori et al., 1992; Taylor et al., 1993). 

Imbibition of mature dormant angiosperm and gymnosperm seeds leads to the appearance 

of new and temporally distinct sets of mRNAs and gene products that are absent in mature 

seeds (Comai and Harada, 1990; reviewed by Lane, 1991; Taylor and Davies, 1995). 

Several of these gene products are involved in the transformation of storage compounds 

into energy and anabolic substrates for germination (Bewley and Marcus, 1990). 

Examples include enzymes of the glyoxylate cycle that have been identified from both 

angiosperm and gymnosperm sources (Weir et al., 1980; Comai et al., 1989; Mullen and 

Gifford, 1997) and enzymes involved in storage product mobilization and nitrogen 

assimilation (reviewed in Bewley and Marcus, 1990; Koehler and Ho, 1990; Washio and 

Ishikawa, 1992). In Brassica tiapus, the expression of malate synthase and isocitrate lyase 

genes is coordinately regulated at the transcriptional level (Comai et al., 1989). Defined 

mRNAs associated with axis growth e.g. proline and hydroxyproline rich cell-wall 

proteins, phytochrome etc. have also been identified (reviewed by Bewley and Marcus, 

1990). However, the growth regulatory genes involved in germination have not been 

identified.

Seed germination is a complex process in conifers. Not only do seeds of many conifer 

species require long periods of chilling but also the germination rate and seed vigor are 

often low (Edwards, 1986). Compared with angiosperms, little is known about the 

regulation of gene activity during germination and early seedling development of conifer
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seeds. In conifers, the haploid megagametophyte (MG) is the main tissue containing 

storage reserves mainly in the form of lipids (Ching, 1963; Owens et al., 1993) and 

proteins (Green etal., 1991; Misra and Green, 1991). The biochemical changes that occur 

in the MG and embryos of germinating conifer seeds have been investigated at a number of 

levels. Changes in the amounts of lipids, starch, proteins, and nucleic acids have been 

reported, and the characteristics of the enzymes responsible for starch and storage protein 

degradation, and lipid conversion have also been examined (reviewed by Misra, 1994 and 

references therein). To elucidate the regulatory mechanisms involved in the expression of 

genes during the germination o f conifer seeds and early seedling development, the 

following study was initiated on the cloning and characterization of developmentally 

regulated genes. This section describes the cloning and analysis of a set of cDNAs isolated 

from a Douglas-fir germination-specific library. Northern blot analysis indicated that these 

mRNAs are differentially expressed during germination and early seedling development 

and are present in lower amounts in mature seeds and 10-week-old needles.
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M aterials and M ethods

Plant material and growth conditions 

Douglas-fir (Pseudotsuga meiiziesii [Mirb] Franco) seeds were imbibed overnight with

sterile distilled water at 2-4 °C. The seeds were then blotted dry, placed into a plastic bag 

and stored at 2-4 °C for 3 weeks for stratification, a  treatment that improves germination of

several conifer species (Edwards, 1980) including Douglas-fir (Allen, 1941; El-Kassabyet 

al., 1992). Stratified seeds were germinated in trays in a controlled environmental

incubator providing a day/night temperature of 30/20 °C and an 8-hr. photoperiod. Cool

White High Output fluorescent bulbs (F72T12/CW/1500) from Canadian General Electric 

Company Limited and 60 watt Country/Royale incandescent bulbs from Philips were used

to provide a light quantity of about 300 mmol m"  ̂ s ' \  Whole mature seeds, stratified

seeds, germinating seeds at 2, 4, 6, 8 and 14 days after exposure to the germination 

conditions, and 10-week-old needles were collected, immediately frozen in liquid nitrogen

and stored at -80 °C.

Construction and differential screening of a Douglas-fir cDNA library 

Total RNA isolated according to Verwoerdet al. (1989), with modifications described 

previously (Leal and Misra, 1993a), was pooled from 4-6-day-old Douglas-fir seedlings 

for poly(A)^ mRNA isolation. Five pig poly(A)"^ mRNA isolated with oligo (dT) cellulose 

spun columns (Pharmacia, Uppsala, Sweden) were used to synthesize the double stranded 

cDNA library (Pharmacia, Uppsala, Sweden). A total of 1.2 ^g of double stranded cDNA 

was recovered, a portion of which was then ligated into the X ZAP II arms (Stratagene, La 

Jolla, California, U.S.A.) and packaged in vitro into phage particles using the Gigapack 

system (Stratagene, La Jolla, California, U.S.A.).
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To differentially screen the library, mRNAs from mature seeds and 6-day-old seedlings 

were used to synthesize single stranded cDNAs that were labeled with [a-^^P]dCTP

according to Sambrook et al. (1989). A total of IxIO"  ̂ phage clones were transferred to

nitrocellulose filters. Only the positive cDNA clones that hybridized exclusively with the

single stranded [a-^^P]dCTP labeled cDNAs synthesized from mRNA isolated from

6-day-old seedlings were picked and excised from X. ZAP II as a recombinant pBluescript 

SK(-) plasmid (Stratagene, La Jolla, California, U.S.A.).

Northern blotting and hybridization 

Total RNA was isolated from 1 g of whole seed or seedlings as described by Grimes et 

al. (1993). The RNA concentration was determined spectrophotometrically (A^g^). The

RNA was electrophoretically separated on agarose gels (20 jAg total RNA per lane) 

containing formaldehyde (Sambrook et al., 1989), stained with ethidium bromide to assure 

equal loading, and transferred to a Zeta-Probe GT membrane (BIO-RAD, Mississauga, 

Ontario, Canada). Membranes were prehybridized for 5 minutes in prehybridization

solution (7% SOS, 0.25 M Na^HPO^, pH 7.2) at 65 °C. ThecDNA inserts were labeled

by random priming with [a-^“P]dCTP and hybridized overnight in prehybridization 

solution at 65 °C. After hybridization, membranes were washed twice for 30 minutes in 

rinse solution #1 (40 mM Na^HPO^, 5% SDS, pH 7.2), twice for 30 minutes in rinse

solution #2 (40 mM Na^HPO^, 1% SDS, pH 7.2), exposed to autoradiography film at -80 

°C and developed.
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DNA sequence analysis 

The cDNA insert sequences were determined by the Taq Dye Primer Cycle Sequencing 

and the Taq DyeDeoxy Terminator Cycle Sequencing Kits using the Applied Biosystems 

Model 373A DNA Sequencing System (Applied Biosystems, Inc., Foster City, California, 

U.S.A.), and by the dideoxynucleotide chain termination method using Sequenase version 

2.0 (United States Biochemical, Cleveland, Ohio, U.S.A.). Primers used for sequencing 

were synthesized using the Applied Biosystems PCR-Mate DNA Synthesizer as described 

by the manufacturer (Applied Biosystems, Inc., Foster City, California, U.S.A.). DNA 

similarity'searches were performed using the BLAST network service at NCBI (Altschul et 

al., 1990; Gish and States, 1993). The accession numbers for the sequence data deposited 

at the EMBL Nucleotide Database are as follows: PM3, cpn60B, 2/49766; PM3-3, CysP, 

Z49765; PM4-5, LMW HSP, Z49763; PM5-7, BiP, Z49764; PM6-3, typell CAB, 

Z49749; PM14, CPR, Z49767).
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R esults

Isolation of germination associated cDNAs 

To identify Douglas-fir genes that Eire developmentally regulated during germination and 

post-germination (Figure 2.1), a Douglas-fir cDNA library was constructed and 

differentially screened using cDNA probes synthesized with mRNA from mature seeds and 

6-day-old seedlings. After a primary and secondary screening, 10 putative positive clones 

(PM5, 3-2, 3-3, 4, 4-5, 5-1, 6-3, 6-7, 9, 10)  were found to hybridize preferentially with

the [a-^^P]dCTP labeled cDNA probes derived from 6-day-old seedlings and to a lesser 

degree with mature seed cDNA probes. Of these clones, nine had unique inserts based on 

their apparent molecular weight in agarose gels and by grouping together the clones that 

hybridized with each other during Southern blot analysis. Of these nine clones, six 

hybridized with transcripts that were present six days after germination (Table 2 .1, Figures 

2.2 and 2.3, clones PM3, 3-3, 4-5, 5-1, 6-3, and 6-7 ). The clones PM4, 9 and 10 did not 

hybridize to transcripts during the germination or early seedling development in two 

separate northern blot analyses. They also had no sequence identity when compared to 

sequences in the data bases and no further work was done with these clones. Clone PM14 

was picked as a  representative of a transcript present at similar amounts in both mature 

seeds and 6-day-old seedlings and was used for a comparison with the differentially 

regulated clones in gene expression studies.

Northern blot hybridization analysis during germination and early seedling development 

To determine the expression pattern of the genes corresponding to the individual clones, 

total RNA was isolated from mature seeds, stratified seeds, 2-, 4-, 6-, 8-, and 14-day-old 

seedlings (Figure 2.1), and 10-week-old needles. Northern blot analysis demonstrated the
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2-4 days 6 Days 8 Days 14 Days

Figure 2 .1  Time course o f Douglas-fir seed germination and early seedling 
development. The germination phase of Douglas-fir occurs after an initial stratification 

treatment (3 weeks at 2-4 °C), lasts 2-4 days, and ends upon emergence of the radicle. 
During the following 5-14 days (the post-germination phase), the radicle increases in 
length, the hypocotyl emerges and grows, and the seed coat drops off.
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Table 2.1. Douglas-fir cDNA cIones-summar>'. The nucleotide (nt) and amino acid (aa) 
identities were determined from the alignments obtained from the BLAST network service 
at NCBI (Altschul et al., 1990; Gish and States, 1993). The insert sizes were estimated in 
agarose gels stained with ethidium bromide and the transcript sizes were estimated from 
northern blot analyses compared to molecular mass markers.

cDNA
Clone

Insert 
Size (kb)

Transcript 
Size (kb)

Similarity % nt 
Identity

% aa 
Identity

References

PM3 1.3 2.6 cpn60B 79 94 Zabeletaetal.
1992

PM3-3 2.0 2.1 CysP 63 61 Koizumi et al. 
1993

PM4-5 0.7 0.9 LMW HSP 54 72 Tseng etal. 
1992

PM5-1 2.6 2.9 BiP 78 87 Denecke et al. 
1991

PM6-3 0.9 1.2 typell CAB 92 97 Kojima etal. 
1992

PM6-7 1.6 1.4 ? ? 7 ?

PM14 1.1 3.0 CPR 76 78 Shet etal. 
1993
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MS SS 2

B

Figure 2 .2  Northern blot analysis of transcript levels detected by cDNAs during 
Douglas-fir germination and post-germination. Twenty pig total RNA were loaded per lane 
extracted from whole mature seeds (MS), stratified seeds (SS), seedlings at 2, 4, 6, 8, and 
14 days after the beginning of germination, and needles from 10-week-old seedlings (N). 
(A) Hybridization pattern of the six developmentally regulated cDNAs (PM3, PM3-3, 
PM4-5, PM5-1, PM6-3, PM6-7) isolated by differential screening and one constitutively 
expressed clone PM14 isolated as described in the Materials and Methods section. 
Hybridization pattern detected with (B) a cDNA for pseudotsugin (a legumin-Iike clone) 
and (C) a Douglas-fir genomic clone for the IBS ribosomal RNA during the same time 
course.
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Q
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PM3-3

PM4-5
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Figure 2 .3 .  Densitometric measurements of the northern blot analysis from Figure 2.2. 
Mature seeds (MS); stratified seeds (SS); 10-week-old needles (N). Transcript signals 
from each hybridization were quantified using a Personal Densitometer (Molecular 
Dynamics). Variations in the total RNA loaded in each lane were corrected by dividing the 
lowest rRNA densitometric value by each rRNA value to obtain a ratio. The hybridization 
signal value for each clone was then multiplied by its respective rRNA ratio. The results 
are presented graphically using the arbitrary units of integrated optical density (lOD) (lower 
panel). Panels A, B and C are the same as in Figure 2.2.
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cDNA probes PM3, 3-3, 4-5, 5-1, 6-3 and 6-7, hybridized with distinct transcripts that 

increased in abundance by 2 days and were relatively low in abundance in mature seeds 

(Figures 2.2 and 2.3).

The temporal pattern of increased expression of germination-associated clones was 

strikingly different to the pattern of decreasing transcript amounts detected by a cDNA that 

encodes pseudotsugin, a major storage protein in Douglas-fir (Figures 2.2 and 2.3; Leal 

and Misra, 1993b). The increase in transcript abundance of germination-associated clones 

was also in contrast to the relative steady-state amount of transcripts detected by clone 

PM14 and with a probe made from a PCR-amplified I8S rONA genomic clone of 

Douglas-fir.

In whole mature seeds, PM3 and 3-3 had the highest transcript amounts, whereas 

PM4-5, 5-1, 6-3 and 6-7 had the lowest transcript amounts relative to their respective peaks 

during the time course. The largest increases in transcript level were with clones PM4-5, 

5-1 and 6-7. Clones PM5-1, 6-3 and 6-7 transcripts increased slightly by the end of the 

stratification period. All the clones detected an increase in transcript quantities by 2 days 

after the beginning o f germination, immediately before the emergence o f the radicle 

(Figures 2.1, 2.2 and 2.3). All six clones isolated by differential screening therefore 

correspond to genes that exhibit increased expression during germination. The timing of 

the peak transcript amounts detected by the clones varied. PM3-3 and 6-7 transcripts were 

highest at 2 to 4  days, PM5-1 at 4  days, and PM3, 4-5, and 6-3 at 6 to 8 days after the 

beginning of germination (Figures 2.2 and 2.3). The clones PM3-3, 5-1, 6-7, and 14 

showed a decrease in the amount of transcript in 14-day-old seedlings and in 10-week-old 

needles. With the exception of PM6-3, transcript quantities of all the clones were reduced 

in 10-week-old needles relative to their peaks during germination.
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Identification of germination clones through DNA sequence and similarity search analysis

The six germination associated clones and PM14 were subjected to DNA sequence and 

similarity search analysis to determine their possible identities. DNA Primers were 

synthesized and used to confirm the nucleotide sequences of the cDNA clones in both 

directions (Table 2.2). Based on partial nucleotide sequence data (NCBI blastn) and 

predicted amino acid sequences (NCBI blastx), all clones except PM6-7 were found to 

share identities with known plant genes (Table 2.1, Figures 2.4, 2.5, 2.6 and 2.7).

Clone PM6-3 contained the complete coding region for a mature type 11 chlorophyll a/b 

binding protein (CAB) of photosystem 11, along with a partial sequence that encodes the 

transit peptide needed for proper intracellular sorting to the chloroplast (Figure 2.4). The 

presumed CAB coding region and partial target sequence had the highest degree of 

similarity on both the nucleotide and the deduced amino acid sequence levels to the cab-6 

gene from Piniis thimbergii (Kojima et al., 1992) (Table 2 .1 and Figure 2.4). The apparent 

mature CAB polypeptide encoded by the 687 bp region of the PM6-3 sequence had 229 

amino acid residues (approximate molecular weight of 25 kDa), which was the same 

number of residues for the type 11 CAB of P. tiumbergii (Kojima et al., 1992). These 

results indicate that type 11 CAB coding sequences are conserved between the two genera 

Pinus and Pseudotsuga, and probably among gymnosperms. The predicted mature CAB 

sequence of PM6-3 also showed high similarity to the CAB type 11 sequences from the 

dicots Lycopersicon esculentiim (94.7%, Pichersky et al. 1987), Gossypium hirsiitum 

(93.4%, Sagliocco etal. 1992), andPisum sativum (93.0%, Falconet etal. 1991), and the 

monocot Oryza sativa (94.7%, Matsuoka 1990) indicating that CAB type 11 sequences are 

highly conserved among higher plants.

A 255 bp partial nucleotide sequence from clone PM3 shared similarity with an internal 

sequence of the Arabidopsis thaliana 60-kDa chaperonin beta (cpn606) cDNA (Zabeleta et 

al., 1992) (Table 2.1, Figure 2.5). The predicted amino acid sequence from PM3 showed
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Table 2.2. Primers synthesized For sequencing of cDNA clones.

Name Nucleotide Sequence (5 ’-3 ’)
Clone

Similarity

3Ai TGGAGAGCGGAAAAGCCAATACT cpn60B

3Ai[-0v AAGTATTGGCTTTTCCGCTCTCCA cpn60B
3Bi CATCAATTATCAATAGCGGCTCCAA cpn60B
3-3 A1 GTGGCTGGCTCAGCATAAGAAAGC CysP
3-3Bi CTTTCCATGCATTGATTTAATTTCCTTC CysP
4-5Ai ACAGTCAGCACCCCGTTTTCCAT LMW HSP
4-5Bi GCTTCGGCCGTAGCTAATACTCAGAT LMW HSP
4-5A^[.gy ATGGAAAACGGGGTGCTGACTGT LMW HSP

'^ ^ I r e v CTTTCCAGTCGATCTGAGTATTAGC LMW HSP
5-lAi GAATCTCTTGTCCGTGGCCAATTTC BiP
5-IB I TGATGCACAAAGACAGGCCACCA BiP

TGGTGGCCTGTCTTTGTGCATCA BiP
6-3Ai CAGCAGATGGGCGATGTTGGGA typell CAB
6-3Ajj.gy TCCCAACATCGCCCATCTGCTG typell CAB
6-3Bi CCTGGGTACAATGGGTCCAAC typell CAB

*5-3 rev GGTTGGACCCATTGTACCCAG typell CAB

6-7A1 AGGTGAAAATAGAATTGGAGGAAGG ?

6-7Bj TGGATCTTATGATGTTCCACCTG 7

6 -7 A2 TTGTCCATTTCACAGAATAAATACAT ?

6-7 B2 GCTTAGAGTGTTGGCTTGACTG 7

9A, GTTCTATCAGCGCTACATTGATTCT 7

lOBi CTGGTAGGTCCATCCAATTCTACAC 7

I4A i GCATGATATTTAACTTTGCTGGTACT CPR
14Bi CTGGAGAGAAGCTTGGGCCAGC CPR

14Birev GCTGGCCCAAGCTTCTCTCCAG CPR

TGACATGTATTCTATTGGATGCATA CPR
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PM6-3 (CAB)
1 CGCAGGCTCGAATCACCATGCGAAGAACGGTCAGAAGCGCCCCTGAGRGCATTTGGTAT 59 

Q A R I  T M R R T V R S A P E S  I W Y

60  GGACCTGATCGCCCGAAGTACCTGGGCCCCTTTTCGGAACAGACGCCG'TCGTATCTCACC 119  
G P D R P K Y L G P F S E Q T P S Y L T

1 2 0  GGAGAATTTCCCGGGGATTACGGGTGGGACACCGCCGGACTCTCGGCCGACCCAGAGACC 179 
G E F P G D Y G W D T A G L S A D P E T

1 8 0  TTCGCCAAAAATAGAGAGCTGGAGGTGATCCACAGCAGATGGGCGATGrTGGGAGCGCTC 2 3 9  
F A K N R E L E V I H S R W A M L G A L

2 4 0  GGCTGTGTTTTCCCGGAGCTGTTGGCCAAAAACGGGGTCAAATTTGGAGAAGCCGTGTGG 299  
G C V F P E L I . A K N G V K F G E A V W  

+
3 0 0  TTTAAGGCCGGGGCGCAGATATTCTCGGAGGGAGGCCTCGACTACCTGGGAAACCCCAAC 359 

F K A G A Q I F S E G G L D Y L G N P N

3 6 0  CTGATCCACGCGCAGAGCATTCTAGCCATCTGGGCCTTCCAAGTTGTGCTCATGGGATTG 419 
L I H A Q S  I L A I W A F Q V V L M  G L

4 2 0  ATTGAAGGATACAGAGTGGGAGGAGGACCCCTTGGGGAGGGGTTGGACCCATTGTACCCA 479  
l E G Y R V G G G P L G E G L D P L Y P

4 8 0  GGGGGTGCCTTCGACCCACTAGGGTTGGCCGACGACCCAGAGGCCTTCGCGGAGCTGAAG 539  
G G A F D  P L G L A D D P E A F A E  L K

5 4 0  GTGAAGGAGCTAAAGAACGGGCGGCTGGCGATGTTCTCCATGTTCGGCTTCTTCGTGCAG 599  
V K E L K N G R L A M F S M F G F F V Q  

+
6 0 0  GCAATCGTGACCGGCAAGGGCCCCATCGAAAACCTATTCGACCACTTGGCAGACCCCACT 659  

A I V T G K G P I E N L F D H L A D P T
+

6 6 0  GCCAACAATGCCTGGGCCTATGCCACCAATTTCGTTCCCGGCAAGTGAaq'bqac-taaaaa 7 1 9  
A N N A W A Y A T N F V P G K *

7 2 0  t a ^ g a g g a a g g c t g t a a t c t g t t a t c t g t g c a t t a t t a a t t t g a a a a t g g c c  772

Figure 2 .4 .  Partial nucleotide and predicted amino acid sequences of clone PM6-3. The 
predicted amino acid sequence is compared to the CAB type II from Pinus thimbergii 
(Kojima et ai., 1992). Arrow indicates the probable processing site of the precursor CAB 
polypeptide; overlined region indicates the partial putative transit sequence; stop codon (*); 
putative polyadenylation signal is underlined. Single letter codes in bold with a plus sign 
represent conserved amino acid replacements and bold with a minus sign represent 
unconserved replacements.
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PM3 (cpnôOB)
1 AAAAGTGCAGAAAATAATCTGTATGTTGTAGAAGGAATGCAATTTGATCGTGGATATATT 6 0  

K S A E N N L Y V V E G M Q F D R G Y I

61  TCTCCATACTTTGTGACAGACAGTGAGAAGATGTCTGTCGAGTATGAGAACTGCAAGCTG 1 2 0  
S P Y F V T D S E K M S V E Y E N C K L

+  +
1 2 1  TTATTGGTTGATAAGAAGATCACAAATGCAAGAGACATGATCACAGTATTGG2\AGATGCC 1 8 0  

L L V D K K I T N A R D M I T V L E D A
+  +  -

181  ATCCGTGGTGGTTATCCCATTTTGATTATTGCGGAGGACATTGAACAAGAAGCCTTAGCT 2 4 0  
I R G G Y P I L I I A E D I E Q E A L A

2 4 1  ACTCTTGTTGTGAAC 2 5 5
T L V V N

Figure 2 .5 .  Partial nucleotide and predicted amino acid sequences of clone PM3. A 255 
bp partial nucleotide sequence of clone PM3 and its predicted amino acid sequence shares 
identity with a hom  Arabidopsis tlialima (Zabeletaetal., 1992). Single letter
codes in bold with a plus sign represent conservative amino acid residue replacements and 
bold with a minus sign represent unconserved replacements relative to the cpnôOB 
sequence from A. fWrd/za (Zabeletaet al., 1992).
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a high percent identity to the sequence from the A. thaliana cpn60B (Figure 2.5) and 

supports the earlier conclusion that cpnôOB genes are highly conserved among plants 

(Zabeleta et al., 1992). In addition, during the sequence similarity search analysis, PM3 

showed lower similarity to the cpn60a subunit (data not shown), which is consistent with 

the divergence found between cpnôOa and cpnôOB in both Brassica napus and A. thaliana. 

(Martel etal., 1990).

A partial 153 bp nucleotide sequence and predicted amino acid sequence from PM3-3 

showed the highest identity to a  cysteine protease (CysP) that is induced by drought from

A. thaliana(PI32\', Koizumi et al., 1993) (Table 2.1, Figure 2.6). When the partial 

predicted amino acid sequence of PM3-3 is compared to RD21, thirteen of the twenty 

amino acid replacements observed are conserved. The partial sequence also included 

several conserved catalytic residues found in CysP (Figure 2.6).

The partial predicted amino acid sequence of clone PM4-5 was found to share identity to 

the carboxyl-terminal portion of a class I low molecular weight heat shock protein (LMW 

HSP) from Oryza sativa seedlings (Tseng etal., 1992) on both the nucleotide (138 bp) and 

amino acid levels (Table 2.1, Figure 2.6). The predicted amino acid sequence included the 

conserved Pro and Gly-Val-Leu sequence common to the LMW HSPs of plants and other 

eukaryotes (Lindquist and Craig, 1988).

The 255 bp nucleotide sequence of PM5-1 aligned with an internal coding region of the 

BiP cDNA (BLP4) characterized from tobacco (Deneck et al., 1991) and is highly 

conserved on the amino acid level (Table 2.1, Figure 2.7).

Clone PM14 shared the highest identity with a NADPH-cytochrome P450 reductase 

(CPR) (EC 1.6.2.4) from Vigna radiata (Shet etal., 1993) on both the nucleotide and the 

predicted amino acid level (Table 2.1, Figure 2.7). The predicted amino acid sequence 

from a 267 bp open reading frame shared identity with an internal sequence of the CPR 

containing a conserved region proposed as one of the NADPH binding sites. The
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identification of clone PM6-7 has not been determined.
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A PM3-3 (CysP)
1 GTGGGa.TATGGCTCAGAGTCTGGTATAGACTACTGGCTCGTGAAGi\ATTCTTGGGGAAAT 6 0

V G Y G S E S G I  D Y w L V K N S W G H
+ + - + + # # +

61 AGCTGGGGAGAGAAGGGTTTCATCAAGCTGCAGAGGAACCTTGAAGGGGCTTCGACGGGT 1 2 0
S W G E R G F I K L Q R N L E G A S T G

- + + +  + - + X - - +
1 21  ATGTGCGGT ATAGCAATGGAGGCATCGT ACCCT 1 5 3

H C G I A K E A S Y P

B PM4-5 (LMW HSP)
1 CTTCGGCGCTTCCGGCTGCCGGACAATGCGAAGGTTGAAGAGATCAAAGCGGCCATGGAA 6 0  

L R R F R L P D N A K V E E I K A A M E
+  — — +  +

61 AACGGGGTGCTGACTGTGACAGTGCCGAAGCAGCCTGAACCGCAACCTCCTCAACCCAAA 1 2 0  
N G V L T V T V P K Q P E P Q P P Q P K

+  X +  -  -
121  TCCATCGAGATCTCTGGT 1 3 8

S I  E X S G
+  +

Figure 2.6. Partial nucleotide and predicted amino acid sequences of clones PM3-3 and 
PM4-5. (A) The predicted amino acid sequence from a 153 bp nucleotide sequence of 
PM3-3 shares identity to a CysP from Arabidopsis Ifialiana (RD21; Koizumi etal., 1993). 
Overlined amino acids represent conserved catalytic site; (^), catalytic center; (#), catalytic 
amino acids. (B) A partial nucleotide sequence o f PM4-5 and predicted amino acid 
sequence which shares identity with a class I LMW HSP from Oryza sativa (Tseng et al., 
1992). Conserved eukaryotic LMW HSP residues are overlined. Single letter codes in 
bold with a plus sign represent conserved amino acid replacements; bold with a minus sign 
represent unconserved replacements; (X), inserted amino acid.
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A PM5-1 (BiP)
1 TTTGATGTGAAACGGTTGATTGGAAGAAAGTATGAGGACAAGGAGGTGCAAAAAGACATC 6 0 

F D V K R L I G R K T E D K E V Q K D  I
+  +  +  +

6 1  AAACTTTTGCCCTACAAAATTGTAAACAAAGATGGGAAGCCTTACATTCAGGTGAAGATC 1 2 0  
K L L P Y K I V N K D G K P Y I Q V K I  

+
1 2 1  AGGGATGGTGAAATCAAAGTTTTTAGTCCCGAGGAAATTAGTGCAATGATTTTGTTGAAA 1 8 0  

R D G E  I K V F S P E E I S A M I L L K  
+  — +  —

1 8 1  ATGAAGGAAACAGCTGAGTCCTACCTTGGAAGGAAAATCAAGGATGCAGTTGTTACAGTT 2 4 0  
M K E  T A E S Y I i G R K I K D A V V T V

+  +
2 4 1  CCAGCATATTTCAAT 2 5 5

P  A Y F  N

B PM14 (CPR)
1 CCCAGGTATGCATCCAATAGAATACATGTCACATGTGCTCTGGTTTATGGGCCCAGTCCA 6 0  

P R Y A S N R I H V T C A L V Y G P S P  
+  -  +  +

6 1  ACTGGCAGAATTCACAAAGGTGTTTGTTCCAATTGGATGAAGAATTCAGTGCCTTCCGAG 1 2 0  
T G R I H K G V C S N W M K N S V P S E

— +  +

1 2 1  AAAAGCCATGATTGTAGCTGGGCACCAGTCTTTGTTAGACAGTCAAATTTCAAATTGCCA 1 8 0  
K S H D C S W A P V F V R Q S N F K L P  

— — +  +  —.

1 8 1  TCGGATCCTTCAGTTCCTATTGTTATGGTGGGCCCTGGAACTGGTTTAGCACCTTTTAGA 2 4 0  
S D P S V P I V M V G P G T G L A P F R  
—  —  " t"  "t*

2 4 1  GGCTTTTTGCAGQAAAQAGCTGCAATT 2 6 7
G F L Q E R A A I

Figure 2 .7 .  Partial nucleotide and predicted amino acid sequences of clones PM5-1 and 
PM14. (A) The 5' end of clone PM5-1 and its corresponding predicted amino acid
sequence shares identity to the BiP (BLP4 )from tobacco (Deneck et al., 1991). (B) 
Partial sequence from PM14 shares identity with a NADPH-cytochrome P450 reductase 
from Vigna radiataiSh&i et al., 1993). Conserved putative NADPH binding site overlined. 
Single letter codes in bold with a plus sign represent conserved amino acid replacements; 
bold with a minus sign represent unconserved replacements; (X), inserted amino acid.
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D iscussion

cDNAs for molecular chaperones (e.g. cpnôOB and BiP), a  LMW HSP, a CysP, and a 

type II CAD were isolated from a Douglas-fir germination cDNA library. The expression 

of this set of cDNAs is developmentally regulated during germination. A cDNA for a 

CPR, an essential component of the P450 monooxygenase system, was also isolated that 

appears to be constitutively expressed in mature conifer seeds and seedlings.

A major metabolic event during seed germination is the production of enzymes 

responsible for the mobilization and utilization of storage reserves. The proteinases and 

peptidases that are responsible for the storage protein breakdown have been characterized at 

a biochemical level in several Pinus sp. (Salmia, 1981a and b; Gifford and Tolley, 1989; 

Gifford et al., 1989; and reviewed by Misra, 1994). However, there are no reports 

detailing the molecular characterization and regulation of these enzymes. A cDNA clone 

(PM3-3) that shares identity with a CysP from A. tfmlima (Koizumi et al., 1993) was 

isolated. The transcripts of this proteinase (PM3-3) were detected in mature seeds and their 

amounts increased during germination, suggesting a role in the mobilization of storage 

proteins during germination and early seedling development.

Following germination, the expression of nuclear genes encoding components of the 

photosynthetic apparatus may increase to facilitate an autotrophic state. Douglas-fir cDNA 

PM6-3 encoded a key component of photosynthesis, CAB, that binds chlorophyll a and b 

in the thylakoid membrane. Although CAB expression in gymnosperms differs from that 

in angiosperms in that it is light independent (Alosi et al., 1990; Yamamoto et al., 1991; 

Kojima et al., 1992), the increase in CAB transcript levels during early seedling 

development suggests that CAB expression in gymnosperms, as in angiosperms, is under 

developmental control (Simpson et al., 1986; Karlin-Neumarm et al., 1988). Peak CAB 

transcript levels in Douglas-fir occurred during post-germination phase, which is similar to 

the CAB expression in Norway spruce (Sundâs etal., 1992).
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During germination and early seedling growth, there is a high degree of 

germination-specific protein synthesis, sorting and targeting to the various organelles of the 

cell. To fold into their native state, some newly synthesized proteins require assistance 

from other proteins referred to as molecular chaperones (Hemmingsen et al., 1988). In the 

present study, cDNAs that encode several molecular chaperones, e.g. cpnôOB subunit 

(PM3), LMW HSP (PM4-5), and BiP (PM5-1 ), a member of the HSP 70 gene family have 

been isolated. In Douglas-fir the expression of their corresponding mRNAs increased 

during germination or post-germination. Clone PM3 shares identity with the B subunit of 

cpnôO, the ribulose bisphosphate carboxylase (Rubisco) large subunit binding protein 

involved in holoenzyme formation (Barraclough and Ellis, 1980). The HSP 70 family 

members have also been characterized by their ability to bind polypeptides and their key 

role in the folding and stabilization of some proteins. BiP is a HSP 70 member that 

functions in the ER, is specifically involved in the secretory pathway and is not induced by 

heat shock. In angiosperms, BiP mRNA levels are high in tissues undergoing large 

numbers of cell divisions (Denecke et al., 1991). For example, in tobacco, BiP transcript 

levels were high in 4-day-old seedlings that were characterized by meristematic cells 

actively secreting high levels of cell-wall proteins (Denecke et al., 1991). A similar 

expression pattern was seen in the present study where BiP mRNAs in Douglas-fir were 

also highest in 4-day-old seedlings. BiP mRNA levels also increased during the 

stratification of Douglas-fir seeds. One explanation for high BiP expression is that it may 

be involved in the folding and secretion of proteins synthesized during stratification (Taylor 

etal., 1993) and at the onset of germination.

Based on partial nucleotide sequence analysis, the clone PM4-5 is related to the most 

predominant HSPs found in a range of angiosperms referred to as LMW HSPs (Mansfield 

and Key, 1987). Recent reports have implicated mammalian (Jacob et al., 1993) as well as 

plant LMW HSPs (Vierling, 1995, Colladaetal., 1997) as molecular chaperones in vitro.
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The induction o f LMW HSPs is not limited to heat shock (Vierling, 1991). In 

angiosperms, their expression is differentially regulated in developing somatic embryos 

(Gyorgyey et al., 1991) and in maturing seeds (Almoguera and Jordano, 1992). In 

Douglas-fir, the LMW HSP transcripts (PM4-5) were first detected in 2-day-old seedlings 

and their high level expression continued throughout the post-germination phase. 

Transcripts corresponding to the PM4-5 clone were not detected in developing zygotic 

embryos of Douglas-fir (Kaukinen etal., 1996).

The clone PM14 described here shares similarity with CPR, an integral membrane 

flavoprotein that is an essential component o f microsomal cytochrome P450 

monooxygenase system of eukaryotes (Lu et al., 1969). In castor bean, CPR activity in 

the ER and glyoxysomal membranes reached a maximum 2 days after germination and 

corresponded with increased activity of glyoxylate cycle enzymes (Alani etal., 1990). In 

Douglas-fir, CPR transcripts were detected in mature seeds and remained at a similar level 

throughout germination and post-germination.

In summary, this section describes the isolation of the first cDNAs that share identity 

with a cpn606, a CysP, a LMW HSP and a BiP from a conifer. In addition, a cDNA for 

CAB has also been isolated that has identity to a CAB previously identified from conifers 

and other plant species. The developmental expression of this set of cDNAs suggests their 

gene products may play critical roles during the process of germination and early seedling 

development. While the expression of all the cDNA clones were developmentally regulated 

during germination, distinct differences in the patterns of their expression suggest the 

presence of multiple regulatory mechanisms. The availability of homologous probes for 

these genes allows future experiments that will address the hormonal, environmental and 

developmental regulation of these genes in relation to their roles during germination and 

post-germination.
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C onclusions

(1) Six developmentally regulated and one constitutively expressed cDNA clones were 

isolated.

(2) The cDNA clones were identified through BLAST sequence database search and 

share similarities with acpnôOB, CysP, LMW HSP, BiP, Type II CAB, and CPR.

(3) Transcriptional and/or post-transcriptional changes occur during stratification, 

germination, and post-germination that increase the steady-state amounts of 

transcripts.

(3) The distinct expression patterns of each cDNA clone suggest multiple mechanisms of 

gene regulation function during stratification, germination and post-germination.
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CHAPTER 3

Structure and Expression of a Developmentally Regulated cDNA  
Encoding a Cysteine Proteinase (Pseudotzain) from D ouglas-fir

Abstract

The complete sequence and expression of a cDNA clone (PM3-3) encoding a cysteine 

proteinase (CysP) from Pseudotsuga menziesii [Mirb] is reported. The sequence consists 

of a 5’ untranslated region (UTR) of 153 bp followed by an open reading frame (ORF) of 

1362 bp encoding a putative mature CysP flanked by N- and C-terminal propeptides. A 

364 bp 3 ’ UTR contains multiple AU-rich elements (ARE) that may be involved in the 

destabilization of transcripts. Pseudotzain contains the same invariant amino acid residues 

that are involved in the catalytic reaction and make up the catalytic center of CysP from 

plants and animals. Northern blot analysis showed that cysP transcripts were most 

abundant in the megagametophyte (MG) after germination and not detected in the MG or 

embryo during embryogenesis. Osmotic stress treatments slightly enhanced cysP steady- 

state transcript amounts during early seedling development, whereas abscisic acid (ABA), 

gibberellin (GA) and other plant growth regulators and environmental conditions had little 

or no effect. The cysP transcripts were present in different amounts in the cotyledons, root 

and seed coat of 10-day-old seedlings, but were most abundant in the MG, suggesting a 

role for this proteinase in storage protein mobilization. Phylogenetic analysis of mature 

CysP groups pseudotzain with other angiosperm CysP having both N- and C-terminal 

propeptides, suggesting a conserved function and/or targeting o f this subgroup of 

enzymes.



59

Introduction

The main storage tissue in conifer seeds is the haploid, maternally derived MG. In 

contrast to angiosperm storage tissues that originate and develop after fertilization, the MG 

of Douglas-fir and other conifers is fully developed before fertilization (Allen and Owens, 

1972). Storage protein accumulation in the MG and the embryo starts during early and mid 

embryogenesis, respectively, and terminates during the desiccation phase o f seed 

maturation (Owens etal., 1993; Misra, 1994). During germination, proteins are mobilized 

from the MG to provide free amino acids to the embryo (Lammerand Gifford, 1989). In 

angiosperms, CysP (EC 3.4.22) are thought to catalyze the initial stages of storage protein 

mobilization during seed germination (reviewed by Shutov and Vaintraub, 1987). CysP 

activity is also associated with protein mobilization during conifer seed germination 

(Salmia, 1981 a and b), but little is known about proteinase expression during conifer 

embryogenesis or germination. Both mono- and dicotyledonous plants express multiple 

cysP genes that are differentially regulated during germination; however, the mechanisms 

controlling their distinct expression are not fully understood (Dietrich et al., 1989; Kalinski 

etal., 1990; Koehler and Ho, 1990; Watanabe etal., 1991; Kalinski etal., 1992; Becker et 

al., 1994). In germinating rice seeds (Watanabe et al., 1991) and in barley aleurone, cysP 

gene expression is induced by gibberellin (GA) but inhibited by abscisic acid (ABA, 

Rogers et al., 1985; Koehler and Ho, 1990), whereas chick pea cysP  is induced by 

ethylene (Cervantes et al., 1994). CysP gene expression is not restricted to induction by 

hormones. In Arabidopsis seedlings and in pea shoots, cysP is induced by osmotic stress 

independently of ABA (Guerroro et al., 1990; Koizumi etal., 1993; Williams et al., 1994), 

in response to cold in tomato fruit and Arabidopsis plants (Schaffer and Fischer, 1988; 

Williams et al., 1994), and during senescence in pea ovary tissues (Granell et al., 1992).
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This section describes the complete sequence of the cDNA clone PM3-3 encoding a 

putative CysP (pseudotzain), its evolutionary relationship to angiosperm and animal CysP, 

and analysis of the factors regulating its expression during embryogenesis and germination.
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Materials and M ethods

Plant material and growth conditions 

Douglas-fir {Pseudotsuga menziesii [Mirb] Franco) seeds were stratified and germinated 

as described previously (Chapter 2, Material and Methods; Tranbarger and Misra, 1995). 

MGs and embryos were dissected from developing cones collected (from Pacific Forest 

Products Limited, Saanichton, B. C.) May31 (M), June 19 (J), July 17 (Jy), and August? 

(A). Mature seeds (seed lot # 952 from the Ministry of Forest Tree Seed Center, Surrey,

B.C.) were taken from 4 °C storage and dissected or germinated. Stratified seeds were

germinated for 4  (40) and 10 days (lOD) on Whatman 3MM paper in trays with distilled 

water in a controlled environmental incubator providing a day/night temperature of 30/20

°C and an 8-hour photoperiod. Seed coats were removed at all time points. For hormonal

and environmental effects on cysP expression, 14-day-old seedlings were treated for 48 

hours on Whatman 3MM paper in 150 x 15 mm Petri dishes (50-60 seedlings per dish) 

immersed in the following solutions: PEG, 24% polyethylene glycol; NaCl, 250 mM 

sodium chloride; dry, seedlings were desiccated by leaving them on Whatman 3MM paper 

in the absence of solution; ABA, 10 M abscisic acid; GA, 10 M gibberellic acid (GA^);

lAA, 10 M indoleacetic acid; Kinetin, 10 M kinetin; SA, 10 mM salicylic acid. Control 

plants were incubated in water. Wounding was done by pinching stratified seeds with 

forceps and allowing seeds to incubate in water for 48 hours under germination conditions 

described in the Materials and Methods section of Chapter 2. HS, heat shock treatment

was at 40 °C for 3 hours. HS control was incubated for 3 hours at 24 °C. CS, cold shock 

treatment was at 4  °C for 16 hours. CS control was incubated at 24 °C for 14 hours.
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Seedlings subjected to HS and CS treatments and controls were performed in water in the 

dark.

Northern blotting and hybridization 

Total RNA was isolated according to Verwoerd et al. (1989), with modifications 

described previously (Leal and Misra, 1993). The RNA concentration was determined 

spectrophotometrically (A^gg), electrophoretically separated on 1% agarose gels with 2.2 M

formaldehyde (Sambrook et al., 1989), and transferred to a Zeta-Probe GT membrane 

(BIO-RAD, Mississauga, Ontario, Canada). Both probes were labeled by random priming 

with [a-^^P]dCTP (BIO-RAD, Mississauga, Ontario, Canada). See the Materials and 

Methods section in Chapter 2 for the northern blot analysis procedure.

PM3-3 cysP cDNA clone isolation and DNA sequence analysis 

The PM3-3 cDNA clone was isolated by differentially screening a germination cDNA 

library from Douglas-fir as previously described (Chapter 2, Material and Methods; 

Tranbarger and Misra, 1995). The cDNA clone PM3-3 was contained in the EcoRL site of 

a  pBluescript SK(-) plasmid (Stratagene, La Jolla, California, USA). The nucleotide 

sequence was determined by the Taq Dye Primer Cycle Sequencing and the Taq DyeDeoxy 

Terminator Cycle Sequencing Kits using the Applied Biosystems Model 373A DNA 

Sequencing System (Applied Biosystems, Inc., Foster City, California, U.S.A.), and by 

the dideoxynucleotide chain termination method using Sequenase version 2.0 (United 

States Biochemical, Cleveland, Ohio, U.S.A.). Primers used for sequencing were 

synthesized using the Applied Biosystems PCR-Mate DNA Synthesizer as described by the 

manufacturer (Applied Biosystems, Inc., Foster City, California, U.S.A.). The nucleotide
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sequence reported here appeared in the GenBank database under accession number 

U41902.

Amino acid sequence alignments and phylogenetic analysis 

The phylogenetic tree was constructed using the PHY LIP package (Felsenstein, 1989) 

based on mature CysP amino acid sequences aligned using CLUSTAL V (Higgins and 

Sharp, 1989).
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R esults

Cloning and sequence analysis of a cysteine proteinase cDNA from Douglas-fir 

The nucleotide sequence of the CysP cDNA clone was analyzed and confirmed in both 

directions using synthetic DNA primers designed from PM3-3 (Table 3.1). Clone PM3-3 

contains an insert of 1882 bp with an ORF of 1362 bp encoding a predicted polypeptide 

comprised of 454 amino acids (Figure 3.1 and 3.2). A search of the databases using 

BLAST (Altshul et al., 1990; Gish and States, 1993) confirmed that PM3-3 encodes a 

polypeptide with similarity to plant and animal CysP (Figures. 3.1, 3.2 and 3.5). The 

insert is short of being a full length clone because the size of the transcript is estimated to be 

approximately 2.1 kb (Tranbarger and Misra, 1995). The nucleotide sequence includes a 

153 bp 5 ’ UTR based on the use of the first start codon in the ORF (Figures 3.1 and 3.2). 

Three possible start codons are present within the first 120 nucleotide of the ORF at 

positions 154, 196, and 274. Although the third start codon (nucleotide 274) is most 

similar to both the monocot (GCAMCCatgG) and dicot (AAAAAMatgG) consensus 

sequences (M=A/C; R=A/G; Cavener and Ray, 1991), this start position would eliminate 

the hydrophobic N-terminal signal sequence and significantly alter the alignment with other 

putative CysP (Figure 3.5). The second possible start codon (nucleotide 196) would result 

in a truncated N-terminal signal sequence and would also affect optimal amino acid 

alignment. Therefore, the start codon at nucleotide 154 is the most probable for translation 

initiation. Clone PM3-3 has a short uORF from nucleotide31 to 57 (Figure 3.1). The 364 

bp 3 ’ UTR contains several putative ARE that may have a role in determining mRNA 

stability. These include the sequence TTATTTTTT which is one of the imperfect nonamer 

motifs recently found to mediate mRNA destabilization (Zubiaga e ta l., 1995), and two 

TATTTAT sequence motifs that are involved in the destabilization of transcripts (Lagnado
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Table 3.1. Primers synthesized for sequencing the PMJ-i/cy^P cDNA clone. Primers 
were synthesized as described in the Materials and Methods section.

Name Nucleotide Sequence (5 ’-3 ’)
Position and Direction  

Within Nucleotide 
Sequence

3-3 A 1 GTGGCTGGCTCAGCATAAGAAAGC (291->314)

3-3Airev GTTGTTGTGCTGGTGAATATACAG (393<-370)

3-3A z GATTTGCCAGAGTCCATTGACT (544->565)

3-3A2rev GTGACGATTTGATTGATGCCT (671<-651)

3 -3A 3 TGACTACGAAGATGTGCCTGAG (876->897)

3 -3 B3 CAAGCTGAGTTCCGCAGTTAC (1024<-1004)

3 -3 B 2 TCATACATGCAGCAGCAGGTG (1316<-1296)

3"3^2rev ACGGGTATGTGCGGTATAGC (1156->1175)

3-3Birev CCATTTGGAACGAAGATGCTG (1456->1476)

3 -3B i CTTTCCATGCATTGATTTAATTTCCTTC (1630<-1603)

3 -3A 4 GCATTCCTGCACATATGGCT (1654->1673)
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Figure 3 .1 .  The complete nucleotide sequence of PM3-3 and its deduced amino acid 
sequence. The amino acid sequence of the coding region is shown in single letter code 
below the nucleotide sequence. The ORF is capitalized and the UTR are in lower case. The 
double underlined sequence in the 5 ’ UTR indicates the uORF. The three possible start 
codons and their surrounding consensus regions are underlined and italicized. The 
potential A'^-glycosylation sites are underlined and in bold. The putative ARE  elements in 
the 3 ’ UTR are underlined. The potential hydrophobic leader sequence is bracketed. The 
probable N- and C-terminal processing sites of the mature CysP are indicated by (^). (O), 
amino acid that constitutes the catalytic center; (@), amino acid involved in the catalytic 
reaction; (=), cysteine residues which form disulfide bridges (all symbols are under the 
corresponding amino acid).
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Figure 3 .1 .
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[ M G I L L L F A V  9

CTTGCATTG TCTOCGATgGCiUKXaGTGCTTCAAGAGCAGATTTCTCCATCATCAGCTAC 2 4 0  
L A L S A M A G S A S J R A D F S I I S Y  29

GAIAGCCAAGATCTGAIAGGAGATGACgCGATCATGGAGCTCTATGAACTGTGGCTGGCT 3 0 0  
D S Q D L I G D D A I M E L T E L W L A  49

CAGCATAAGAAAGCCTACAATGGTCTTGACGAGAAGCAGAAGAAGTTCTCTGTAITTAAA 3 6 0  
Q H K K A Y N G L D E K Q K K F S V F K  69

GACAATTTTCTGTATATTCACCAGCACAACAACCAGGGGAATCCATCCTACAAATTGGGG 4 2 0  
D N F L Y I H Q H N N Q G N P S T K L G  89

CTGAACCAGTTTGCAGATCTGAGCCATGAGGAGTTCAAGGCTGCAZATCTGGGTACCAAG 4 8 0  
L N Q F A D L S H E B F K A A Y L G T K  1 0 9
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G G Y C Y A W G C C P L N S A T C C D D  4 0 9

CACTACAGCTGCTGCCCTAGCGATCATCCTGTTTGCGATCTCGATGCACAGACATGCCTC 1 4 4 0  
H Y S C C P S D H P V C D L D A Q T C L  4 2 9
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Figure 3 .2 . Features of the PM3-3/cysP cDNA clone and predicted amino acid 
sequence. The conserved catalytic amino acids within the mature CysP are indicated in 
single letter code. The relative positions of the putative A^-glycosylation sites on the mature 
CysP are indicated by {N). The predicted molecular masses are in kilodaltons (kDa) and 
the nucleotide sequence lengths are in base pairs (bp).
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et al., 1994). In addition, the 3 ’ UTR contains three A i l  1A motifs that have been 

correlated with sequence destabilization in mammals and plants (Shaw and Kamen, 1986; 

Ohme-Takagi etal., 1993; Abler and Green, 1996). The deduced amino acid sequence of

PM3-3 contains three potential A^-glycosylation sites (Asn^^, Asn^^^ and Asn^^^), the latter

two are in comparable positions to those in aleurain (Rogers et al., 1985).

The cysteine proteinase amino acid sequence: alignment and phylogenetic analysis 

Based on optimal amino acid alignment with other angiosperm CysP (e.g. papain and 

actinidin, Kamphuis et al., 1985; aleurain, Rogers et al., 1985; oryzain A, B and C, 

Watanabe et al., 1991) the name pseudotzain (derived from Pseudotsuga menziesii) for the 

CysP from Douglas-fir is proposed. CysP are commonly targeted to the secretory system 

and encoded as zymogens of various configurations (Figure 3.3). Pseudotzain contains N- 

and C-terminal propeptides in addition to features common to other CysP described below 

(Figures 3.1, 3.2, 3.3, 3.4, and 3.5). The N- and C-terminal ends of the mature form of

pseudotzain are predicted to be Leu^^^ and Ala^^^, respectively (Figure 3.1). In addition,

the sequence shows in proper positions, the conserved amino acid residues constituting the

catalytic triad (Cys^^^, His^^^, Asn^^^), three conserved pairs o f  cysteine residues

involved in disulfide bridge formation (Cys^^^-Cys^^^, Cys^^^-Cys^^*, Cys^^^-Cys^^^),

and other amino acid residues (Gln^ '̂^, Ser^^^, Trp^^'^) that are involved in the catalytic 

activity of CysP (Kamphuis et al., 1985; Baker and Drenth, 1987). Mature pseudotzain 

shares from 37 to 71% sequence identity with protozoan, animal and plant CysP but shares 

the highest identity and forms a phylogenetic subgroup with the angiosperm CysP that have 

both N- and C-terminal propeptides (Figures 3.3, 3.4 and 3.5). The hydrophobic vacuolar 

targeting motif (Asn-Xaa-Ile-Xaa-Xaa) found in several N-terminal propeptides including
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I

m
H  Hydrophobic Leader Sequence 

N-terminal propeptide 
C-terminal propeptide 
Mature CysP

Figure 3.3. CysP are encoded as zymogens that can include N- and C-terminal 
extension peptides. Many also have a hydrophobic leader sequences targeting it to the 
endoplasmic reticulum. The results of the phylogenetic analysis presented in Figure 3.4 
were based on the amino acid sequences of the mature portion of the CysP.
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Figure 3 .4 . Phylogenetic tree of representative mature CysP from protozoan, animals 
and plants. Numbers at branches are bootstrap values out of 100. Numbers in parenthesis 
indicate the percent identity to the Douglas-fir CysP (pseudotzain). Asterisks indicate the 
preproprotein form of the CysP has both N- and C-terminal propeptides (actinidin also has 
both, although the C-terminal propeptide is only 34 amino acids in length compared to over 
100 amino acids for the CysP indicated by an asterisk). The phylogenetic tree was 
constructed using the PHY LIP package (Felsenstein, 1989) based on mature CysP amino 
acid sequences aligned using CLUSTAL V (Higgins and Sharp, 1989). The following 
sequences were used to construct the phylogenetic tree: AT 1494 {Arabidopsis thaliana, 
GenBank accession number X74359), NTCYP7 and NTCYP8 (tobacco, Nicotiana 
tabacian, Z 13959 AND Z13964), BNCOT44 (5rayj/ca napiis, SWISS-PROT P25251), 
VSCYSPRl and VSCYSPR2 {Vida sativa L., GenBank X75749 and Z30338), LEC14 
(tomato, Lycopersicon esculentum, M21444), ATRD19 and ATRD21 {Arabidopsis 
thaUana, D 13042 and D 13043), ORYA, ORYB, and ORYC (rice, Oryza sativa, D90406, 
D90407 and D90408), PSTHIOL, (pea, Pisum sativum, X66061), Pseudotzain, (this 
report, Pseudotsuga menziesii., U41902), HVEPl and HVEP4 (barley, Hordem vidgare, 
SWISS-PROT P25249 and P25250), VMSHEP {Vigna mungo, GenBank X 15732), 
PVCYSP {Phaseolus vulgaris, X56753), AGNODCPl {Alnus glutinosa, U 13940), 
Papain, {Caricapapaya, M15203), GMP34 {Glydne max, J05560), Actinidin {Actinidia 
delidosa, X 16466), ZECYSP (Zinnia elegam, U 19267), PSCC15A {Pisum sativum, 
X54358), HSCathH {Homo sapiens, cathepsin H, X16832), Aleurain (barley, Hordem 
vulgare, X05167), TVCPl {Trichomonas vaginalis, X77218), RNCathL (rat, Rattus 
norvégiens, L 14776), HSCathO (human, U 13665).
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Figure 3 .4 .
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PMCysP
RD21
PSThiol
ORTA

PMCysP
RD21
PSThiol
ORTA

PMCysP
RD21
PSThiol
ORTA

PMCysP
RD2I
PSThiol
ORTA

MGILLLFAVLALSAMAGSASRA-DFSIISTDSQDLI------ GDDAIMEI.
MGFLKPTMAILFLAM-VAVSSAVDMSIISTDEKHGVSTTGGRSEAEVMSI 
M— LLSKLTH.F ITLTFTLSBALDMCIISTDKTHP DKSTP-RTNDQ VLTM 
MRISMALAAAALLLL-LSLAAA-DMSIVSTGE--------- RSEEEARRL

TELWLAQHKKA— TNGLDEKQKKFSVFKDNFLTIHQHNNQGN PSTKL
TEAWLVKHGKAQSQNSLVEKDRRFEIFKDNLRFVDEHNEK-N LSTRL
TEEWLVKHGK— NTNALGEKEKRFEIFKDNLGFIDEHNSK-N LSFRL
TAEWKAEHGK— STNAVGEEERRTAAFRDNLRTIDEHNAAADACyHSFRL * * * ♦ * .... *.** ** . *..*
GLNQFADLSHEEFKAATLGTKLDAKKRLSRSPS— PRTQTSVGEDLPESI
GETRFADLTNDETRSKTLGAKMEK-KGERRT-S LRTEARVGDELPESI
GLNRFADLTNEETRTRFLGTRINPNRRNRKyNSQTNRTATRVGDKLPESV 
GLNRFADLTNEETRDTTLGLRNKP-RRERKV-S— DRTLAADNEALPESV *♦ ****... .. .»* . * * . ***♦.
DWREKGAVTAVKNQGSCGSCWAFSTVAAVEGINQIVTGNLTSLSEQELVD 
DWRKKGAVAEVKDQGGCGSCWAFSTXGAVEGINQIVTGDLITLSEQELVD 
DWRKEGAWGVKDQGSCGSCWAFSAIAAVEGVNKLATGDLISLSEQELVD 
DWRTKGAVAEIKDQGGCGSCWAFSAIAAVEDINQIVTGDLISLSEQELVD ♦ ♦♦ ♦♦♦ * * . *

PMCysP
RD21
PSThiol
ORTA

CDTSTNQGCNGGEMDTAFQFIISNGGLDSEDDTPTKANNGSCDATRKNAH 
CDTSTNEGCNGGLMDTAFEFIIKNGGIDTDKDTPTKGVDGTC DQIRKNAK 
CDTSTNEGCNGGLMDTAFEFIINMVALTPEEDTPTRAIDGRCDQNRKNAK 
CDTSTNEGCNGGLMDTAFDFIINNGGIDTEDDTPTKGKDERCDVNRKNAK 
♦  * * * ♦ * . ♦ * ♦ * ♦ * » * * * * . * * »  * •  * * * *

PMCysP
RD21
PSThiol
ORTA

WTIDDTEDVPENDEKSLKKAAANQPISVAIEASGRAFQFTESGVFTSNC 
WTIDSTEDVPTTSEESLKKAVAHQPISIAIEAGGRAFQLTDSGIFDGSC 
WSIDQTEDVPATDEGALKKAVANQVIAVAVEGGGREFQLTDSGVFTGRC 
WTIDSTEDVTPNSETSLQKAVRNQPVSVAIEAGGRAFQLTSSGIFTGKC ♦ **** * _ *  **.* *

PMCysP
RD21
PSThiol
ORTA

GTQLDHGVTLVGTGSESGIDTWLVKNSWGNSWGEKGFIKLQRNLEGASTG
GTQLDHGWAVGTGTENGKDTWrVRNSWGKSWGESGTLRMARNIASS-SG
GTALDHGVAAVGTGTENGKDTWIVRNSWGGSWGEAGTIRLERNLATSKSG
GTALDHGVAAVGTGTENGKDYWIVRNSWGKSWGESGTVRMERNIKAS-SG

PMCysP
RD21
PSThiol
ORTA

MCGIAMEASTPVKKGANPPNPGPSPPSPVKPPTVCDNTTSCPESNTCCCM 
KCGIAIEPSTPIKNGENPPNPGPSPPSPIKPPTQCDSTTTCPESNTCCCL 
KCGIAIEPSTPIKNGLNPPKPAPSPPSPVKPPSVCDST-SCAEGSTCCCI 
KCGIAVEPSTPLKKGENPPNPGPTPPSPTPPPTVCDNTTTCPDSTTCCCI * * * * * * * *  ***.*.*.**** **. **.* * . ****.

PMCysP
RD21
PSThiol
ORTA

TDFGGTCTAWGCCPLNSATCCDDHTSCCPSDHPVCDLDAQTCLKSRKDPF
FETGKTCFAWGCCPLEAATCCDDNTSCCPHETPVCDLDQGTCLLSKNSPF
FDTGGSCFEWGCCPLESATCCDDHTSCCPEIETPVCDTTAGLCRKNKNNPL
TETGKTCTAWGCCPLEGATCCDDHTSCCPHEÎPICNVQQGTCLMAKDSPL

PMCysP
RD21
PSThiol
ORTA

GTKMLKRTPAKPTWSL---------SG
SVKALKR KPATPF-WSQGRKNIA
G VKSFKRT P AKP HF AIE -GKNKMG S V 
AVKALKRTLAKPNLSFLFGNGKKSSA

F ig u re  3 .5 . Alignment of plant CysP sequences that have N-terminal extension 
peptides. The species and accession numbers for the amino acid sequences aligned with 
CLUSTAL V (Higgins and Sharp, 1989) are PMCysP, (pseudotzain, this report, 
Pseudotsuga menziesii., U41902), RD21 {Arabidopsis thaUana, D 13043), PSTHIOL, 
(pea, Pisum sativum, X6606I), and ORYA (rice, Oryza sativa, D90406). An identical 
amino acid is indicated by (*) and a conserved amino acid is indicated by (.).
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aleurain (Chrispeels and Raikhel, 1992) was not present in pseudotzain or in any of the 

plant CysP having both N- and C-terminal propeptides (Figures 3.4 and 3.5). The mature 

portion o f pseudotzain also lacks the ER retention signal (His/Lys-Asp-Glu-Lue, 

HDEL7KDEL) seen at the C-terminal end of some CysP (Figure 3.4, VMSHEP, Akasofu 

etal., 1989; PVCYSP, Tanaka etal., 1991).

Northern blot analysis of cysteine proteinase mRNA steady-state amounts

To elucidate the pattern of cysP expression, steady-state transcript amounts from 

developing seedling tissues, and in response to various plant growth regulators and 

environmental conditions were analyzed by northern blot. The expression of cysP was 

compared with 18S rRNA gene expression. The cysP transcripts were not detected in 

prefertilized MG or early stages of embryogenesis (Figure 3.6, upper and lower panels, 

lanes marked by M, Jn, Jy, and A) but were detected in low quantities in MG and embryos 

of mature seeds (Figure 3.6, upper and lower panels, lanes marked by DS). The cysP 

transcripts increased slightly during stratification in both the MG and the embryo but the 

largest increase in transcript amounts occurred in the MG after germination (Figure 3.6, 

upper and lower panels, DS, SS, 4D, lOD). In seedlings, cysP  transcripts increased until 

day 4 and decreased by day 10 (Figure 3.6, 4 0  and lOD).

Analysis of seed tissues showed that in 10-day-old seedlings highest cysP transcript 

quantities were found in the MG whereas cotyledons, roots and seed coats had lower 

amounts (Figure 3.7). The increase in cysP transcript amounts in 10-day-old seedlings did 

not correlate with the ability for a seed to germinate because amounts found in 

ungerminated seeds (seeds without emerging radicles kept under germination conditions for 

ten days) were similar to those in 10-day-old seedlings with different root lengths (Figure 

3.7). Fourteen-day-old seedlings were subjected to various hormonal and environmental
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Figure 3 . 6 .  Northern blot analysis of cysP transcript levels during embryogenesis and 
early seedling development. Total RNA was isolated according to Verwoerd et al. ( 1989) 
from MG, embryos and seedlings (12 /rg total RNA per lane). The membrane was 
hybridized with the full length cysP/PM3-3 insert (upper panel), stripped and rehybridized 
with a genomic clone for a portion of the IBS rRNA (middle panel). Transcript signals 
from each hybridization were quantified using a Personal Densitometer (Molecular 
Dynamics). The variations in the total RNA loaded in each lane were corrected by dividing 
the lowest rRNA densitometric value by each rRNA value to obtain a ratio. Each 
cysP/PM3-3 hybridization signal value was then multiplied by their respective rRNA ratio. 
The results are presented graphically using the arbitrary units of integrated optical density 
(lOD) (lower panel). Northern blot analysis were repeated twice. May 31 (M), June 19 
(J), July 17 (Jy), August 7 (A), stratified seeds (SS), mature seeds (DS), 4-day-old 
seedlings (4D), 10-day-old seedlings (lOD).
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Figure 3.7 . Northern blot analysis of cysP transcript levels in 10-day-old seedling 
tissues. NR, no radicle; R, radicle visible with lengths less than (<) or greater than (>) 1.5 
cm; Stratified, stratified seeds. Panels are as described in the legend for Figure 3.6. Total 
RNA was isolated from I g (20-30 seeds or seedlings) of whole seeds or from separated 
tissues as described previously (Chapter 2, Materials and Methods; Tranbarger and Misra, 
1995). Twenty^ jxg of total RNA was loaded per lane.
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CysP
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Figure 3 . 8 .  Northern blot analysis of cysP transcript levels in response to hormonal and 
environmental treatments. Panels and germination conditions are as described in the legend 
for Figure 3.6. Total RNA was isolated from 1 g (20-30 seeds or seedlings) of whole 
seeds, whole seedlings or from separated tissues as described previously (Chapter 2, 
Materials and Methods; Tranbarger and Misra, 1995). Seedlings were treated as described 
under “Materials and Methods.” (Pe) PEG, 24% polyethylene glycol; (So) NaCl, 250 mM 

sodium chloride; (Dr) dry; (AB) 10 M abscisic acid; (GA), 10 M gibberellic acid 

(GAg); (lA), 10 M indoleacetic acid; (Ki) Kinetin, 10 M kinetin; (Sa) SA, 10 mM

salicylic acid; (C) Control plants in water; (W) wounding; (HS), heat shock; (CHS) HS 
control; (CS), cold shock; (CCS) CS control; (St) Stratified, stratified seeds. Twenty pig 
of total RNA was loaded per lane.
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treatments and northern blot analysis showed that the treatments that affected the water 

status of the seedlings had a minor but consistent effect on increasing the cysP steady-state 

transcript amounts (Figure 3.8, upper and lower panels, lanes marked by Pe, So, Dr, and 

C). In contrast, seedlings incubated in GA, ABA or other plant growth regulators showed 

a slight decrease in cysP transcript quantities (Figure 3.8, upper and lower panels, lanes 

marked by AB, GA, lA, Ki, SA, and C). Wounding, heat and cold treatment had no effect 

on cysP transcript amounts (Figure 3.8, upper and lower panels, lanes marked by HS, 

CHS, CS and CCS). The amount of cysP transcript found in seedlings after 16 days of 

growth decreased to a similar amount as that found in stratified seeds (Figure 3.8, upper 

and lower panels, lanes marked by SS and C).

Additional experiments were done to examine the effect of wounding and desiccation on 

the expression of cysP  during germination and early seedling growth (Figures 3.9 and

3.10). The seedlings showed a marked decrease in the amount of cysP transcripts as early 

as 1-hour after wounding (Figure 3.9). A decrease in the amount of 18S ribosomal RNA 

was also seen indicating that a general inhibition of transcription or degradation of RNA 

was caused by the wounding treatment. Smaller 18S rRNA fragments appear during the 

time course suggesting a specific pattern of degradation in response to wounding. 

Wounding does not increase cysP steady-state transcript amounts during germination or 

early seedling development. Desiccation and incubation of germinating seeds and seedlings 

with sodium chloride had only a minor effect on the amount of cysP transcripts (Figure

3.10). CysP transcripts increased normally during this developmental period (1-4 days; 

Figure 3.6). Therefore, an increase of cysP transcript amounts in response to desiccation 

may not be detectable above the developmental associated accumulation.
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Figure 3.9. Northern blot analysis of cysP expression in response to wounding during 
germination. W, wounded seeds (pinched with forceps) and C, unwounded control seeds 
were incubated in water in petri plates in a controlled environmental incubator providing a 

day/night temperature of 30/20 °C and an 8-hr. photoperiod for 1, 24, 49 and 73 hours. 
Panels are as described in the legend for Figure 3.6. Total RNA was isolated from 1 g 
(20-30 seeds or seedlings) of whole seeds as described previously (Chapter 2, Materials 
and Methods; Tranbarger and Misra, 1995). Twenty pig of total RNA was loaded per lane.
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Figure 3.10. Northern blot analysis of cysP expression in response to desiccation 
treatments during germination. Seeds were germinated in a controlled environmental 

incubator providing a day/night temperature of 30/20 °C and an 8-hr. photoperiod for 1, 3, 
and 4 days in petri plates with (+) and without (-) H2O, and in an aqueous solution of 250 

mM sodium chloride (Na). Panels are as described in the legend for Figure 3.6. Total 
RNA was isolated from 1 g (20-30 seeds or seedlings) of whole seeds and seedlings as 
described previously (Chapter 2, Materials and Methods; Tranbarger and Misra, 1995). 
Twenty fig of total RNA was loaded per lane.
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D iscussion

The mobilization of storage reserves from the storage tissues of the seed to the 

developing seedling is one of the most important metabolic activities that takes place during 

germination and post-germination. Before the seedling can establish photosynthetic self- 

sufficiency and produce the materials required for growth, it is dependent on the 

mobilization of stored seed reserves. This section describes the isolation of a cDNA clone 

that encodes a CysP (pseudotzain) from Douglas-fir that is expressed preferentially in the 

storage tissues o f the seed during the time of reserve mobilization. The amino acid 

sequence of pseudotzain is similar to CysP that have both N- and C-terminal extension 

peptides. This type of CysP appears to be unique to plants. The physiological significance 

of having both N- and C-terminal propeptides and their roles in intracellular targeting are 

not known. However, their common occurrence suggests a conserved mechanism of 

targeting and/or functional role for this subgroup of CysP that evolved before the 

divergence of angiosperms and gymnosperms and after the divergence of plants and 

animals.

The presence of a hydrophobic leader sequence in the N-terminal region implies targeting 

o f pseudotzain to the ER, whereas putative //-glycosylation sites similar to aleurain 

indicates the possibility of further post-translational processing (Rogers et al., 1985). 

Vacuolar targeting information of plant proteins resides in either the C- or N-terminal 

propeptide regions, or within the mature enzyme itself and not in glycans as with animals 

(Chrispeels and Raikhel, 1992). Other targeting information may also reside in the mature 

enzyme and/or the N- and C-terminal extension peptides of pseudotzain. Finally, further 

post-translational processing presumably results in the mature form of pseudotzain

predicted by the conserved amino acid residues Leu^^^ and Ala^^^.

Based on the present study, the expression of Douglas-fir cysP is affected by osmotic
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stresses but does not appear to be regulated by ABA. Osmotic stress induces cysP gene 

expression in pea dsid Arabidopsis and the effect is independent of ABA (Guerroro et al., 

1990; Koizumi et al., 1993; Williams et al., 1994). ABA-responsive genes are thought to 

have a role in the plant’s response to osmotic stress although it now appears that an ABA- 

independent gene response to osmotic stress also occurs (Skriver and Mundy, 1990; 

Guerroro etal., 1990; Bostock and Quatrano, 1992; Koizumi etal., 1993; Williams etal.,

1994). GA induces cysP expression in several angiosperm species (Watanabe et al., 1991; 

Rogers et al., 1985; Koehler and Ho, 1990) but did not increase steady-state cysP 

transcript amounts in the present study. In A. tlialiana, the expression of cysP genes 

(RD19 and 21) was not affected by GA (Koizumi et al., 1993). In pea, the expression of 

the cysP gene tpp was negatively affected by GA (Granell et al., 1992). Thus, the 

mechanisms of CysP gene regulation appear to vary from species to species and within the 

developmental contexts in which the expression occurs.

Several features in the nucleic acid sequence of cysP suggest the possibility of post- 

transcriptional regulation. The CysP cDNA clone PM3-3 contains an uORF in the 5’ UTR, 

a feature found in up to 10% of plant gene leader sequences (Fiitterer and Hohn, 1996). A 

number of recent studies point to possible functions of uORFs. For example, translation of 

the mRNA of the maize transcriptional activator OPAQUE 2 is inhibited by uORFs present 

in the leader sequence (Lohmer et al., 1993). The removal of two AUG codons of an 

u O I^  in a plasma membrane ATPase transcript increased translation in wheat germ extracts 

and protoplasts (Michelet, et al., 1994). In yeast, the presence of an uORF accelerated 

mRNA degradation (Oliveiraand McCarthy, 1995). The significance of the uORF in the 5’ 

UTR of PM3-3 remains to be determined.

Recent studies of mRNA turnover have defined specific ARE  in the 3 ’ UTR that affect 

mRNA stability and longevity (Lagnado et al., 1994; Zubiaga et al., 1995). Similar ARE 

motifs have also been shown to function as instability determinants of plant transcripts
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(Ohme-Takagi et al., 1993; Abler and Green, 1996). The PM3-3 cDNA clone has multiple 

ARE  elements in the 3 ’ end that may direct post-transcriptional regulation at the level of 

mRNA turnover. An interaction of the ARE  with yet to be identified destabilization factors 

may in part regulate expression of cysP during development and/or in response to osmotic 

stress post-transcriptionally.

The temporal and preferential expression of cysP  transcript in the MG supports the 

hypothesis that pseudotzain is involved in the mobilization of storage proteins during 

germination and early seedling growth. In addition, pseudotzain presumably undergoes a 

series of post-translational processing steps to remove the N- and C-terminal extension 

peptides, although nothing is known about the processing of CysP with both types of 

extension peptides (Kamphuis etal., 1985; Koehler and Ho, 1990; Kali nski etal., 1992). 

Future experiments will address the mechanisms that regulate cysP expression, the 

processing steps that lead to the mature form of pseudotzain, and the role in storage protein 

mobilization during germination and post-germination.
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C onclusions

(1) The cDNA clone PM3-3 encodes a CysP containing both N- and C-terminal 

propeptides and is most similar to other CysP isolated from angiosperms containing 

N- and C-terminal propeptides.

(2) The mature CysP that have both N- and C-terminal propeptides form a distinct 

phylogenetic subgroup.

(3) There are putative mRNA destabilization motifs in both the 5 ’ (uORF) and 3 ’ {ARE?) 

C/FR of clone PA/5-J.

(4) During embryogenesis, cysP transcript amounts are lower when storage proteins are 

accumulating during seed maturation and higher in the MG and embryo at the end of 

seed maturation.

(5) During early seedling development:

(i) The cysP transcripts increase in abundance mainly in the MG, the main 

storage organ of conifer seeds.

(ii) In 10-day-old seedlings, cysP transcripts are detected in the roots, shoots, 

and seed coat but the highest amounts are seen in the MG.

(Hi) Osmotic stress treatments and desiccation slightly enhance the steady-state

amount of cysP transcripts.

(iv) Exogenous treatment with ABA, GA, and other plant growth regulators have

no effect or slightly decrease the steady-state amount of cysP transcripts.
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CHAPTER 4

A Douglas-fir NADPH-cytochrome P450 reductase expressed  

during germination and seedling development: expression  

pattern and evidence for post-translational regulation

Abstract

NADPH-cytochrome P450 reductase (CPR; NADPH-ferrihemoprotein reductase; EC 

1.6.2.4) is a key enzyme that transfers electrons from NADPH to the cytochrome P450 

family of enzymes. To characterize the expression and regulation of this enzyme in 

Douglas-fir {Pseudotsuga menziesii [Mirb] Franco), a full length cDNA was isolated from 

a seedling X ZAP cDNA library. Northern blot analysis indicated cpr expression is 

regulated both developmentally before seed maturation and differentially in the cotyledons, 

radicle and MG of seedling tissues. An antiserum raised against a synthetic CPR-peptide 

detected a single 80 kDa polypeptide in microsomes isolated from seeds and seedlings in 

western blot analysis. Microsomal membrane fractionation in sucrose gradients indicated 

CPR is associated with membranes of the endoplasmic reticulum and NADPHxytochrome 

c reductase activity. The increase in steady-state mRNA quantities do not correlate with 

similar amounts of CPR protein present in the developmental stages examined, indicating 

either undetected qpr genes are expressed and translated, or transcriptional and/or post- 

transcriptional regulation of cpr gene activity. Furthermore, NADPH:cytochrome c 

reductase activity in microsomes increased during stratification, germination and early
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seedling development, indicating that CPR enzyme may be stored in mature seeds in an 

inactive form and activated by events during stratification and germination.
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Introduction

The cytochrome P450 monooxygenase (P450) gene supeifamily of eukaryotes encodes 

numerous microsomal associated heme-containing proteins that catalyze a range of 

oxidation reactions often important in the detoxification of xenobiotic compounds and drug 

metabolism in mammals (reviewed by Nebert and Gonzalez, 1987; Porter and Coon, 

1991). In plants, P450s are implicated in reactions necessary for normal plant 

development, growth and defense including the biosynthesis of gibberellins, jasmonates, 

salicy lic  ac id , lignin , fatty a c id s , alkaloids, phytoalexins, glucosinolates, 

phenylpropanoids, and terpenoids, in  addition to reactions leading to herbicide 

detoxification (for reviews see Donaldson and Luster, 1991, Bolwelletal. 1994, Schuler, 

1996).

In mammals and yeast, all P450 enzyme activities are dependent on the transfer of 

electrons originating from NADPH to the P450s by another microsomal integral membrane 

protein, NADPH-cytochrome P450 reductase (CPR; NADPH-ferrihemoprotein reductase; 

EC 1.6.2.4), encoded by a single gene (Simmons et al., 1985; Sutter and Loper, 1989). 

CPR is a  unique type o f flavoprotein characterized by the presence o f the two 

noncovalently bound cofactors FAD and FMN. Electrons from NADPH are transferred 

first to FAD and then to FMN before sequential single electron transfer to the heme group 

o f the P450 enzymes (Vermilion et a l., 1981). A functionally active cytochrome 

P450:CPR complex occurs at a 1:1 ratio (Miwa and Lu, 1984; Miwa et al., 1979), whereas 

the amount of P450 enzyme is in excess of up to 25 times the CPR content (Peterson et al., 

1976). Cytochrome P450 isozymes appear to compete to bind CPR (Cawley et al., 1995) 

and are therefore thought to limit cytochrome P450 metabolic activities.

In plants at least two distinct genes encode CPRs in Arabidopsis thaliana (Urban et al..
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1997; Mizutani and Oh ta, 1998), parsley (Kcx>pmann and Hahl brock, 1997), and poppy 

(Rosco et al., 1997). CPR isoforms have been immunoiogically characterized in 

microsomes of Helianthiis tuberosus (Jerusalem artichoke), and the isolation of at least two 

distinct partial cDNA clones were reported (Benveniste et al., 1989, 1991; Lesot et al. 

1995). In contrast, a partial length CPR cDNA clone from Catfiamnthus roseiis detected 

only one gene copy in Southern blot analysis (Meijeret al. 1993), and only a single CPR 

cDNA has been isolated so far from Vigna radiata (Shet et al. 1993). The significance of 

plant CPR diversity on cytochrome P450 metabolism is unknown.

Animal, insect and plant P450 genes can be expressed according to a developmental 

program, regulated by specific substrates or xenobiotics, or in response to wounding and 

pathogen infection (Porter and Coon 1991; Bolwelletal. 1994; Teutsch etal. 1993; Frank 

et al., 1996; Mizutani et al. 1997), whereas the developmental or tissue-specific regulation 

of mammalian CPR expression appears to be rare (Shephard et al. 1992). Some plant CPR 

expression is increased in response to wounding, infection and fungal elicitors (Meijeret 

al. 1993; Lesot etal. 1995; Koopmann and Hahl brock 1997; Mizutani and Ohta, 1998). 

Little is known, however, about the regulation of CPR gene expression in plants with 

respect to CPR activity and the activities of the different P450 enzymes.

Recent studies implicate plant P450 enzymes in an early biosynthetic step of gibberellins 

(Winkler and Helentjaris, 1995), the biosynthesis o f the brassinosteriod hormone 

brassinolide essential for cell elongation (Szekeres et al. 1996), key enzymes leading to the 

synthesis of lignin (Meyer et al., 1996), and fatty acid hydroxylation reactions unique to 

plants (Cabello-Hurtado et al., 1998), all critical processes during plant growth and 

development. In conifers, cytochrome P450 enzymes are involved in the biosynthesis of 

diterpenoid resin, an important component in the defense against insects and pathogens
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(Funk and Croteau, 1994; Funk et al., 1994). Very little is known about the cytochrome 

P450 monooxygenase system of conifers, its regulation and roles during germination and 

the early stages of seedling growth and development. Several studies have shown changes 

in gene expression patterns of Douglas-fir seeds during germination and early seedling 

development (Chapters 2 and 3; Taylor etal., 1993; Taylor and Davies, 1995; Tranbarger 

and Misra, 1995; Tranbarger and Misra, 1996; Kaukinen, etal., 1996; Jarvis etal., 1996; 

Jarvis etal., 1997). Although these studies clearly demonstrate that transcriptional changes 

occur, they focus mainly on the expression of genes without examining their corresponding 

gene product and its activity.

The present section describes, to the best of my knowledge, the isolation of the first full 

length CPR cDNA from a gym nosperm, the analysis o f its expression, and the 

accumulation and localization of its gene product and activity. The cDNA and a CPR- 

peptide anti serum were used to determine the amounts of CPR mRNA and enzyme, 

respectively, during Douglas-fir zygotic embryogenesis, germination and early seedling 

development. The CPR enzyme was localized in the membrane fraction of the microsome 

and was associated with the ER and NADPHrcytochrome c activity. CPR expression was 

examined in relation to the amounts o f CPR enzyme and activity (quantified by 

NADPHrcytochrome c reduction) and results suggest that regulation of CPR activity may 

occur post-translationally during stratification and the early stages of germination.
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M aterials and  M ethods

Plant material and growth conditions 

Douglas-fir {Pseudotsuga menziesii [Mirb] Franco) seeds were imbibed overnight with

sterile distilled water at 2-4 °C. The seeds were then blotted dry, placed in a plastic bag 

and stratified at 2-4 °C for 3-4 weeks, a treatment which improves germination of several

conifer species (Edwards, 1980, 1986) including Douglas-fir (El-Kassaby et al., 1992). 

Stratified seeds were germinated in trays in a controlled environmental incubator providing 

a day/night temperature of 30/20 °C and an 8-hour photoperiod. Cool White High Output

fluorescent bulbs (F72T12/CW/1500) from Canadian General Electric Company Limited 

and 60 watt Country/Royale incandescent bulbs from Philips were used to provide a

fluence rate of about 300 pimol m'^ s ' \  Megagametophytes (MG) and embryos were 

dissected from developing cones collected from a seed orchard of Pacific Forest Products 

Limited, Saanichton, B. C. All plant material collected was frozen in liquid nitrogen and

stored at -80 °C.

cDNA clone isolation and sequence analysis 

A 1.1 kb partial CPR cDNA clone (PM14) previously isolated (Tranbarger and Misra,

1995) was labelled by random priming with [a-^^P]dCTP and used to rescreen the cDNA

library for full length clones. A total of 1 x 10"̂  phage clones were transferred to 

nitrocellulose filters and putative clones were picked and excised from X ZAP II as 

recombinant pBIuescript SK(-) plasmid (Stratagene).

The cDNA insert sequences were determined by the Taq Dye Primer Cycle Sequencing
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and the Taq DyeDeoxy Terminator Cycle Sequencing Kits using the Applied Biosystems 

Model 373A DNA Sequencing System (Applied Biosystems, Inc., Foster City, California, 

U.S.A.), and by the dideoxynucleotide chain termination method using Sequenase version 

2.0 (United States Biochemical, Cleveland, Ohio, U.S.A.). Primers used for sequencing 

were synthesized using the Applied Biosystems PCR-Mate DNA Synthesizer as described 

by the manufacturer (Applied Biosystems, Inc., Foster City, California, U.S.A.). DNA 

similarity searches were performed using the BLAST network service at NCBI (Altschul et 

al., 1990, Gish and States, 1993). CPR amino acid sequences were aligned using 

CLUSTAL W (Thompson et al., 1994). The “strong” groups of conserved amino acids 

are STA, NEQK, NHQK, NDEQ, QHRK, MILV, MILE, HY, FYW and the “weak” 

groups are CSA, ATV, SAG, STNK, STPA, SGND, SNDEQK, NDEQHK, NEQHRK, 

FVLIM, HFY.

RNA isolation and analysis 

Total RNA was isolated according to Verwoerd et al. (1989) with minor modifications 

(Leal and Misra, 1993), The RNA concentration was determined spectrophotometrically 

(Azôq)- The RNA was electrophoretically separated on agarose gels containing

formaldehyde (Sambrook etal., 1989). Gels were stained with ethidium bromide to assure 

equal loading (total RNA per lane), and the RNA was transferred to a Zeta-Probe GT 

membrane (BIO-RAD, Mississauga, Ontario, Canada). The cDNA inserts were labelled by

random priming with [a-^^P]dCTP and hybridized (BIO-RAD, Mississauga, Ontario, 

Canada). CPR transcript signals from each hybridization were compared to the 

hybridization signal of the 18S ribosomal RNA. See the Mateiials and Methods section in 

Chapter 2 for the northern blot analysis procedure.
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CPR-peptide antiserum production 

The synthetic CPR peptide was synthesized at the University of Victoria Protein Micro- 

Chemistry Centre using an Applied Biosystems Model 430A automatic peptide synthesizer 

(Foster City, CA) with FastMoc chemistry software. The peptide was synthesized with an 

additional cysteine at the C-terminus in order to couple the peptide to maleimide-activated 

keyhole limpet hemocyanin (KLH) carrier protein using the Imject® kit according to the 

manufactures instructions (Pierce). The CPR-peptide KLH conjugate was mixed with 

Freunds adjuvant, injected into rabbits, and antiserum titer was determined by ELISA with 

the free CPR-peptide and by western blot analysis with protein extracts from Douglas-fir.

Microsomal membrane isolation, protein extraction and analysis 

Microsomes were prepared according to Shet et al. 1993 with minor modifications.

Tissue samples stored at -80 °C were ground in liquid nitrogen to a fine powder with a 

mortar and pestle. Two volumes of Buffer A (100 mM Tris-HCl, pH 7.4; 250 mM 

sucrose; 2.8 mM 6-mercaptoethanol; 1 mM EDTA; 1 mM Phenylmethylsulfonyl fluoride; 

2% Polyclar AT) per gram of tissue was added to the ground sample with a pinch of acid 

washed sand followed by further grinding. The slurry was filtered through miracloth, and

the filtrate was centrifuged at 25,000 x g for 20 minutes at 4  °C in a JA20 rotor. The

supernatant (SNl) was collected and centrifuged at 100,000 x g for 60 minutes at 4 °C. 

Supernatant (SN2) was removed, the pellets were washed gently in Buffer A, air dried on 

ice and resuspended in ice cold Buffer B (50 mM sodium phosphate, pH 7.5; 20%

glycerol, 10 mM 6-mercaptoethanol). The samples were stored in Buffer B at -80 °C until
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analyzed.

The microsomes and the supernatants were assayed for protein concentration with 

Bio-Rad Protein Assay reagent according to the manufacturer's directions (Bio-Rad 

Laboratories). Protein samples were resolved by 2-dimensional SDS-PAGE according to 

O’Farrell and O ’Farrell (1977) and 1-dimensional SDS-PAGE according to Sambrook et 

al. (1989). Extracts were mixed 1:1 (v/v) with 2X Laemmli sample buffer (Laemmli,

1970), heated at 90 °C for 5 min, and centrifuged at 13,000 x g for 5 seconds, and the

samples were then loaded onto duplicate SDS-PAGE gels on an equal protein basis. Gels 

with resolved proteins were either stained with Coommassie Blue or electroblotted to 

nitrocellulose at 25 V for 16 hours in transfer buffer containing no SDS (39 mM glycine, 

48 mM Tris base, 20% methanol, pH 8.3). Blots were blocked for 2-4 hours at 4  °C with

TTBS (0.5% Tween-20 in TBS: Tris-buffered saline, 20 mM Tris, 500 mM NaCl, pH 

7.5). After blocking, the blots were incubated with CPR-peptide antiserum (1:2,000 

dilution) in TTBS for 1-3 hours. Blots were rinsed twice for five minutes in TTBS before 

they were incubated in secondary antibody (goat anti-rabbit IgG alkaline phosphatase; 

Sigma) in TTBS at a concentration of 1:20,000 for 1 hour. Blots were rinsed once in 

TTBS for five minutes, and once in TBS for five minutes and were then developed in 

carbonate buffer (pH 9.8) with the addition of 66 NBT (Nitro blue tétrazolium, 0.5g in 

10 mL 70% dimethylformamide) and 33 /<L BCIP (5-bromo-4-chloro-3-indolylphosphate, 

0.5g in 10 mL 100% dimethylformamide).

Sucrose gradient fractionation of the microsomes was carried out as described by 

Goughian et al. (1996) with some modifications. The resuspended microsomes were 

loaded onto a preformed sucrose gradient (2 mL step of 20%, mass/vol., sucrose, over a 

10 mL linear gradient of 30-60% sucrose (mass/vol.). The tubes were loaded onto a SW41
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rotor and centrifuged for 2 hours at 25,000 rpm (112,700 x g) in a Beckman L8-80 

ultracentrifuge. One mL fractions were collected from the bottom of the tube at 4 °C and 

analyzed for protein content as described above. Microsomes were separated into soluble 

and membrane fractions according to Fujiki et al. (1982) by incubating in ice-cold 100 mM 

sodium carbonate buffer (pH 11.5), followed by centrifugation at 229,600 x g in a Ti70.1 

rotor. The membrane pellet was resuspended in Buffer B and the proteins in the 

supernatant were precipitated with TCA.

NADPH-cytochrome c reductase assays 

NADPH-cytochrome c reductase actiyity in the microsomes and in the sucrose gradient 

fractions was determined spectrophotometrically as described by Madyastha and Coscia 

( 1979) with some modifications. The increase in absorbance at 550 nm was monitored at 

25 °C, in 250 mM Tris-Cl pH 7.5, 50 f(M  cytochrome c from bovine heart, 100 ^M

NADPH, 5 FMN, 5 FAD and 100 /<M KCN (to inhibit cytochrome c oxidase 

activity from possible mitochondrial contamination) in a total reaction volume of 1 mL. 

The reaction was initiated by the addition of the microsomal extract or sucrose gradient

fraction and was monitored for 3 minutes. An extinction coefficient of 28 mM'^cm'^ for

bovine heart cytochrome c was used for the calculations.

Immunofluorescence localization 

The immunolocalization procedure was done as described previously (Forward et al., 

submitted 1998). Root tips of 5 day old Douglas-fir seedlings were fixed for 1-2 hours at 

room temperature with slow agitation in 1% formaldehyde (Polysciences 16% stock.
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Warrington, Pennsylvania, USA), 0.1% glutaraldehyde (Polysciences 50% stock) in 20 

mM Pipes (1,4- piperazinediethanesulfonic acid), then washed 3 times over 1 hour in 50 

mM Pipes containing 5 mM EOT A and 2 mM MgSO^. Samples were dehydrated to 100%

ethanol stepwise at 20 minute intervals, 10, 25, and 50% at 0 °C and 75, 95, 100% (3 

changes) at -20 °C. Samples were embedded according to previously published methods 

(Baskins et al. 1992). To illustrate quality of preservation, some sections were stained 

with toluidine blue (1% w/v in 1% borax solution).

Sections attached to slides were immersed in pure acetone for 15 min to remove resin and 

then rehydrated in decreasing ratios of ethanol: 0.85% NaCl (100%, 80%, 50%, 30%, 1 

minute each), transferred to PBS (20 minutes), PBS plus 1% BSA (10 minutes), and then 

into primary CPR-peptide antibody diluted 1:3000 with PBS or preimmune serum 

overnight at 4 °C followed by 1 hour at 37 °C. Sections were washed 3 times with PBS 

(20 minutes each) and then treated with secondary antibody, anti-rat IgM Cy3-conjugate 

(Jackson, West Grove, Pennsylvania, USA) diluted 1:400 for 1 hour at 37 °C. Sections 

were rinsed thoroughly with PBS, treated with DAPI (1 /<g/ml) to stain nuclei and 

chromosomes and mounted in RuorSave (Calbiochem).
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Results

Isolation and characterization of the Douglas-fir CPR cDNAs 

CPR is an essential component of the P450 monooxygenase system (Figure 4.1) and is 

thought to be encoded by a single gene in mammals and yeast (Simmons et al., 1985; 

Sutter and Loper, 1989), whereas some plants have multiple CPR genes (Rosco et al., 

1997; Koopmann and Hahlbrock, 1997; Mizutani and Ohta, 1998). In order to isolate a 

full length CPR cDNA clone, a partial length cDNA clone (PM14) that encodes a portion of 

a CPR (Tranbarger and Misra, 1995) was used to to rescreen a Douglas-fir cDNA librar}- 

constructed from 4-6-day-old seedling mRNA. After a primary and secondary screening of 

six plates containing 10"  ̂ pfu per plate, three putative positive clones were found to

hybridize strongly with the [a-^^P]dCTP labelled PM i4 cDNA. Based on the restriction

pattern of the putative CPR plasmids with £coRl followed by Southern blot analysis of the 

plasmids with PM14, two of the clones were within the range of a full length CPR clone. 

Partial DNA sequence analysis of the three putative CPR cDNAs revealed 100% sequence 

identity within a portion of the clones that overlapped the PM14 cDNA. These results 

suggest that only one CPR (designated cprl ) is expressed in 4-6-day-old Douglas-fir 

seedlings.

The complete DNA sequences of one of the largest clones (PM5) and PM14 were 

determined and are identical for the 1130 bases where they overlap (Figure 4.2). The 

nucleotide sequences were confirmed in both directions using primers designed from the 

putative CPR clones (Table 4.1) and a summary of the features of the CPR clones is shown 

in Figure 4.3. The PM14/PM5 hybrid sequence is a total length of 2779 bp, close to the 3 

kb estimate for the CPR transcript previously reported (Tranbarger and Misra, 1995). 

Clone PM5 is 2631 bp in length, overlaps the PM14 clone from nucleotide 1650 to
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Figure 4.1. The cytochrome P450 monooxygenase system of eukaryotes. The figure 

was adapted from Donaldson and Luster, 1991.
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Figure  4 .2 .  The nucleotide sequences of the cDNAs PM5 and PM14 and the deduced 
Douglas-fir CPR (PMCPR) amino acid sequence. The amino acid sequence is shown in 
single letter code below the nucleotide sequence. The three methionine residues 
representing alternative translation start sites are underlined. The potential A-glycosylation 
site is underlined and italisized. The serine phosphorylation consensus sequence is 
bracketed and italisized. The amino acid sequence used for the synthetic peptide is 
bracketed The putative polyadenylation signal sequence in the 3 ’ UTR is underlined. The 
trans-membrane sequence is in parenthesis. The stop codon is represented by (*). 
Numbering of the nucleotide sequence is in relation to the beginning of the PM5 cDNA 
sequence.
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a t g g a g a g c c a a e t g a c a a t g c a g c a a g g t t t t a t a a g t g g t t t t c t g a g a c g g a a a a a g  72 0 

G E P T D B A A R F Y K W F S E T E E E  195 
a g a g a g g g c c t t g g c t t t e c a a c c t t e e g t a c g g g g t a t t t g g t t t a g g e a a t a g a c a g t  78 0 

R G P W L S B L P Y G V F G t G B R Q Y  215 
a t g a g e a t t t c a a t a a g g t t g e t t g c a e a g t a g a t g a a g c a t t a a a t g a g c a a g g t g g g a  84 0 

E B F  B K V A C T V D E A L  B E Q 6 G  K 235
a a c g t c t t g t t c c a g t g g g c c t t g g t g a t g a t g a t c a g t g c a t t g a a g a t g a c t t t a c t g  90 0 

R L V P V G Z . G O O O Q C I E O D F T A  255 
c t t g g c g a g a g c a g g t t t g g e e t g a g e t a g a t e a g t t a c t z g c g c g a e g a a g a tg a t c a g c  960 

W R E Q V K P E L D Q L L R D E D D Q P  275 
e t t e t a g ^ g e t a e a e e t t a t a e a g e g g e t a t a c e t c a g t a < 3 c g g g ^ a g a a a t e c a t g a t c  102 0 

S S A T P Y T A A I P Q Y R V E I H D P  295 
c t c c a g t t c c g c t t t a c g a a g a a a c t t a t g e a a c g c a g a a t g g t e a a g c c t t t a t t g a t a  108 0 

P V P E Y B E T Y A T Q B G Q A F  I D  I  315
t e e a t c a c c c t t g c c g a g e a a a t g t a g e g g t g c a a a g g g a a c t t c a t a e g e e a t t g t e t g  114 0 

R B P C R A B V A V Q R E I . B T P I . S O  335 
a e e g t t e t t g c a t e e a t t t a g a a t t t g a C a t c t c a g g c a c t g g c e t a a c g t a c g a g a e t g  1 2 0 0  

R S c  I B L E F D I S G T G L T Y E T 6  355
g a g a t e a t g t t g g t g t c t a t g c a g a a a a c t t a a g o g a t a c e g t g g a a g a a g c t g e a a a a t  12 60 

D B V G V Y A B  B L 3 D T V E E A A K L  375
t g t t a g g e t a c c e  a c t a g a c a c a a t a a t t t e a g t a c a t a g t g a c a a a g a a g a t g g t a c g c  1320

L G Y P L D T I I S V B S D K E D G T P  395 
c t c t t g g t g g a a g c t e t t t g e t a c e a c c a t t e c c t g g t c e a t g t a e c c t g c a g a c t g e t e  138 0 

E G G S S L L P P F P G P C T L Q T A L  415 
t t g c t c g t t a t g c a g a t t t g t t g a a t c c t c c g c g a a a g g c t g c c t t g g t t g c a t t g g c g a  14 4 0 

A R Y A D L L B P P R K A A L V A L A S  435 
g t c a t g c a t e t g a t c c a g c t g a a g e a g a g a g g t t g a a g t t e e t t t c a t c a c c a g e c g g a a  15 0 0 

B A S D P A E A E R L K F L S S P A G K  455 
a g g a t g a g t a c t c c e a a t g g a t t a c t g t g a g t c a a a g a a g t c t t t t a g a a g t a a t g g e a g  156  0 

D E Y S Q H I T V S Q R S L L E V K A S  475 
a a t t t c c a t c a g c a a a a c e a c c t e t t g g t g t e t t c t t t g c a g c C g t t g c c c c g c g t c t g e  162 0 

F P S  A K P P L G V F F A A V A P R L Q  495

P R Y Y S r S S S P R Y A S B R i a V T  515 
c a t g t g c t : e t g g t t t a t g g g c e e a g t c c a a e t g g e a g a a t t c a c a a a g g t g t t . t g t t c c a  174 0 

C A L V Y G P S P T G R I B K G V C S B  535 
a t t g g a t g a a g a a t t e a g t g c c t t c c g a g a a a a g c c a g t a t t g t a g c t g g g e a c c a g t c t  1800 

W M K B S V P S E K S Q Y C S W A P V F  555 
t t g t t a g a e a g t e a a a C t t e a a a t t g e c a t c g g a t e e t t e a g t t e e t a t t g t t a t g g t g g  1 8 6  0 

V R Q S B F K L P S D P S V P I V M V G  575 
g c e c t g g a a c t g g t t t a g e a c e t t c t a g a g g c t t t t t g c a g g a a a g a g e t g c a a t t e a a a  192 0 

P G T G L A P F R G F L Q E R A A I Q K  595 
a a t c t g g a g a g a a g e t t g g g e c a g c t g t t c t t t t c t t t g g a t g c a g g a a t c g c e a a a t g g  1980 

S G E K L G P A V L F F G C R B R Q M D  615 
a t t a e a t t t a t g a a g a t g a a c t g a a g a g c t a t g t g g a a a a t g g t g t a t t g a c t g a g c t t g  2 04 0 

Y I Y B D E L K S Y V E B G V L T E L V  635 
t t c t t g c t t t e t e t c g e g a a g g a g e a a c c a a a g a g t a C g t g c a g c a c a a g a t t a e a g a g a  210  0 

E A F S R E G A T K E Y V Q B K Z T E I C  655 
* 9 9 g * ^ t e c t a t a t e t g g a a t c t g a t t g c t c a a g g t g g c t a t c t c t a t : g 1:a tg tg g -C g a tg  216  0 

G S Y r W B L l A Q G G Y L Y V C G D A  675 
e e a a g g g c a tz g g c t i a g g g a t g tg c a c a g g a c a c t a c a t a g ta t a g t c e a a g a g c a g g a a t  2220  

K G H A R D V B R T L B S I V Q E Q C S  695 
c e g t g g a t a g c a e e a g e g c a g a g g e ta c a g t g a a g a a a t t i a c a g a c a g a a g g a a g a C a t t  2 28 0 

V O S  T S A E A T V K K L Q T E G R Y L  715 
t a c g a g a t g t a t g g t a a t t g a g t g a a t t t g t t c t a g g t c a g t t c a a t o t c a t c t e g t g c a  2 34 0 

R D V If * 719
g a t t g g t a a g a a g a c e g a g g a a a a g a g a a a g c c t a g c c a a g t a t t t a t t t g g g a a t g a a a  2 4 0 0 
t c t c t t g g c a a a c C a a t g c t t a a g t t c a t t t a c c c a e g g a a a t g t t g g g a t t c t t t a c a e  246  0 
c t t c a a a t a c t g c a t t c e a g g a t t t g e t a t c a c t g t g g e c a t t e g a a t t t t e t a g c c c c a  252 0 
g t a t a a c a t t a g t a e t g g t e t a g a a t t g t a t t e t t a a t t c a t t t g t g t c t a a g a g t t t a g  2 5 8 0 
t a c e a g c a a a g t t a a a t a t c a t g c c t t t g g g t t a g a a g a e a a c t c t : c c a c g t c a t a g a a ^  2 64 0 
t t t t a a t a t a t c t t g g t a t g a t c t t t g c a t a c c a t a c C t g a c e t a e t t e t e a t t a t c t a t .  270  0 
a t g g g a a a g g g t t c c t t t c e a g t t t g a t g t t g t g t t t c t c t t c c t t c t a t a a t g t c a t a t  2 76 0 
a a c [ ^ t c g a t a e t g g a t t g a a a a a a a a a a a a a a a a a a a a a a a a a a  2 77 9
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Table 4.1. Primers synthesized for sequencing the CPR cDNA clones. Primers were 
synthesized as described in the Materials and Methods section.

Name Nucleotide Sequence (5’-3 ’)
Position and 

Direction Within 
CPRIPM5  Nucleotide 

Sequence
5A5 TCGGAGCTGTTGATGGTCTT (294->3I3)

^ 5̂rev AGAGGCGTCGGCTTCTCC (4I2<-395)

^ 7̂rev AGACAGCCTTGTCATACCTAGC (558<-537)

5Ag ATGCTCGCAACGTATGGAGA (642->661)

^ 6̂rev AATGCTCATACTGTCTATTGCCTA (789<-766)

5A3 AGATCAGTTACTGCGCGACG (929->948)

3-lAirev CAATAAAGGCTTGACCATTCTGC (I077<-I055)

3-IA2 GACTGGAGATCATGTTGGTGTCT (II96->I2I8)

5A2rev AATGGTGGTAGCAAAGAGCTTC (1351<-I330)

5A-y CCCAATGGATTACTGTGAGTCA (15I3->1534)

l^®2rev TGACATGTATTCTATTGGATGCATA (I680<-I656)
14Bi CTGGAGAGAAGCTTGGGCCAGC (1924->1945)

GCTGGCCCAAGCTTCTCTCCAG (I945<-I924)

■̂ Agrev TAATCTTGTGCTGCACATACTC (2094C-2073)
5A4 GGTCAGTTCAATCTCATCTCGTG (2316->2338)

5A4j.gy CACGAGATGAGATTGAACTGACC (2338<-2316)

I4Ai GCATGATATTTAACTTTGCTGGTACT (2604<-2579)
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PM5

137 bp 
UTR

^ ------  981 bp ------►

------------  2,631 bp ------------------ ^

334 bp 
UTR

2,160 bp ORF

t
-79.6 kDa CPR

TM FMN FAD NADPH

I I
DDEQYEEKLKKEKLA -C

Synthetic Peptide

TM =Transmem.brane region
FMN = Flavin Mononucleotide binding region
FAD = Flavin Adenine Dinucleotide binding region
NADPH = Nicotinamide Adenine Dinucleotide Phosphate binding region

Figure 4 .3 . Overview of the CPR cDNA clones. The amino acids of the synthetic 
peptide are indicated in single letter code. The predicted molecular mass of CPR is in 
kilodaltons (kDa) and the nucleotide sequence lengths are in base pairs (bp).
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nucleotide 2631 and does not include a poly(A)^ 3 ’ end (Figure 4.2 and 4.3). Clone PM14 

has an additional 148 bp in the 3 ’ untranslated region which contains a putative 

polyadenylation sequence ATAAGA 15 nucleotides upstream o f the site of poly(A) 

addition. The overlapped PM5/PM14 sequence contains an ORF of 2160 nucleotides with 

5 ’ and 3 ’ untranslated flanking regions of 137 and 334 nucleotides respectively. Clone 

PM5 has three EcoRL restriction sites that result in four fragments, three of which can be 

resolved on an agarose gel and visualized by stairung with ethidium bromide (Figure 4.4). 

The longest ORF of PM5 predicts a protein of 720 amino acids with a molecular mass of 

79.6 kDa, and a pi of 5.09. There are three additional in-frame start codons that would 

result in proteins of 75.5, 75.3 and 73.8 kDa with pis of 5.07, 5.07, and 5.12 respectively 

(Figure 4.2). It is assumed that the first AUG is the site of translation initiation because 

none of the other AUG start site flanking sequences had a higher probability for being 

used, based on a comparison with the consensus sequences compiled for higher plants 

(Table 4.2; Joshi et al., 1997). The predicted amino acid sequence of PM5 contains a 

putative serine phosphorylation consensus region at Arg^®, and a glycosylation site at

Asn^^.

The Douglas-fir CPR (designated PMCPR) has a hydrophobic N-terminal membrane- 

binding domain and the hyrophilic C-terminal catalytic domain common to all known 

CPRs. The catalytic domain shares conserved amino acids with predicted CPR sequences 

from plants, mammals and yeast that correspond to the NADPH, FAD and FMN cofactor 

binding sites (Figure 4.5) inferred from the three-dimensional structure (Wang et al., 

1997). The PMCPR shares the highest identity with other plant CPRs (V. radiala, VR, 

70%), (A. tfialiam, AT2, 67%), (C. roseus, CR, 67%), and (A. tfialiana, ATI, 66%),
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A (1.4 kb)
B (0.9 kb)

C (0.3 kb)

Unique and EcoRi Restriction Sites

Aha II 
404 P s t l

Nru I 
2054

Xmn I 
2304

X b a l
2539

Ava IG d i II Dra I 1368
1 HinD III ApaLI B a ll

H in C II  783 325 
1 1 1

558
1 A v a il  13561 1932

1
2181 2496

1

290
£coRI

1717 
£co RI

c
290 bp

1751 
EcoRI

A
1427 bp B

880 bp

Figure 4 .4 . An agarose gel of purified £coRI derived PM5 fragments and restriction 
map of unique sites.
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Table 4.2. Start codon consensus sequences of the CPR cDNA. The nucleotides of the 
CPR cDNA consensus sequences surrounding each putative start codon were compared 
with the consensus sequences compiled for non-plant species (Non-Plant), dicot species 
(Di), monocot species (Mono), lower plants (LP), and higher plants (HP), and identical 
nucleotides were scored (Joshi etal., 1997).

A T G C o n sen su s S e q u e n c e N o n -
P lan t

D i M o n o L P H P

# 1 ATTCGTCCGAAT GCAGTCTAATT 7 6 5 6 8

# 2 TCTAGGGGGAAT GATGGAGTCGG 7 3 7 8 4

# 3 AGGGGGAATGAT GGAGTCGGCGG 8 6 12 10 7

# 4 GGAGCTGTTGAT GGTCTTGACTA 2 4 8 3 6
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Figure 4 .5 . An alignment of representative plant, animal and fungal CPR amino add 
sequences. An identical amino acid is indicated by (*), and a conserved amino acid is 
indicated by (:) for a strong group or (.) for a weak group as defined under Materials and 
Methods section. The following CPR amino acid sequences were aligned with CLUSTA.L 
W (Thompson et al., 1994): PM (PMCPR, Pseiidotsiiga menziesii, this report); CR
{Catharanthus roseus, X69791); VR, (Vigna radiata, A47298); AT {ATI,  Arabidopsis 
thaliana, X66016); RN (rat, Rattus norvégiens, M 10068); MM (mouse. Mus musculiis, 
D 17571); HS (human, AÇG55T)-,CM{Candidatnaltosa, G436053).



1 1 2

Figure 4 .5 .
PM MQ SJ« SU IV ES G TQGLGKSLLEISRLDHVrSIJVH OK GDLGCHKE SAW L R C T — SELLHVLTTSIAVI.IACVIXFVWR*G
a i -------------- KDSSSCXLS-PFEIi<SAILKGAXIi}GSIISSDSCVAV5PAVHA»CLLEMKELVKII.TISVAVLlGCVVVLINlUt5
V R --------------------------— ---------------K A S~ ^SD L V R A V ESFLG V SLG O SV S-------------0SLLLZAIT5AAVW G>LLvrLM aCS
A T --------------------------------------------- HT5ALXA5DLFXQUCSIMGT------DSLSD-----------O W L V IA TrSIA LV A C -PW LIiO aC T
RM------------  H C O SREO TSA im eA V A -------------EEVSLrSTn)KVT.FSI.rVCVLTYMFI
K M --------------------------------- — — ---------------- HG0SHE0T5ATVPEAVA-------------EE V SL E ST ID IV L rSL IV G V L T rw ri
H S ------------------------------------------------------------------HGOSHVOTSSTVSEAVA----------— EEVStFSM TDKILFSI.IVGLLTrW FL
C M ----------------------------------------------------------------------------- —------------------------ KALCKLOLYVXIVlAVAVAAyFAR

PH -G SA PSX LPE— KPT7LCRVEEEEEE— E
CR SG SG X X W EPPK LTV PK SW EPEEID--------1
VR >50RSKEVXP->VW PROlM HEEEEE^VDVAAGKlXVTIFFC‘IÔTC*tRECFAJCALAEEXXARyEKAAVXWDLOOrAAOD 
A T TXDRSGELK P— IMIPKSlMAXOEODDUJLCSOClStVSIFTGTQTClAECFAKALSCZIXAXYEXAAVXVlOLOOYAADO 
RM FRXRXEEZPEFSXT0TTAPPVXESSFVElOaaCTGRMXZVFYGSQTS*lAZEFARRLSX0AK-RYCKRGMS-A0PCEYDIAD 
KM FKK JC iag g rre rS X I g n ^ P V R E S SFVmMJUnC R M n v r r GSQT GTAEErAHRLSKDAB-RYCMRGMS-ADPEETDLAD 
HS FRXXKEEVPePTXIQTX.TSSVRESSFVEKMKXTCRJI]:iVFYGSQTGTAeEFAJCRLSXDAH-RYCMRGKS-ADPeCYDLAO 
CM -MQFLDEPQOTCFLSWOTAGGMSRDILETIJaiWXXK'tlXLrCSQTCTAgDYAMXLSREIHSRFGIXTMV-ADFADYDWDM

r » »  * .1 t  • »  .  « I *  t

PM EQYEBOJnCEXIAFTNLATrGOGEPlTNAARFYKMFSETElCERGPHLSNLTrGVFGLGItRQYCHPNKVACTVDEAINEQG 
CR EEYEEXFRKEH.AFnXATrCDGEPTOIIAARFYKWFVE-GMPRGDWIJCKLqYGVFSLGMRgYEHFMKlAiCWDERVAEQG 
VR OLYEZKlXKESLVFnCLATYGO(ZPtDNAARFYXWF^GXOER6ZHLOICZ.TrGVFGLCNRQrEHnCXIGXWDEEIAEQG 
AT DQYZEXIXXETXAFFCVAÎYGlMZPÎDlIAARFSXWFTE'EllEROIXLQOLAYGVrALCMRQrEHnnriGIVLDEELCXXG 
RM LSSLPEIDK-SI.WFCMATYGEGDPTOMAQDFYÜHLQE— — TDVDLTGVKTAVfGIGKKTYEHPMAMCKYVDgilEQLG
MM LSSLPEJDK-SLVVPCMAnfGEGOPTDICAQOFYDHLQE TDVDLTGVXPAVFGLClOnYEHFHAMGKYVDQRLCaLG
HS LSSLPEIDM-AI-WFCMATYGEGDPTDHAQDPYDWLae— — irVDLSGVXFAVPGIGKKTIfEHFKAMGKYVDKRIZqLG 
CM ~roOIPM D-ILVFFTVATfCEGEPTT)HADEFHTM LTD E A D T L S T U tn V F C L C H S ltR PÏItAlGRXFDRVFEEXG

» * 1 1  • * . t *  t .  .  I *

PM GKRLVPVGLCDD-DQClZDDrEAMREQWPeLOQtLRDEOOQPSSATPTTAAIPQYR-VEIHO-PPVPLVZETTATQ------
CR OOLrVPLVXGDD-DQCIZDOFAAW REM VW PELDKUJIOEODT-TVSTrrrAAIPEYR-W FPD-KSDSiaSEAJICHAJIG- 
VR AXRrVAVGrGDD-DQSlEOOFSAMRESLNSELCQtJJlOEOOAinVSTPYTAAXLErR-W IHO-PTAASTYOHHSTVA—  
AT AKRUEVGIGDD-OQSISDOFWAWKESLWSELDKTXKDgDDK-SVATPYTAVIPgyR-WrHD-PRPTrCMSMESItVA—
RM AQRIF E L GIGDD-DGMLEED riTW RgQFM P AVCEFFGVEATG E— CSSIRQYCLWHEOMDVAKVYrGEMGRLXS-
MM AQRJ F E LG LC D D -O G M TZEO m M REgrw PA V Œ FrG V EA TC E — ESSIRQYELWHEDMDTAKVnX^MGRLKS-
HS AQRIPEIGLCDO -OGMIZED PTIWR2QFWP AVCEHPGVEATG-— E — ESSXRQYZLWTrTDI0AAJCVYM(ZMCRLX5> 
CM GERrAOYGECODCTCTLOEDFI.lWRDMVTD'IXJCMDUfFEERe-UCYEPNVKLlEROOLlVD-D-SEVSLGEPNlCXYTQSE

. * • »  * • *  i » i * «  I » « •  .  » •

PM  NGQATID IHHPC3tAflVAVgRELHTPI.S0RSCIHLEFD ISGTGLlYETGOHVGVYAEIfLSDTVEEAAXXXGYPLDTII
CR •YAMGNTVYDAQHPCRSKVAVRKElüTPASDRSCXHrDFDZAGTCLSYGTCDHVGVYCONLSETVEEAERLLfIl.PPnYF
V R  MONTE FD IHHPCRVNVAVQKELffKPESORSClHLEPD I S GT S r r r P T OOHVGVYAEMCKETVEET GKLIjOQHIJLFE
A T  MGNTTIDIHHPaiVUVAVQICELHTOESDRSCIHLEFDISRTGrXYETGDHVCVTAEMHVEIVEEAGJaXGHSLOLVF
RM -YEMOKPPFDAKICPFIJIAVTAMRJCLN-QGTERKINHLELOISDSKIRYESCOHVAVYPAMDSALVNQIGEIIGADIDVIM 
MX -YEMQMPPEDAKMPFLAAVTTKRKLM-ÇGTERHLKHtiXDISDSKrRyESCDHVAVYPAMDSTLVMQIGBrLCADLDVTM 
HS -YEMOKPPFDAXNPFLAAVTTMRjajI-OGTSlHLMHIELOISDSKIRYESCDRVAVYPANDSALVNgXXÏXILCAOLDWM 
CM EIDLlXGPFI>fmfPYIJUCZSirntELP>ASRERNCVKVEFDVSESNLXnTCOKLAVMPSNSDEKIAXPTXCFGLO>ORlN

» •  I l  I I *  . 1 *  • i l l ' l l  I I *  ! • • • I . • I •  I I .  I ,  I

PM SVHSDKE0GTPUMjSSZI.PPFPGPCTLQTA£ARYADL£JCPPRJCAA£.VAlASHASDPAEAERUCFL5SPAG— KOEYSQMI 
CR SLHADKEDCTPLACSSI.PPPrP-PCnJlTALTR3fADLLWrPKKSALLALAAYASDPHEADRUCyiASPAG— KDEYAQSl. 
VR SZJrnnCOOGTSLCG-SLl.PPFPGPCSLRlXUUtYADLZJCPPRXAALlALA'niASEPSD>eRUCFLSSPQG— KDEYSXWV 
AT SlHAOICEOCSPL£S<AVPPPFPCPCnCTGLARXAOLZJfPPRXSALVAIAAYATEPSEAEXLKHLTSPDG>-KDEYSgiCI
RM SUf-NLOEESmCXH---------PFPCPTTY RTA LTrfLD  rrMPPRTMVLTELAQYASEPSEQEHLHRMASSSGEGRELYLSWV
MM SLN-KLOEESKKXH-------- P FPCPTTYRTAITYYIi) TTMP FRTNVLTELAOV ASEP SEQEKLKKMASSSGEGKELYLSWV
H S  SLN-KLDEESraCKH-------- PFPCPTSYRTM -TTYLDITMP PRTMVLYELAQYASEP SEQELLRJCMASSSŒGXELYLSMV
CM TVFEZXALOSTTQI P F P H P rrfG A W R H IltZ IS C P V S R Q m A IA C P A — PDE— CTKKTnRIGHDKQErAKKI

I I  I • • •  * 1  I I  I I I . .  I I •  . •  •  I I I •  • I I « I

PM TVSQRSIXEVMAEFPSAXPPLGV FFAAVAPRLQPRYYSISSSPRYASKRlMVTCALVYCPSPTtSlIHXGVCSIMMXN
CR VAMQRSLLSVKAErPSAXPPIGV FFAAZAPRLQPRFrSISSSPRMAPSRIHVTCALVVZICTPGGRXHXCVCSTVHXN
VR VGSQRSLVEVKAEFPSAXPPLGV FFAAIAPRLQPRYYSISSSPREAPQRVHVTCALVYCPTPTGRIHJCGVCSTWMXM
A T VASQRSXLEVMAAFPSAXPPIGV rFAAXAPRLQPRYXSISSCQDUAPSRVKVTSALVYGPTPTGRIKXGVCSlMMXN
R ir V EA RRH H A ILQ D Y PSLRPPIO  HLCELLPRLQARYTSIASSSXVHPNSVHICAVAVEYEARSGRVKKGVATSWUIA
MM VEARRHXLAILQDYPSLRPPID KLCELLPRLQARTrSZASSSXVHPICSVHICAVAVEYEAKSCRVNXGVATSMLRT
HS V EARRHILAILQOCPSLRPPID KLCELLPRJLQARYTSlASSSICVHPNSVHICAWVZYCTKAGRTKItCVATmLRA
CM TRKKLKVADALLPASM aiPW SDVPrcFnEHVPHLQPRYYSISSSSLSEXQTDnTAW EVEEEADCRAVTCW TfïLLK*

I l  I I *  . 1  • i « * . • I • • • i * .  .  I l l  . .  • •  . • •  I .  I l

PM SVP--------SEJC------------------SHDCS--------- KAPVFVRQSMFICLPSDPSVPIVMVGPCTCLAPFRGFLQERAAIQKSGEKLGP
CR A IP ------- L EZ---------— — SROCS--------- WAPXFVRQSKnCLPADPKVPVIKIGPCTGLAPFRGFLQERUŒJCEEGAELCT
VR A IP --------SEX------------------SQOCS--------- SAPXFIRPSMFKLPVDHSlPrDfVGPGTCLAPFRGFLQERyAUCEDGVOLCP
A T AVP AEK-----------------SHECS— — GAPIPTRASMFICLPSNPSTPIVMVGPGTGLAPERGFLQERMAIXEDGEELCS
RM KEP--------KCE------------------HGGRA--------- LVPHFVRXSQERUPFlCSnPVIMVGPGTGIAPFMGFIQERAMLREQCKZVGE
KM KEP------- AGE------------------NGRRA--------- LVPNFVRXSQFRIPEXPnPVTMVGPGTGVAPEMGFIQERAMLREQCKZVGE
HS KEP------- AGE---------— — WGGRA--------- LVPNPVRXSQFRLPFXATTPVIMVGPCTCVAPFIGFIQERAMLRQQGXEVGE
CM lEIZOMKTŒKPWHYOLSGPRMKFNKFKLPVHVRRSWFKLPKXTnPVIUCPGTGVAPLRGFVRERVOQVKMGVNVCK

PM AVLfTGCRMRQMDYIYEDELKSYVEM-GVLTCLVLAFSREG-ATKEYVQHKnEXCSYIWHLI-AQOGYLyVCOOAKGMA 
CR AVFFFGCRMRKMOYXïEDELllHFLEX-CAI.SZLLVAFSREG-PTXQyVQHKMAEXASD IWRMI-SDGAEVYVCGDAKGMA 
VR AZXrFCamaKOFIÏEDEUCSFVEQ-GSLSZLIVAFSREG-AEXEYVQHKM M DKAAHUfSLI-SQGGyiXVCGOAXGM A 
A T SLLFFGCRJIRQKDFXÏEDELKNFVDQ-GVZSEI.IMAFSREC-AQKEYVQHKMKEXAAQVWDLI-KCEGrL2rVCG0AXGKA 
RM TLLrYCCRRSOEO¥LarREELARFKXD-GALTQUCVAFSREQ-AHKVXVgifUJaiOREHLMXX.IHECGAHI2rVCGOARWfA 
MM lZI.rYCaUlSDEOYLYREELARFHXO-GAI.TQIJlVAPSREQ-AHKVYVQHLLXROKEKUOCZaHECGAH CrVCGOARIMA 
HS TLLYYGCRRSDEDYLYREELAQFHRO-OAI.TaLMVAFSREQ-SHKVYVQHLUCQOREHLKXLI-EGOAflIYVCGOAR»<A 
CM TVLPYGOlNEHDDFLYXKEWSEYASVIGEMFEMF"DirSRODPSKKVYVQOKIAEMSKLVNDLL-MEGAIIYVCGDASRMA

I I I  I • • •  .  ,  •  I I •  .  •  I •  I l  • • • ■ » !  ,  •  • • • .  I .  I l l  .  I « *  *  # • •

PM RDVHRTL« STVQEQESVO STSAEATVXKLQTEGRYLRDVW- 
CR RCVHRTLHTLAQEQGSMDSTOAEGFVKKLQMTCaiYLROVW- 
VR ROVHRTLHSIVQEQEMVDSTKA£AXVXKLQHDGRYLROVW>
A T RDVHRTLHTIVgEQEGVSSSEAEAIVKlCLQlEGRYLROVM- 
RM KOVQMTFTDIVAEFGPKEHTOAVDYVKKIinXGRySLOVWS 
KM KDVQMTFYOIVAEFGPKEHTQAVDYVKlCIinXGRYSLDVMS 
HS RDVQMTFYDIVAaxIAMEKAQAVDyiXKZinXGRYSLOVWS 
CM ROVQSnAKXVAXHREIQEOKAVDLVKSMKVQKRYQEOVW'
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Figure 4.6. Phylogenetic tree of representative CPR predicted amino acid sequences 
from mammals, yeast and higher plants. The following sequences were aligned with 
CLUSTAL W and used to construct the phylogenetic tree using the PHY LIP package 
(Felsenstein, 1989): PM (PMCPR, Pseudotsuga menziesii, this report); SP
{Schizosaccharomyces pombe, X64702);AN {Aspergillus niger, Z26938); CT {Candida 
tropicalis, M35199); CM {Candidamaltosa, G436053); R  (Rabbit, Oryctolagus cimiculiis, 
A25505); HS (human, A60557);GP (guinea pig Cavia porcellus, D 10498); MM (mouse. 
Mus musculus, D 17571); RN (rat, Rattus norvégiens. M l0068); PCI (parsely, 
Petroselinum crispimi, AF0204634); PC2 (parsely, Petroselinum crispum, AF024635); 
CR {Catharanthus roseus, X69791); ATI {Arabidopsis thaliana, X66016); AT2 
{Arabidopsis thaliana, X66017); VS {Vicia saliva, Z26252); VR {Vigna radiala, A47298). 
Numbers at branches are bootstrap values out of 100.
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PM HQSNSNTVBSGTQGLGKSLLBISRLDHVFSLFVNGKGDLGGMMESAWLRENSELIKVLTTSIAVLIACVLLFVWRRGGSAPS KLPBKPTPLGRVEEB
CR M DSSSEKLSP-FE-IiM SAILKGAKLDGSNSSDSGV— AVSPAV— W ttO X EN K ELV ïm TTSV A V LIG CW V LIW RRSSG S-G K — K W E P P K L IV P K S W
AT2 M SSSSSSSTSH ID -LM A A IIK G BPV IV SD PA N A SA ÏESV A A BLSS— HLIENRQPfiHIVTTSIAVLIGCIVM LVHRRSGSG------ NSKRVEPLKPLVIKP—
ATI MTS-----------------------------ALÏASDLFKQLKSIM— GTDSLSDDV---------------------VLVIATTSLALVAG-FWLLWKKTTADRSGBLKPrWIPKSLMAKDBD
VS MTS--------------------------------S — MSDLVRTIBSAL— G I-SL G D SV SD S---------------- W IIA TTSA A VIIG -LLV FLW RK SP-I3RSRBLRPV IV PK FTV ~KH BD
VR MAS-------------------------------------- N SD L V R A V E S F L --^ -S L G D S V S D S ---------------- LLLIATTSAAVWG-LLVFLWKKSS-CJRSKEVKPWVFRDLM-îffiBE
PC 2 MGGESLATS------------- LPATL--------------------------------------------------------------- LENRDLLMLLTTSXAVLIGCAWLVWRRSSL------ RSVKSVEPPKLXVPKVEI
PC 1 M Q SESH EV SP-V D -L LA SIL K ID SV E S--------------------------------------- M TLIXENRDVrKLLTTSFAVLIGIÆ LVW W RRS'rrM -TKSAKKLEPAKIVIPKFEH

Figure 4 . 7 .  An alignment of the divergent amino terminal sequences of plant CPRs. 
The methionine residues representing alternative translation start sites are underlined. The 
trans-membrane sequence is indicated by (o). An identical amino acid is indicated by (*) 
and a conserved amino acid is indicated by (.). The following CPR amino acid sequences 
were aligned with CLUSTAL V: PM (PMCPR, Pseudotsuga menziesii, this report); CR 
{Catharanthusroseus, X69791); ATI {Arabidopsis thaUana, X66016); KT2 {Arabidopsis 
thaUana, X66017); VS {Viciasativa, Z26252); VR {Vigna radiata, A47298); PCI (parsely, 
Petroselinum crispum, AF0204634); PC2 (parsely, Petroselinum crispum, AF024635).
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lower identity with mammalian CPRs (MM, Mus musculus, 37%), (RN, rat, Rattus 

norvegicus, 37%), and (HS, human, 37%), and the lowest identity with yeast CPR (CM, 

Candida maltosa, 31%). The N-terminal domain has the highest amount of divergence 

among the CPR sequences, whereas the C-terminal domain is the most conserved. 

Phylogenetic analysis of selected CPR predicted amino acid sequences from mammals, 

yeast and plants segregates PMCPR within the plant CPR subgroup (Figure 4.6). Within 

the plant CPR subgroup, there appears to be two distinct subtypes of CPRs as suggested 

previously (Urban et al., 1997), although the two parsley CPRs do not segregate to 

different groups and PMCPR does not clearly fall into either group. The predicted trans- 

membrane sequence contains the highest amount of similarity within the amino terminus of 

the plant CPRs (Figure 4.7). Seven out of eight of the CPR sequences have additional 

methionine residues that could be alternative sites of translation initiation. Many of the 

methionine residues occur upstream of the trans-membrane segment.

Developmental and tissue regulated cprl expression 

To determine the expression of cprl during Douglas-fir seed development, germination 

and early seedling growth, developing seeds were collected monthly and mature Douglas- 

fir seeds were germinated for two weeks as described (Chapter 3, Materials and Methods). 

Equal amounts of total RNA were loaded per lane and visualized by staining with ethidium 

bromide prior to northern blot analysis (data not shown). The expression of cprl was 

compared with the expression of the gene for the 18S rRNA. The MG and embryos or 

emerging seedlings were dissected from developing or germinating seeds, and total RNA 

was isolated and analyzed by northern hybridization using a region of the PM5 cDNA 

containing the conserved FMN binding domain as a probe (Figure 4.8). Expression of
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cotyledons

megagametophyte

seed coat

radicle
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Megagametophyte Embryo Seedling

M Jn Jy A DS SS 4D lOD Jy A DS SS 4D lOD

Figure 4 .8 . Northern blot analysis of cpr expression during embryogenesis and early 
seedling development. Total RNA (12 pig per lane) isolated from Douglas-fir tissues was 
analyzed as described in the Materials and Methods section (upper panel). Membranes 
were stripped and rehybridized with a genomic clone for a portion of the 185 rRNA (lower 
panel). May 31 (M), June 19 (J), July 17 (Jy), August 7 (A), stratified seeds (SS), mature 
seeds (DS), 4-day-old seedlings (4D), 10-day-oId seedlings (10).
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cprl was highest in the MG of 4-day-old seedlings. In contrast, only small amounts of 

cprl transcripts in the embryo and none in the MG were detected during seed development, 

whereas both the MG and embryos from dry seeds contained detectable amounts of cprl 

transcript. Cprl transcripts were detectable in the embryos of developing seeds collected in 

August (during the later stages o f seed development) and not in the MG, suggesting 

expression of CPR is initiated in the embryo. In 10-day-old seedling tissues, cprl 

transcripts were highest in the MG, present in reduced amounts in the cotyledons and 

radicle, and not detected in the seed coat (Figure 4.9). Cprl expression in 10-day-old 

seedlings did not correlate with the ability for a seed to germinate because amounts found in 

ungerminated seeds (seeds without emerging radicles kept under germination conditions for 

ten days) were similar to those in 10-day-old seedlings with different root lengths (Figure 

4.9). The amount of cprl transcript was similar in light- and dark-grown seedlings and 

transcripts were not detected in needles emerging in the spring (Figure 4.10). These results 

indicate that cprl transcripts accumulate during the final stages of seed maturation, and 

expression is under both tissue and developmental regulation during germination and early 

seedling development, presumably at the transcriptional and/or post-transcriptional level.

The expression of CPR genes and the accumulation of CPR protein has been shown to be 

induced by wounding in Helianthiis tiiberosiis (Lesot et al., 1995). Seeds were wounded 

immediately after stratification, germinated and cprl transcript amounts were examined by 

northern blot analysis (Figure 4.11). Cprl transcripts decreased by 1-hour after wounding 

and continued to be lower than controls for 73 hours. The IBS ribosomal RNA amount 

also decreased, with degradation intermediates accumulating by 24 hours after wounding, 

indicating a general decrease in transcription as a result of wounding. The expression of 

cprl was not affected by salt or desiccation treatments during germination or early seedling
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CPR
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Figure 4 .9 . Expression of cprl in 10-day-old seedling tissues. Total RNA was isolated 
from 1 g (20-30 seeds or seedlings) of whole seeds or from separated tissues as described 
in the Materials and Methods section. NR, no radicle; R, radicle visible with lengths less 
than (<) or greater than (>) 1.5 cm; Stratified, stratified seeds. Upper and lower panels are 
as described in the legend for Figure 4.8. Twenty /<g of total RNA was loaded per lane.
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Figure 4 .1 0 . The expression of cprl is not modulated by light during germination and 
early seedling development, and is not detected in emerging needles in the spring. Twenty 
pg of total RNA was loaded per lane isolated from light- (L) and dark-grown (D) 2-day-old 
(2D), 6-day-old seedlings (6D) and emerging needles from mature trees (EN) as described 
in the Materials and Methods section. Upper and lower panels are described in the legend 
for Figure 4.8. Twenty pg  of total RNA was loaded per lane.
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Figure 4.11. Northern blot analysis of cprl expression in response to wounding. W, 
wounded seeds (pinched with forceps) and C, unwounded control seeds were incubated in 
water in petri plates in a controlled environmental incubator providing a day/night 

temperature of 30/20 °C and an 8-hr. photoperiod for 1, 24, 49 and 73 hours. Panels are 
as described in the legend for Figure 4.8. Total RNA was isolated from 1 g (20-30 seeds 
or seedlings) of whole seeds as described in the Materials and Methods section. Twenty 

of total RNA was loaded per lane.



122

CPR

18S
rRNA

I Day 
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Figure 4 .12 . Northern blot analysis of cprl expression in response to desiccation. 
Seeds were germinated in a controlled environmental incubator providing a day/night 

temperature of 30/20 °C and an 8-hr. photoperiod for 1 ,3 ,  and 4 days in petri plates with 
(+) and without (-) H^O, and in an aqueous solution of 250 mM sodium chloride (Na).

Panels are as described in the legend for Figure 4.8. Total RNA was isolated from 1 g 
(20-30 seeds or seedlings) of whole seeds and seedlings as described in the Materials and 
Methods section. Twenty /<g of total RNA was loaded per lane.
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development (Figure 4.12).

A CPR-peptide derived antiserum detects a single CPR in two-dimensional SDS-PAGE 

To examine the CPR protein predicted by the PM5 cDNA, a peptide based on a region of 

the predicted CPR amino acid sequence was synthesized, conjugated to the carrier protein 

KLH, and an antiserum was raised (Figure 4.4). The synthetic CPR-peptide contains 

conserved amino acids that are common to other plant CPRs and should be able to detect 

CPR isoforms (Figure 4.13). Microsomes from stratified seeds were isolated and 

microsomal proteins were separated by 2-dimensional SDS-PAGE and blotted to 

nitrocellulose for western blot analysis (Figure 4.14). The antiserum against the synthetic 

CPR-peptide detected a single polypeptide with a molecular mass between 70-80 kDa and a 

pi between 5-6. These values are comparable to those predicted by the PM5 cDNA. 

Similarly, no isoforms of CPR were detected in mature and germinating seeds (data not 

shown). The amino acid sequence of the synthetic peptide used to raise the antiserum to 

the Douglas-fir CPR has identities that range from 45% to 85% to the same region in other 

plant CPRs (Figure 4.13). Given this relatively high amount of identity across plant 

species, the CPR-peptide antiserum should detect CPR isoforms. These results indicate 

that the CPR-peptide antiserum detects a single CPR in the microsomes of Douglas-fir 

seeds in the developmental stages examined.

PMCPR localizes with the endoplasmic reticulum and NADPH-cvtochrome c activity in 

sucrose gradients

The presence of a hydrophobic trans-membrane sequence in the N-terminal region of 

PMCPR, similar to those found in other CPR polypeptides, indicates a membrane
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PMCPR DDEQYEEKLKKEKL 
CR DDEEYEEKFRKETL
AT 2 DDDEYEEKLKKEDV
A T 1 DDDQYEEKLKKETL
VS DDDQYEEKLKKETL
VR DDDLYEEKLKKESL
PC2 EDEEYEAKFKKESF
P C I  DDDEYETKLKKESM

* .  * *  *  *  *

Figure 4.13. An alignment of the amino acid sequence used to raise the CPR peptide- 
anti serum with the corresponding sequences from other plants. The amino acids of the 
synthetic peptide correspond to amino acid numbers 155-166 of the predicted PMCPR 
amino acid sequence shown in Figure 4.2. The following plant CPR amino acid sequences 
were aligned with CLUSTAL V: PM (PMCPR, Pseudotsuga menziesii, this report); CR 
{Catharanthusroseus, X69791); ATI {Arabidopsis thaliana, X66016); PCÏ2 {Arabidopsis 
thaUana, X66017); VS {Viciasativa, Z26252); VR {Vigna radiata, A47298); PC2 (parsely, 
Petroselinum crispion, AF024635); PCI (parsely, Petroselinum crispum, AF0204634).
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Figure  4 .1 4 .  The CPR-peptide antiserum detects a single CPR in western blot analysis 
of microsomal proteins. Thirty jxg of microsomal protein extracted from stratified seeds 
was resolved by 2-dimensional SDS-PAGE, electroblotted to nitrocellulose and analyzed 
using the CPR-peptide anti serum as described in the Materials and Methods section. 
Molecular mass markers are on the left in kilodaltons, and pH units are on top.
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association (Figure 4.7). To determine the subcellular localization of PMCPR, microsomes 

were treated with a  sodium carbonate buffer to separate the lumenal and integral membrane 

protein fractions (Fujiki et al., 1982; Figure 4.15). The fractions were then separated by 

SDS-PAGE and blotted to nitrocellulose for western blot analysis with the CPR-peptide 

antiserum. The results show PMCPR is enriched in the microsomal fraction. Twice as 

much protein from the soluble fraction (SN l, after the initial 100,000 x g centrifugation 

step) was loaded per lane in order for PMCPR to be detectable. When the microsomes 

were washed three successive times with sodium carbonate, PMCPR persisted in the 

membrane fraction. These results indicate that PMCPR is a membrane associated protein 

of the microsome. To determine the composition of the microsomes isolated from 

Douglas-fir seeds, the components of the microsomes were separated by sucrose gradient 

centrifugation (Coughlan et al., 1996; Robinson et al., 1994; Figure 4.16). There were 

two diffuse bands of protein visible in the sucrose gradient after centrifugation. A less 

apparent band corresponded to the 34% sucrose fraction, and a major band at the 20/30% 

sucrose interface that contained membranes derived from the endoplasmic reticulum (HR; 

Coughlan et al., 1996; Robinson et al., 1994). The CPR-peptide anti serum detected 

PMCPR at the 20/30% sucrose interface, indicating an association with the ER as found 

with mammalian CPRs (Figure 4.16, upper panel). The sucrose gradient fractions were 

assayed for NADPH-cytochrome c activity, a standard assay commonly used for the 

analysis of CPR activity'and a marker for the ER (Madyasha et al., 1976; Robinson etal., 

1994). The NADPH-cytochrome c reductase activity was also found exclusively in the 

20/30% interface fraction, along with the PMCPR enzyme (Figure 4.16, lower panel). 

These results indicate the PMCPR polypeptide predicted by the PM5 cDNA is an integral 

membrane protein that cofractionates in sucrose gradient fractions containing membranes
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Figure 4 .15 . PMCPR is a microsomal membrane associated protein. Western blot 
analysis of soluble and membrane proteins from stratified seed microsomes were analyzed 
by SDS-PAGE. SN2 and MS are the supernatant and microsomal pellet, respectively, after 
initial 100,000 x g centrifugation. SN3, 4, and 5 and P2, 3, and 4 are supernatants and 
pellets, respectively, after microsomal pellet (P2) was diluted with 8 mL sodium carbonate 
buffer (pH 11.5) and centrifuged at 229,600 x g. Sixty and 30 fxg of protein from SN2 
and MS respectively was loaded per lane. Five piL of resuspended TCA precipitated 
proteins from SN3, 4  and 5 (resuspended in total of 10 Buffer B), and 5 /<L of 
resuspended pellets, P2, 3 and 4 (resuspended in total of 10 piL. Buffer B) were loaded per 
lane. Mk, Molecular mass markers in kilodaltons.
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Figure 4 .16 . PMCPR is associated with the fraction containing the endoplasmic 
reticulum and NADPH-cytochrome c reductase activity. Sucrose gradient fractions were 
assayed for CPR content with the CPR-peptide antiserum by western blot analysis and for 
CPR activity spectrophotometrically by NADPH-cytochrome c reductase assays.
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derived from the ER and NADPH-cytochrome c reductase activity.

Accumulation of PMCPR protein and activity in the microsomes during germination and 

early seedling development

To assess the regulation of cprl gene expression, microsomal and soluble proteins from 

mature, stratified, and germinating seeds and seedlings were isolated, separated by SDS- 

PAGE, and blotted to nitrocellulose for western blot analysis (Figure 4.17). To ensure that 

an equal amount of protein was loaded in each lane, a duplicate gel was stained with 

Coomassie Blue and evaluated visually (data not shown). PMCPR enzyme was present in 

similar amounts in the microsomes isolated from mature, stratified and germinating seeds, 

and then declined in 14-day-old seedlings. The decline in PMCPR enzyme by 14 days 

appears to be the result of degradation because lower molecular mass proteins are appearing 

at the same time the PMCPR band intensity is decreasing. No PMCPR was detected in the 

supernatants throughout the time course when an equal amount of protein (30pg per lane) 

was loaded. The CPR-peptide antiserum detected PMCPR in the supernatant when 60 pig 

protein was loaded per lane (Figure 4.15, SN2). The pattern of PMCPR enzyme 

accumulation follows the constitutive expression of cprl during the same development time 

course, which suggests PMCPR enzyme amounts are controlled at a level prior to 

translation. It is not known if the degradation of PMCPR seen during early seedling 

development is occurring in vivo and is a mechanism for regulating enzyme quantity.

A peak of NADPH:cytochrome c reductase activity was seen at 4  days that was 

approximately five times that seen in mature seeds (Figure 4.18). The 4 day peak activity

of 9.7 nmoles cytochrome c reduced mg"  ̂ protein min'^ was lower but within the same

magnitude reported in the literature for microsomes from pig kidney (40 nmoles
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Figure  4 .1 7 . Western blot analysis of PMCPR protein levels during germination and 
early seedling development. Thirty /<g of soluble and microsomal protein was loaded per 
lane. Two hundred/<g of soluble and microsomal protein was assayed for activity. SN, 
supernatant; MS, microsomal fraction; S, mature seeds; SS, stratified seeds; 2D, 4D, 7D, 
and 14D, 2-, 4-, 7-, and 14-day-old seedlings respectively. Mk, molecular mass markers 
are on the left in kilodaltons.
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Figure 4 .1 8 . A comparison of CPR enzyme activity and PMCPR protein levels during 
germination and early seedling development. PMCPR enzyme is present in similar 
amounts (panel A), while CPR activity increases (panel B) in seeds and during germination 
and early seedling growth. Soluble and microsomal proteins extracted from mature, 
stratified and germinating seeds and developing seedlings were assayed for CPR content 
with the CPR-peptide antiserum by western blot analysis and for CPR activity 
spectrophotometrically by NAOPH-cytochrome c reductase assays. Activity and PMCPR 
accumulation trends were repeated three times. SN, supernatant; MS, microsomal fraction; 
S, mature seeds; SS, stratified seeds; 20, 40 , 70 , and 140, 2-, 4-, 7-, and 14-day-old 
seedlings respectively.
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cytochrome c reduced mg'^ protein m in '\ Yasukochi et ai., 1980), sweet potato roots (34 

nmoles cytochrome c reduced mg'^ protein min"\ Fuji ta and Asahi, 1985), wounded 

Jerusalem-artichoke {Helianthiis tuberosiis) tubers ( 140 nmoles cytochrome c reduced mg’ ̂  

protein min’\  Benveniste et al., 1986), tobacco cell suspensions (30 nmoles cytochrome c 

reduced mg’  ̂ protein min’\  Imaishi et al., 1995) spearmint glandular trichomes (222 

nmoles cytochrome c reduced mg’  ̂ protein min’\  Ponnamperuma and Croteau, 1996) and 

chickpea cell suspensions (93 nmoles cytochrome c reduced mg’ protein min’\  Loerwald 

et al., 1996). Although the amount of CPR enzyme found in the mature seeds was similar 

to that found at 4  days, the activity was lower (Figure 4.18). Either another undetected 

CPR is responsible for this increase in activity, or CPR protein accumulates as an inactive 

or less active enzyme and is activated post-translationally during stratification and 

germination. The decline in the amount of NADPH-cytochrome c activity by 7-14 days 

follows the apparent degradation of PMCPR enzyme as detected by western blot analysis 

(Figures 4.17 and 4.18). Additional evidence for post-translation regulation comes from a 

comparison of cprl transcript and PMCPR protein in 10-day-old seedling tissues (Figure 

4.19). The lowest amount of cprl transcript was found in the radicles, whereas the highest 

amount of PMCPR protein at this stage was detected in the radicles.

Immunofluorescence localization of PMCPR 

In order to address the subcellular localization of PMCPR, a preliminary study was done 

on sections from 5-day-old Douglas-fir seedling radicles prepared for immimofluorescence 

microscopy. The CPR peptide-antiserum detected antigen that was within the cytosolic
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portion of the cells (Figure 4.20 A). The staining pattern was not evenly spread throughout 

the cell, but at discrete points, often just outside of the nuclear envelope (Figure 4.20 A and

B). No staining was seen with the preimmune serum.
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Figure 4 .1 9 . A comparison of cprl transcript and PMCPR protein amounts in 10-day- 
old seedling tissues. Total RNA (20 /<g per lane) isolated from Douglas-fir tissues was 
analyzed by hybridization with the full length cpr/PM5 insert (panel A), stripped and 
rehybridized with a genomic clone for a portion of the IBS rRNA (panel B) as described in 
the Materials and Methods section. Total soluble proteins (30 pg  per lane) isolated from 
Douglas-fir tissues were resolved by SDS-PAGE, blotted to nitrocellulose, and probed 
with the CPR peptide-antiserum as described in the Materials and Methods section (panel
C). The CPR transcript and protein amounts shown in panels A and C were quantified by 
densitometry and the results are presented graphically (panel D). WS, whole mature seed; 
C, cotelydon; R, radicle; MG, megagametophyte.
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Figure  4 .20 . Immunolocalization o f CPR in the developing radicles o f 5-day-old 
seedlings. (A) Radicle sections were stained with the CPR peptide-antiserum, (B) with 
DAPI to visualize nuclei, and with preimmune (lower right hand comer) as a control.
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D iscussion

As an essential component of the P450 monooxygenase system of the ER, CPR is a 

multifaceted enzyme that associates with NADPH, FAD and FMN in order to transfer 

electrons to a multitude of individual P450 enzymes. In mammals and yeast this is carried 

out by a single CPR (Simmon et al., 1985; Sutter and Loper, 1989). Recent evidence 

clearly shows that some plants have CPR isoforms encoded by distinct genes which exhibit 

differential expression in response to wounding, UV, infection and elicitors (Koopman and 

Hahlbrock, 1997; Mizutani and Ohta, 1998, Lesot et al., 1995). To the best o f my 

knowledge, this section describes the first cDNA encoding a CPR isolated from a 

gymnosperm. A partial cDNA clone previously isolated that contained the 3 ’ UTR and a 

portion of the CPR coding sequence detected only a single type of CPR cDNA, in a cDNA 

library made from 4-6 day old Douglas-fir seedlings. A single CPR gene appears to be 

expressed during germination and early seedling development because only one CPR 

transcript size was detected, whereas two sizes were found in Helianthiis tuberosiis (Lesot 

et al., 1995). In addition, CPR expression patterns were similar irrespective of whether a 

probe corresponding to a conserved region in the ORE or the less conserved 3 ’UTR was 

used (data not shown). Furthermore, a CPR-peptide anti serum derived from a conserved 

region detected only a single polypeptide in soluble and microsomal fractions in all the 

developmental stages tested. Two-dimensional SDS-PAGE analysis of microsomal 

proteins from seeds and seedlings confirmed the presence of only one CPR. This is in 

contrast to biochemical and immunological evidence of multiple CPRs in some higher 

plants (Benveniste et al., 1989; Benveniste et al., 1991, Ponnamperuma and Croteau, 

1996). One cannot rule out that there may be more than a single Douglas-fir CPR 

expressed in other tissues or developmental stages and it is also possible that the CPR-
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peptide antiserum only detects a single CPR isoform. When the CPR-antiserum was tested 

against tobacco and A. üiaücnia protein extracts, only a single CPR band was detected (data 

not shown). However, based on the presence of a single transcript size in northern 

analysis, and the isolation of only one cDNA type from the cDNA library, cprl appears to 

be the only cpr gene expressed at the stages of development examined. Therefore, the 

expression of the PM5 gene results in the accumulation of PMCPR in mature and stratified 

seeds and during germination and early seedling development.

CPR represents a  unique enzyme that is membrane associated where it interacts with 

different P450s, contains both FAD and FMN as cofactors and is thought to have evolved 

from the fusion of individual FAD and FMN flavoprotein genes (Porter et. al. 1990). The 

present results indicate that the gymnosperm CPR shares highly conserved regions for 

binding the flavin cofactors as do angiosperm, yeast and mammalian CPRs. In addition, 

the data suggest that higher plant CPRs have diverged from their mammalian and yeast 

counterparts especially within the N-terminal region containing the hydrophobic trans­

membrane sequence, and have continued to diverge since the separation of angiosperms 

and gymnosperms. The questions remain what significance multiple CPR genes in some 

plants have, at what point during plant evolution did they appear, and whether differences 

in the N-terminal regions reflects significant functional divergence between plant, yeast and 

mammalian CPRs.

An interest in cpr expression stems from efforts to elucidate the regulatory mechanisms 

involved in the expression of genes during conifer germination and early seedling 

development. The P450 monooxygenase system is responsible for a number of essential 

reactions including fatty acid hydroxylation, secondary metabolite biosynthesis, herbicide 

detoxification, and gibberellin synthesis (reviewed by Donaldson and Luster, 1991;
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Bolwell et al., 1994) during germination and early seedling development. Previously cpr 

expression was found to be constitutive during germination and early seedling development 

when total RNA extracted from whole seeds and seedlings was examined by northern blot 

analysis (Chapter 2; Tranbarger and Misra, 1995). In the present study it is shown that 

cprl expression is developmentally regulated prior to the mature seed stage because 

transcripts are lower or undetectable during seed maturation and are present in mature seeds 

in both the MG and the seedling. In addition, cprl expression is dependent on tissue type 

because transcripts are higher in the MG at 4 days than in the seedling, and vary in the 

cotyledons, radicle and MG from 10-day-old seedlings. Developmental and tissue level 

regulation of cpr expression have also been observed in C. roseus, parsley, and A. thaliana 

(M eijeret al., 1993; Koopmann and Hahlbrock, 1997; Mizutani and Ohta, 1998). The 

results described here support these previous observations indicating cpr expression in 

plants differs from mammals, where expression is under negligible developmental or 

tissue-specific control and the cpr promoter resembles that of house-keeping genes 

(Shephard et al., 1992; O’Leary et al., 1994).

Most studies to date have examined the transcriptional regulation of plant CPR genes, 

whereas only a few studies have examined both the expression of CPR and the 

accumulation of CPR enzyme and corresponding activity. An increase in the H TRl and 

HTR2 CPR transcripts of Helianthiis tuberosiis in response to wounding results an 

accumulation of two CPR proteins (Lesot et al., 1995). The increase in CPRl and CPR2 

gene expression in parsley cells in response to elicitor treatment results in the accumulation 

of CPR protein and an increase in total CPR activity (Koopman and Hahl brook, 1997). In 

the present study, PMCPR amounts remain steady during stratification, germination and 

early seedling development. This pattern of PMCPR accumulation differs from that
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predicted by from northern blot analysis of total RNA from dissected MGs and embryos 

because cprl transcripts increase in the MG by 4  days (Figure 4.8). A study that examined 

the regulation of a CPR gene induced in response to thyroid hormone found a large 

increase in CPR transcript only resulted in a small increase of CPR protein and 

corresponding activity (Ram and Waxman, 1992). It was suggested that post-translational 

regulation by differential CPR stability and/or translation efficiency may explain the 

discrepancy between CPR transcript induction and enzyme amounts. Likewise, the present 

results indicate a discrepancy between the increase in cprl transcript and the amount of 

PMCPR during seedling development by 4 days which could cdso be explained by post­

translation regulation. Another possible explaination is that other cpr genes and their 

products are not detected by the PM5 cDNA and the CPR-antiserum probes used in these 

studies. The discrepancy between PMCPR transcript and PMCPR protein quantities could 

also be due to the comparison of northern analysis of dissected tissue versus microsomal 

proteins from whole seeds and seedlings. Unfortunately, the quantity of dissected material 

that would be required for microsomal preparations and enzyme assays is prohibitive.

Plant CPRs are believed to be localized to the ER based on the presence of a trans- 

membrane domain in their N-terminal region and the ER localization of mammalian CPRs 

(Okada et al., 1982). CPR activity, measured by NADPH:cytochrome c reduction 

(Madyastha and Coscia, 1979), is commonly used as a marker enzyme for the ER 

(Benveniste etal., 1978; Robinson et al., 1994). CPRs from different plant sources have 

been purified and their NADPHzcytochrome c activities examined (Fujita and Asahi, 1985; 

Menting etal., 1994; Loerwald etal, 1996), and reconstitution in vitro with various P450 

activities has been demonstrated (Madyastha and Coscia., 1979; Benveniste et al., 1986; 

Kochs and Grisebach, 1989; Imaishi e ta l., 1995; Ponnamperuma and Croteau, 1996).
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CPR cDNAs from different plant sources have also been isolated and expressed in various 

systems and their activities reconstituted i« vitro with P450 activities (Shet et al., 1993; 

Mizatani and Ohta, 1998), but a study of the subcellular localization of a plant CPR 

identified through the isolation of its cDNA has not been carried out. The present study 

uses a CPR-peptide antiserum based on the cDNA sequence of PM5 to examine the 

subcellular localization of its corresponding gene product. The data indicate that the 

product encoded by PM5 is a microsomal membrane protein, fractionates at the same 

sucrose density as the ER and NADPHxytochrome c reductase activity. These results 

support the conclusions that PM5 encodes a CPR and that plant CPR enzyme and activity 

can be used as a marker for the microsomal membranes containing ER (Benveniste et al., 

1978). The CPR-peptide anti serum was used to examine the cellular localization of 

PMCPR in radicle cells by immunofluorescence. The staining pattern indicated PMCPR is 

not spread throughout the cytosol as other ER associated proteins (e.g. BiP, Forward et 

al., submitted 1998). PMCPR is localized in distinct areas, possibly adjacent to the outer 

nuclear envelop which is continuous with the ER. This pattern of staining is consistent 

with the conclusion that PMCPR associates with the ER, but localization may be directed to 

certain ER membranes at sites close to the outer nuclear membrane.

Very little is known about the regulation of gene expression during gymnosperm seed 

germination and early seedling development at the molecular level. Gymnosperm seeds 

differ both anatomically and genetically from angiosperms and the development of 

molecular probes to assess the differences in the molecular events that may distinguish 

these two higher plant groups is essential. It is clear from recent studies that changes in 

gene expression patterns occur during stratification, germination and early seedling 

development, but the metabolic consequences of these changes are still not known. During
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germination and early seedling development, the P450 monooxygenase system is 

responsible for a number o f essential reactions including fatty acid hydroxylation, 

secondary metabolite biosynthesis, herbicide detoxification, and gibberellin synthesis. 

During germination there is an increase in seed metabolic activity and the production of 

NADPH (Bevvley and Black, 1994). It remains to be determined whether the increase in 

CPR activity found in the present study is coordinated with the increase of other metabolic 

pathways as suggested earlier (Alani et al., 1990) and with the P450 activities occurring 

during germination.

The development of molecular probes to detect both CPR transcripts and protein in a 

gynmosperm is important to further elucidate the mechanisms of CPR regulation in relation 

to the P450 monooxygenase system and their similarities or differences from angiosperms. 

Studies of CPR’s binding and interaction with NADPH, FAD and FMN, its insertion and 

retention in the membrane where it interacts with the multitude of P450s, and the role of 

CPR diversity in plants will also lead to a greater understanding o f the P450 

monooxygenase system and its evolution in higher plants.
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C onclusions

(1) The cDNA clone PM5 corresponds to a gene (jcprl) that encodes a CPR.

(2) Cprl is under developmental and tissue specific control possibly at the transcriptional 

and/or post-transcriptional levels.

(3) Cprl steady-state transcript amounts are highest during protein mobilization in the 

MG.

(4) A CPR peptide-antiserum detects a single polypeptide (PMCPR) in 1 and 2-D SDS- 

PAGE.

(5) PMCPR is associated with the microsomal membrane.

(6) CPR localizes with the ER and cytochrome c  activity in sucrose gradient fractions.

(7) Post-translational modifications may regulate CPR activity during germination.
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CHAPTER 5

Conclusions and Future Studies

To examine the regulation of gene expression during Douglas-fir seed germination and 

post-germination, a set of developmentally regulated cDNAs was isolated by differentially 

screening a seedling cDNA library (Chapter 2). The cDNAs were identified through 

sequence database searches and were found to encode proteins with similarities to a 

chaperonin 606 (cpn606), cysteine proteinase (CysP), low molecular weight heat shock 

protein (LMW HSP), luminal binding protein (BiP), and chlorophyll a/b-binding protein 

(Type II CAB). A constitutively expressed cDNA with similarity to a NADPH-cytochrome 

P450 reductase (CPR) was also isolated. The individual expression patterns of these genes 

suggested transcriptional and/or post-transcriptional changes occur during stratification, 

germination, and post-germination of Douglas-fir seeds (Tranbarger and Misra, 1995, 

1996; Kaukinen et al., 1996; Forward et al., submitted 1998). Many questions concerning 

the regulation and functions of these genes during germination and post-germination remain 

unanswered and require further investigation.

One of the aims of future studies is to identify the c/5-acting promoter elements that 

interact with trans-acting factors involved in the transcriptional initiation o f the 

developmentally regulated genes. The cDNAs described in this study provide probes for 

the isolation of the corresponding genes and their regulatory elements. The comparison of 

the gymnosperm genes with those of angiosperms will help identify the molecular 

divergence that has occurred during higher plant evolution. For example, the legumin
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storage protein genes of angiosperms have one less intron than gymnosperm legumin-like 

genes, which may be due to a loss of an intron during evolutionary divergence (Hager et 

al., 1995).

Several o f the developmentally regulated Douglas-fir transcripts are present in the 

dormant mature seed (Chapter 2, Figures 2.2 and 2.3). The localization of mRNAs during 

development is an important mechanism for the regulation and targeting of proteins during 

eukaryotic development (Micklem, 1995). Only a few studies have addressed the 

mechanisms involved in the storage of mRNAs in mature seeds and their specific cellular 

destinations during development. Some transcripts stored in dormant seeds associated with 

proteins as messenger ribonucleoprotein (mRNP) complexes, while others were localized 

in the nucleus and were polyadenylated during germination (Hammett and Katterman, 

1975; Ajtkhozhin et al., 1976; Harris and Dure, 1978; Peumans et al., 1979). In situ 

hybridization studies on sections of mature, stratified and germinating seeds and on 

seedling tissues during development will provide information on the changes in the 

subcellular localization of these transcripts.

Pseudotzain: Regulation, P rocessing  and R ole in Storage Protein 

Mobilization

The presence of multiple AU-rich elements {ARE) in the 3 ’ UTR of the cysP transcript 

(Chapter 3, Figure 3.1 and 3.2) suggest pseudotzain gene expression is post- 

transcriptionally regulated at the level of mRNA turnover. Both in vitro and transgenic 

approaches have shown that destabilization elements in 3 ’ UTR have a role in post- 

transcriptional regulation of certain mammalian, yeast and plant genes (Sullivan and Green, 

1993; Chen and Shyu, 1995; Ross, 1995; Caponigro and Parker, 1996; Abler and Green,
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1996; Gil and Green, 1996). A determination of the in vitro cysP mRNA decay rates at 

different developmental time points, and when incubated with various crude cellular 

extracts (e.g. the cytosol, polysomes, or mRNP) would provide basic information about 

the stability of cysP transcripts during development (Figure 5. lA). The results from this 

experiment would determine whether cysP  transcripts are differentially stable during 

development and indicate the cellular fraction that may contain factors involved in 

destabilization. A transgenic approach could then be used to identify the elements in the 

cysP transcript that mediate destabilization. This would involve construction of chimeric 

genes containing a common promoter (e.g. the 35S promoter from the cauliflower mosaic 

virus) fused to test genes with different 3 ’ ends derived from the cysP  cDNA UTR 

sequence (Figure 5. IB). The decay rates of the test transcripts can then be determined 

from mRNA isolated from transformed plant cells treated with the transcription inhibitor 

actinomycin D (Figure 5.1 A). If the cysP S ' UTR confers differential stability to the test 

transcripts, the sequence elements that direct the destabilization could be used in mobility- 

shift assays with various cellular extracts to identify putative trans-acting factors that are 

involved in mRNA destabilization.

A unique feature of the predicted amino acid sequence of pseudotzain is the presence of 

both N- and C-terminal extension peptides. The large C-terminal extension peptide appears 

to be unique to plant CysP, but no functions (e.g. targeting, enzymatic etc.) have been 

attributed to its presence. To determine the roles of the extension peptides in the subcellular 

targeting of pseudotzain, gene constructs containing the coding region of a reporter gene 

(e.g. the gene for 6-glucuronidase, GUS) flanked by either the N- or C-terminal extension 

peptides or both can be expressed in transgenic tobacco under the control of a constitutive 

promoter (e.g. the 35S promoter). The localization of GUS activity in relation to the
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F igure 5.1 mRNA decay experiments. (A) The graph depicts an idealized mRNA decay 
time course of two transcripts (dashed and solid line). Arrow indicates beginning of in 
vitro incubation of mRNAs with cellular extracts or point at which transformed cells are 
treated with actinomycin D. mRNA half-life values can be extrapolated from the graph 
(dotted lines). (B) A representative construct used to determine the effects of different 
3 ’ UTR on reporter transcript stability. The reporter gene indicates any transcript that is 
detectable by northern hybridization analysis. 35S, promoter from the cauliflower mosaic 
virus.
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presence or absence of the extension peptides would determine whether the N- and C- 

terminal extension p>eptides are involved in the subcellular targeting of pseudotzain.

The N-terminal extension peptides of several CysP are post-translationally removed 

during development, but there are no reports of the processing of CysP that have both N- 

and C-terminal extension peptides (Koehler and Ho, 1990; Holwerda et al., 1990; Kalinski 

et al., 1992). A pseudotzain antiserum is required to determine the subcellular location of 

the native pseudotzain in Douglas-fir tissues and to elucidate the processing steps of the 

pro-pseudotzain to the mature form. An attempt was made to raise an anti-pseudotzain 

antiserum based on a synthetic peptide from the cDNA PM3-3, but the antiserum did not 

detect any antigens in various Douglas-fir protein extracts. In addition, an anti serum for an 

angiosperm CysP was tested on Douglas-fir protein extracts and no specific band was 

detected in SDS-PAGE/westem blot analysis. An alternative approach is to overexpress 

the mature portion of pseudotzain in an expression vector and raise an anti serum against the 

purified protein.

Several questions remain unanswered concerning the role of pseudotzain during Douglas- 

fir germination (Chapter 3). Northern blot analysis demonstrated that pseudotzain 

expression increases during germination and is highest in the megagametophyte (MG) 

during post-germination. This result is consistent for the proposed role of pseudotzain in 

the mobilization of storage proteins. In order to assign a conclusive role for proteinases in 

the degradation of storage proteins, several criteria have been established (Shutov and 

Vaintraub, 1987). These include the ability to hydrolyse native storage proteins, 

localization of the proteinase and the substrate in the same cell compartment, and enzyme 

characteristics th a t m atch the  corresponding cell compartm ent environment. 

Immunolocalization and western blot analysis of protein body extracts incubated with
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pseudotzain will confirm whether it associates with and degrades native storage proteins of 

Douglas-fir.

CPR and the Cytochrome P450 M onooxygenase System

It has been proposed that P450 enzymes compete for a limited amount of CPR which 

may limit P450 enzymatic activities (Cawley et al., 1995). To test this hypothesis, 

experiments were initiated to determine whether elevated CPR expression in transgenic 

tobacco plants leads to higher CPR accumulation, activity and ultimately P450 enzyme 

activities. CPR constructs were made with the coding region of the PMCPR cDNA behind 

a double 358 promoter in the pB1121 plasmid (Figure 5.2A and B). Eleven putative 

transgenic plants were selected and screened for elevated amounts of CPR by western blot 

with the CPR peptide-antiserum (Figure 5.3). The Douglas-fir antiserum cross-reacted 

with a polypeptide of expected size in tobacco protein extracts from control nontransgenic 

plants and from eleven transformants. A qualitative assessment of CPR amounts indicated 

none of the transformants had higher CPR accumulation than the control non-transgenic 

plants. Lanes that appear to have higher CPR amounts also had higher total protein loaded 

per lane based on Coomassie Blue stained gels (data not shown). One of the transgenic 

plants was selected for northern blot analysis with the CPR cDNA (PM5) as a probe to 

determine the amount of qjr mRNA. The results indicated that the cpr gene was not 

expressed in various tissues of the transgenic tobacco plant examined (Figure 5.4). 

However, results from Southern blot analysis with the CPR cDNA PM5 demonstrated the 

cpr coding sequence was stably integrated into the tobacco genome (data not shown). 

Based on these data, it appears that the cpr gene construct was integrated but is not 

expressed in the transgenic tobacco. The post-transcriptional silencing of genes expressed
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CPR 5’ Primer 5 ’-CTTGATTC

Xba 

TCTAGA ATGCAGTCTA ATTCG-3 ’

Sst
CPR 3 ’ Primer 5 ’-GAACAAATTC GAGCTC TTACCATACATCTCG-3 ’

B Xba Sst EcoRI

35S CPR NOS

CPR coding region 
(nucleotides 138-2297)

Figure 5 • 2. Primers synthesized to engineer the Xba and Sst restriction sites and the 
structure of the qjr gene construct used to transform tobacco plants. (A) The start (CPR 5 ’ 
primer) and stop codons (CPR 3 ’ primer) of the cpr coding sequence are underlined with 
arrows. (B) The cpr gene construct. 35S, 358 promoter from the cauliflower mosaic 
virus; CPR, the CPR coding sequence; NOS, the nopaline synthase 3 ’ end; Xba, restriction 
site; restriction site; £coRI, restriction site. Tobacco leaf discs were incubated with 
Agrobacterium timiefaciens containing the constructs, and transformed cells were selected 
for their ability to form callus tissue on medium containing kanamycin. Transformed callus 
was used to regenerate the transgenic plants.
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Figure 5 .3 . Western blot analysis of putative transgenic CPR tobacco plants. Soluble 
protein extracts (approximately 15 pig per lane) isolated from leaves of putative transgenic 
and control tobacco plants were resolved by SDS-PAGE, blotted to nitrocellulose and 

probed with the CPR peptide-antiserum. Mk, molecular mass markers; 1, 1^ ,̂ 1 \  2, 6, 7, 
8, 10, 13, 14 and 15 are labels for putative transgenic tobacco plants; C, control, 
nontransgenic tobacco plant; S, mature Douglas-fir seed.
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SS TL TS TLG TSG ArS

Figure 5 .4 . Northern blot analysis of putative CPR transgenic tobacco plants. The PM5 
cDNA was used to probe total RNA (15 loaded per lane) isolated from the seeds and 

tissues of a putative transgenic tobacco plant (I^), and control seeds and plant tissues. SS, 

stratified Douglas-fir seed; TL, putative transgenic tobacco plant U leaves; TS, putative 

transgenic tobacco plant U seeds; TLG, control GUS transgenic plant leaves; TSG, control 
GUS transgenic plant seeds; ArS, Arabidopsis thaliana mature seeds.
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in transgenic plants is an important but poorly understood phenomenon that may explain 

why the qjr gene is not expressed in transgenic tobacco (Baulcombe, 1996). Northern blot 

analysis of other putative transformants is in progress.

A unique aspect of the plant cytochrome P450 monooxygenase system is the multiplicity 

of qjr genes in some plant species (Benveniste et al., 1989, 1991; Lesot et al. 1995; 

Koopmann and Hahlbrock, 1997; Rosco et al., 1997; Urban et al., 1997; Mizutani and 

Ohta, 1998). In the present study, only a single CPR protein was identified, but the 

question remains whether there are multiple functional qjr genes in Douglas-fir. A 

Southern blot analysis of Douglas-fir genomic DNA using the CPR cDNA as a probe gave 

inconclusive results (data not shown). In addition, because of the high number of 

pseudogenes in gymnosperm genomes. Southern blot data cannot be used exclusively to 

determine functional gene copy number (Kinlaw and Neale, 1997). An alternative to 

Southern blot analysis includes using different portions of the CPR cDNA, including the 

conserved cofactor regions and the less conserved 5 ’ or 3 ’ UTRs, to isolate CPR gene 

sequences from a genomic library. Gene specific probes used in northern blot analysis or 

RNA protection assays of RNA isolated from different developmental stages and tissues 

would determine whether the genes are expressed.

Regulation of PMCPR appears to occur post-translationally because CPR activity during 

germination does not correlate with the amount of PMCPR protein. The amino acid 

sequence of PMCPR contains a putative serine phosphorylation (RRGGS, Chapter 4, Fig. 

4.2.) and a A-glycosylation site. In an attempt to elucidate mechanisms of post- 

translational regulation of CPR activity during germination, studies were initiated to 

examine the glycosylation and the phosphorylation status of PMCPR. To determine 

whether PMCPR is glycosylated, microsomal proteins extracted from 2-day-old seedlings
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were treated with the enzyme Endo-H to remove N-linked glycosyl-moieties. Preliminary 

results from this experiment indicated no shift in the molecular mass of PMCPR in SDS- 

PAGE/westem blot analysis after Endo-H treatment (data not shown). Based on this 

result, PMCPR does not appear to be glycosylated. The activities of some P450 enzymes 

o f mammals are modulated post-translationally through phosphorylation (Porter and Coon, 

1991). The presence of a putative serine phosphorylation site in the PMCPR prompted an 

examination o f the phosphorylation status of Douglas-fir microsomal proteins during 

development. Microsomal protein extracts from mature seeds and 2-day-old seedlings 

were resolved by SDS-PAGE, blotted to nitrocellulose and probed with the 

antiphosphoserine antiserum (Figure 5.5). The antiphosphoserine antiserum did not detect 

any protein band that corresponded with the molecular mass of PMCPR. However, there 

were several lower molecular mass bands that increased in the 2-day-old seedling samples 

indicating that phosphorylation of some proteins at serine residues may occur during 

germination. These proteins are of interest because A. tfialiana mutants having constitutive 

serine-threonine phosphatase activities germinate in the presence of exogenously applied 

ABA (Leung et al., 1994; Meyer et al., 1994). The phosphorylation of some proteins at 

serine residues may be an important signal transduction process that is related to seed 

germination, and a further examination of these phosphorylated proteins is warranted. To 

elucidate the factors that regulate CPR activity during development, future work is needed 

on the purification and characterization of PMCPR activity in vitro.

Based on the data presented in this thesis, transcriptional, post-transcriptional and post- 

translational mechanisms appear to control genes expressed during germination and post­

germination. The availability of molecular probes forms the basis for future experiments 

that will clarify the specific regulatory mechanisms that function during seed dormancy.
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germination and post-germination of Douglas-fir. The results of these experiments will 

allow a better understanding of the molecular and metabolic differences that have developed 

during the evolutionary divergence of angiosperms and gymnosperms.
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Figure 5 .5 . Western blot analysis of the serine phosphorylation status of microsomal 
proteins from mature seeds and 2-day-old seedlings. Microsomal proteins (30 fig loaded 
per lane) were resolved by SDS-PAGE, and blotted to nitrocellulose. Anti-PMCPR, 
western blot probed with the CPR peptide-antiserum; Anti-PS, western blot probed with 
the anti-phosphoserine (1/500 dilution); SDS-PAGE, resolved proteins stained with 
Coomassie Blue; Mk, molecular mass markers. The anti-phosphoserine detected bands 
were visualized by incubation with anti-mouse (IgM 4-IgG) conjugated to alkaline 
phosphatase (1,2000 dilution). Arrows indicate proteins that appear to be phosphorylated 
during germination. See Chapter 4  Materials and Methods section for SDS-PAGE and 
western blot procedures.
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Appendix I 

Total RNA Isolation Data (Samples, Concentrations and Yields)

# Sample
Description

Tissue Fresh 
Weight 
(grams)

Total RNA 
Concentration

Yield (/<g; 
pellets dissolved 

in 100 piL)

Yield Ratio 
iptg total 
RNA per 

gram Fresh 
weight 
tissue)

I Mature Seeds 1.0 3.7 370 370
2 Stratified Seeds 

(3 weeks, 4 oQ
1.0 3.3 330 330

3 2 Day Old 
Seedlings

1.0 2.7 270 270

4 4 Day Old 
Seedlings

1.0 2.8 280 280

5 6 Day Old 
Seedlings

1.0 2.2 220 220

6 8 Day Old 
Seedlings

1.0 2.3 230 230

7 14 Day Old 
Seedlings

1.0 4.4 440 440

8 Needles ( 14 Days) 1.0 11.0 1,100 1,100
9 Radicles ( 14 Days) 0.5 1.0 100 200

Run I . Total RNA isolated for Douglas-fir germination time course via modified Perez-
Grau procedure (Grimes etal., 1993). For northern blots see Chapter 2.
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# Sample
Description

Tissue Fresh 
Weight 
(grams)

Total RNA 
Concentration

Yield {pig-, 
pellets dissolved 
in 100 piU *80 

or @90 piL)

Yield Ratio 
ijxg total 
E^A  per 

gram Fresh 
weight 
tissue)

1 Mature Seeds 1.0 3.9 390 390
2 Stratified Seeds 

(3 weeks, 4 oC)
1.0 2.5 250 250

3 2 Day Old 
Seedlings

1.0 2.9 290 290

3 ’ 2 Day Old 
Seedlings

1.0 2.9 *232 232

4 4  Day Old 
Seedlings

1.0 2.5 250 250

5 6 Day Old 
Seedlings

1.0 3.7 370 370

6 8 Day Old 
Seedlings

1.0 2.5 250 250

7 14 Day Old 
Seedlings

1.0 2.3 230 230

8 10 week Old 
Needles

1.0 1.25 100 100

9 10 Week Old 
Roots

1.0 0.86 69 69

10 10 Week Old 
Stems

1.0 1.8 @162 162

Run II. Total RNA isolated for Douglas-fir germination time course via modified Perez-
Grau procedure (Grimes et al., 1993). For northern blots see Chapter 2.
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# Sample
Description

Tissue Fresh 
Weight 
(grams)

Total RNA 
Concentration

Yield (/<g; 
pellets dissolved 

in 50 jxL)

Yield Ratio 
(/<g total 
RNA per 

gram Fresh 
weight 
tissue)

I Mature Seeds 1.0 7.3 365 365
2 Stratified Seeds 

(3 weeks, 4 oC)
1.0 5.5 275 275

3 2 Day Old 
Seedlings

1.0 8.8 440 440

4 4 Day Old 
Seedlings

1.0 6.7 335 335

5 6 Day Old 
Seedlings

1.0 4.3 215 215

6 8 Day Old 
Seedlings

1.0 4.7 235 235

7 14 Day Old 
Seedlings

1.0 5.4 270 270

8 Needles ( 14 Days) 1.0 8.4 420 420

Run III. Total RNA isolated for Douglas-fir germination time course via modified Perez- 
Grau procedure (Grimes et al., 1993). For northern blots see Chapter 2.
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Summary of Yields. Total RNA isolated for Douglas-fir germination time course via 
modified Perez-Grau procedure (Grimes et ai., 1 ^3 ). For northern blots see Chapter 2.
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# Sample
Description

Tissue Fresh 
Weight 
(grams)

Total RNA 
Concentration 

!>g/<L-i]

Yield (/fg; 
pellets dissolved 

in 20 piL)

Yield Ratio 
total 

RNA per 
gram Fresh 

weight 
tissue)

1 Prefertilized
(May/31/95)

0.1 1.6 32 320

2 MG (June/19/95) 0.1 4.1 82 820
3 MG (July/17/98) 0.1 1.2 24 240
4 MG (August/8/95) 0.1 0.81 16 160
5 MG Mature Seeds 0.1 0.85 17 170
6 MG Stratified 

Seeds
0.1 1.7 34 340

7 MG 4 Day Old 
Seedlings

0.1 1.5 30 300

8 MG 10 Day Old 
Seedlings

— - — —

9 Embryo 
(July/17/98)

0.7 3.0 60 86

10 Embryo
(August/8/95)

0.7 1.5 30 43

11 Embryo Mature 
Seeds

0.7 6.1 122 174

12 Embryo Stratified 
Seeds

0.7 4.5 90 128

13 Embryo 4 Day Old 
Seedlings

0.7 3.6 72 104

14 Embryo 10 Day 
Old Seedlings

— - — —

Total RNA isolated for Douglas-fir embryogenesis and germination time course via 
modified Verwoerd miniprep procedure (Leal and Misra, 1993). For northern blots see 
Chapters 3 and 4.
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time course via modified Verwoerd miniprep procedure (Leal and Misra, 1993). For 
northern blots see Chapters 3 (Figure 3.) and Chapter 4  (Figure 4.)
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Appendix II

Microsomal and Total Protein Isolation Data Isolation Data 
(Samples, Concentrations and Yields)

# Sample
Description

Tissue
Fresh

Weight
(grams)

Microsomal 
Protein (MS) 
Concentration 

Og/<L-il

Soluble Protein 
(SN2) 

Concentration

Microsomal Protein 
Yield [pi% MS protein 
per g Fresh weight; 

pellet resuspended in 
100 fiL  or 
*50 ]A.)

1 Mature
Seeds

5 14.5 10.8 290

2 Stratified
Seeds

5 10.3 7.7 206

3 2 Day old 
Seedlings

5 12.8 7.8 256

5 7 Day old 
Seedlings

5 6.8 8.5 136

6 14 Day old 
Seedlings

5 12.8 1.2 256

7 14 Day old 
Seedlings

5 13.0 0.7 260

Run I . Microsomes were isolated according to Shet et al., 1993 as described in the 
“Materials and Methods” section of Chapter 4, For western blots see Chapter 4.
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# Sample
Description

Tissue
Fresh

Weight
(grams)

Microsomal 
Protein (MS) 
Concentration

Soluble Protein 
(SN2) 

Concentration

Microsomal Protein 
Yield \jxg MS protein 
per g Fresh weight; 

pellet resuspended in 
5 0 /rL)

1 Mature
Seeds

5 24.5 12 245

2 Stratified
Seeds

5 38.0 14.4 380

3 Stratified
Seeds

5 38.5 13.4 385

4 2 Day old 
Seedlings

55.0 15 550

5 7 Day old 
Seedlings

5 55.0 16.6 550

6 14 Day old 
Seedlings

5 46 7.2 460

Run II. Microsomes were isolated according to Shet et al., 1993 as described in the
“Materials and Methods” section of Chapter 4, For western blots see Chapter 4.
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# Sample
Description

Tissue
Fresh

Weight
(grams)

Microsomal 
Protein (MS) 
Concentration

Soluble Protein 
(SN2) 

Concentration

Microsomal Protein 
Yield [^g MS protein 
per g Fresh weight; 

pellet resuspended in 
SOixL)

1 Mature
Seeds

5 14.5 24.0 230

2 Stratified
Seeds

5 17.4 31.2 278

3 2 Day old 
Seedlings

5 20.6 26.0 330

4 4  Day old 
Seedlings

5 18.8 18.6 301

5 7 Day old 
Seedlings

5 24.6 18.8 394

6 14 Day old 
Seedlings

5 19.4 15.8 310

Run III. Microsomes were isolated according to Shet et al., 1993 as described in the
“Materials and Methods” section of Chapter 4, For western blots see Chapter 4.
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Summary graph of microsomal protein yields from Douglas-fir germination time course.




