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ABSTRACT  

 Natural rubber is poly-cis-isoprene polymer with molecular weight of more than 1 mil-

lion Da.  Although it is an important raw material used for many industrial and medical products, 

the biosynthesis of natural rubber is not yet fully understood.  Due to the poly-cis-isoprene struc-

ture of natural rubber, cis-prenyltransferases are proposed to be responsible for the elongation of 

this important polymer.  Currently, all commercial rubber comes from the Brazilian Rubber Tree 

(Heava brasiliensis), which is not suited to laboratory study.   The annual plant, lettuce (Lactuca 

sativa), can synthesize high quality NR, is self-pollinating, transformable, and has an available 

genome sequence.  The Ro laboratory at University Calgary, has identified three cis-prenyl trans-

ferases (CPTs) and two CPT scaffolding proteins (CSFs) in lettuce. It appears that one pair of a 

CPT and CSF (LsCPT3 and LsCSF2) is responsible for the production of natural rubber in let-

tuce, while another pair (LsCPT1 and LsCSF1) is necessary in primary metabolism.  The remain-

ing CPT, LsCPT2, is most similar to prokaryotic CPTs and is hypothesized to function without a 

CSF partner.   Currently, there is no specific promoter for natural rubber producing cells (lati-

cifers), which hinders the study of CPT3 and CSF2 in natural rubber production.  In this thesis 

project, promoters for LsCPT3 and LsCSF2 have been cloned and characterized.  The GUS re-

porter gene system was used to demonstrate that both promoters have specific activity in laticifer 

cells.  LsCPT2 was cloned and characterized, demonstrating that LsCPT2 can be expressed in the 

prokaryotic organism, E. coli.  When purified from E. coli, LsCPT2 was found to have CPT ac-

tivity in vitro, based on a 14C-IPP incorporation assay.   
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1. CHAPTER 1 – INTRODUCTION 

1.1 INTRODUCTION 

 Throughout evolution, plants have adapted to improve their fitness by producing special-

ized, secondary metabolites.  Unlike primary metabolites, which are essential for the immediate 

survival of plants, these specialized metabolites are often not necessary for growth or survival.  

However, having the ability to ward off predators, attract pollinators, or promote healing will al-

low for the prolonged survival of a plant species.  Humans have used some of these specialized 

metabolites for thousands of years as aromas, flavours, nutraceuticals, and pharmaceuticals. 

Since plants have not evolved to produce these compounds in the quantities needed for mass 

consumer consumption, we need to find new ways to increase production of these valuable com-

pounds.  The first step in this process is to understand how plants synthesize specialized metabo-

lites.  Once the biosynthetic mechanisms of the pathways are elucidated, we will have opportuni-

ties to create specialized metabolites in larger quantities, using various biological platforms.  In 

this chapter a variety of specialized plant metabolites ranging in size and function will be dis-

cussed.  The link between proteins involved in primary metabolism and those involved in spe-

cialized metabolism will also be considered.  The main focus of this thesis will be to aid under-

standing of the proteins involved in the specialized metabolism of natural rubber by studying the 

closely linked proteins which function in primary metabolism.   

1.2 PLANT NATURAL PRODUCT BIOSYNTHESIS  

 Thus far,  much has been learned about the biosynthesis of specialized metabolites.  

These specialized metabolites are often referred to as plant natural products.  Plant natural prod  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ucts are derived from building blocks such as acetate, mevalonate, and shikimate, which are in 

turn derived from simple carbohydrates produced via photosynthesis.  Compounds created by the 

condensation of these building blocks are further elaborated by enzyme-catalyzed reactions.  

These reactions include: rearrangement, cyclization, elimination, reduction, oxidation, meth-

ylation etc.  These “decorations” provide chemical diversity of natural plant products known to-

day (Gunatilaka, 2012).  

While the mevalonate and acetate are found throughout life, the shikimate pathway is 

only found in plants and microorganisms.  This pathway uses aromatic amino acids to produce 

aromatic and phenolic plant natural products (Vogt, 2009).  Simple products from the shikimate 

pathway or the shikimate and acetate pathways are produced and subsequently elaborated to cre-

ate a variety of plant phenolics such as monolignols, lignan, lignin, phenylpropenes, coumarins, 

stilbenes, flavonoids, anthocyanidins, and isoflavonoids (Dixon, 2001).  One example is resvera-

trol (Figure 1.1 a), a stilbene present in red wine and studied for its cancer preventative proper-

ties.  Another example is pelagonidin (Figure 1.1 b), which is an anthocyanodin involved in the 

colouring of many flowers. Alkaloids are nitrogen-containing compounds which originate from a 

variety of amino acids. Alkaloids originate from a mixture of biosynthetic pathways and can 

have complex structures (Ziegler et al, 2009).  Some well-known alkaloids are morphine (Figure 

1.1 c) and nicotine (Figure 1.1 d) (Gunatilka, 2012).   

Terpenoids are a diverse group of compounds found in many plants.  They are produced 

through the mevalonate (MVA) pathway (Goldstein and Brown, 1990) and use isoprene 

monomers (C5) to form a variety of complex structures.  It has also been shown that, in some 
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tissues of higher plants, terpenoids can also be produced by a non-mevalonate pathway called the 

methyl erythritol phosphate (MEP) pathway (Towler and Weathers, 2007; Surmacz and 

Swiezewska, 2011).  Terpenoids have many different roles in plants, including roles in primary 

metabolism, defence against herbivory, and pollinator attraction (Kinghorn, 2001).  Terpenoids 

can be stored in the latex of plants.  Some examples of terpenoids are paclitaxel (Figure 1.1e), 

which is currently being studied as a treatment for cancer (Howat et al, 2014), and artemisinin 

(Figure 1.1 f), which is an effective anti-malarial drug (Tu Y, 2011).    

!  

Figure 1.1. Plant Natural Product Structures.  
a. resveratrol, b. pelagonidin, c. morphine, d. nicotine, e. paclitaxel, f. artemisinin. All are exam-
ples of plant natural products that have been extensively studied.  
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1.3 NATURAL RUBBER 

 Natural rubber, harvested from the milky sap (latex) of the Brazilian rubber tree (Hevea 

brasiliensis) (Noike et al, 2008), is a valuable natural product, and is used as raw materials to 

manufacture a variety of consumer products.  The three-dimensional structure of natural rubber 

is a spring-like shape, where isoprene monomers are consecutively linked together by cis-bonds.  

This structure provides the natural rubber with its unparalleled resilience and elasticity.  The re-

siliency to compress and then return to its original shape makes natural rubber extremely valu-

able in many of the products we require for day-to-day life, such as automobile tires, industrial 

equipment, and medical products. High quality natural rubber can have a molecular weight of 

more than 1 million Da (Cornish et al, 2000). 

Today the demands for natural rubber cannot be met solely by the Brazilian rubber tree, 

and much of the rubber we use is synthesized from petroleum products.  According to the In-

ternational Rubber Study Group (IRSG), 42.5 % of the world rubber demand was met with nat-

ural rubber in 2011, and the remaining rubber used was synthetic.  Unfortunately, synthetic rub-

ber cannot meet the standards set by natural rubber when it comes to resilience, elasticity, heat 

dispersion, low temperature malleability, and resistance to abrasion and impact (Cornish, 2001). 

Thus, some products must be produced from natural rubber due to its superior performance.  This 

includes tires for heavy-duty equipment.  Also, due to health and environmental concerns, many 

consumers are choosing products made with natural rubber, over synthetic, for personal items.   

The biosynthesis of natural rubber has been studied for many years, but is still not com-

pletely understood.  Genetic analysis and gene silencing are impractical with the Brazilian rubber 
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tree due to size and life cycle restrictions.  Thus, a smaller species with a short life-cycle would 

be preferable as a model plant to study the natural rubber biosynthesis.  Also, due to the wide 

spread use of natural rubber many people have developed latex allergies (Deval et al, 2008; Page 

et al, 2000).  Thus, other rubber producing plants have been considered as non-allergenic sources 

of natural rubber, particularly the desert shrub Parthenium argentatum (Cornish and Scott 2005; 

Ponciano et al, 2012) 

There are approximately 20,000 known species which can produce natural rubber (Cor-

nish et al, 2000).  These plants produce natural rubber of varying molecular weights.  High quali-

ty natural rubber (as produced in Brazilian rubber tree) is over 1 million Da.  A plant that could 

produce high quality natural rubber would make an ideal model plant to help us understand the 

biosynthesis of this large molecule.  In addition, it is also valuable to compare the homologous 

rubber biosynthetic enzymes from various species that make different lengths of natural rubber 

molecules, since it might help us understand the mechanisms which dictate the length of natural 

rubber. 

The role of natural rubber in plants is also unknown.  Natural rubber is not re-catabolized 

by the plant (Cornish and Scott, 2005), indicating that it is not used for energy storage. It is 

known that many other natural products are stored in the latex.  Some of these compounds, such 

as morphine, can be harmful to insects and discourage herbivory.  It is also possible that natural 

rubber has a role in sealing the plant wounds inflicted by insects (Agrawal and Konno, 2009). 
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Figure 1.2. Mevalonate Pathway (MVA).   
The MVA pathway leads to the production of  IPP and APPs, which are a basic building block for 
all terpenoids.  This image is adapted from Kuzuyma, 2014.   

�6



!  

Figure 1.3. Methyl Erythritol Phosphate (MEP) Pathway.   
The MEP pathway leads to the production of  IPP and APPs in plants.  This image is adapted 
from Kuzuyma, 2014.   
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1.4 BIOSYNTHESIS OF NATURAL RUBBER 

 As with other terpenoids, the MVA (Figure 1.2) and MEP pathways (Figure 1.3) are re-

sponsible for the production of the basic building blocks for dolichols and natural rubber 

(Kuzuyama et al, 20014; Skorupinska-Tudek K et al, 2008).  Allylic diphosphates (APPs) act as 

initiator compounds.  These include geranyl diphosphate (GPP), neryl diphosphate (NPP), farne-

syl diphosphate (FPP), and geranyl geranyl diphosphate (GGPP) (Figure 1.4). Polyprenyl 

diphosphate products are formed by addition of isopentenyl diphosphates (IPPs) on to the APP 

(Cornish 2001).  This reaction is catalyzed by cis-prenyltransferases (CPTs), as natural rubber is 

mainly composed of cis-1,4-linked isoprene units (Figure 1.5) (Puskas et al, 2006).  A small 

number of trans-bonds exist in the initiator molecule.  This gives the overall rubber molecule a 

mixture of cis-and trans-bonds; the longer the molecule the greater the cis to trans ratio.   

Plant CPTs are found bound to rubber particles in the latex of plants (Cornish and Scott, 

2005).  The elongation of the natural rubber molecule takes place within the phospholipid mono-

layer, between the core of the rubber particles and the aqueous medium (Puskas et al, 2006). This 

environment may provide stabilization to the growing rubber molecule, allowing it to grow in 

length.  IPP is isomerized to dimethylallyl pyrophosphate (DMAPP) by IPP isomerase.  Specific 

trans-prenyl and cis-prenyl transferases catalyze the addition of 1-3 IPP monomers to DMAPP to 

form the allylic pyrophosphates (APPs) GPP, NPP, FPP, and GGPP (Figure 1.4).  In natural rub-

ber biosynthesis a APP acts as an initiator molecule to which monomers of IPP are consecutively 

added to extend the natural rubber polymer (Puskas et al, 2006; Kellogg and Poulter, 1997; Ogu-

ra and Koyama T, 1998).  It is predicted that a cis-prenyl transferase is responsible for the con-

secutive condensation of IPP, due to the poly-cis configuration of natural rubber (Figure 1.5). 
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Figure 1.4.  Building Blocks of Terpenoids.  
This figure shows the building blocks required for production of terpenoids.  It is adapted from 
Puskas et al, 2006 and Schilmiller et al, 2009 
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Figure 1.5.  Biosynthsis of NR polymer.  
This figure shows the initiation and elongation of the natural rubber polymer.  It is adapted from 
Puskas et al 2006, and demonstrates the proposed elongation of the natural rubber polymer by a 
cis-prenyl transferase. 

�10



1.5 DOLICHOLS AND POLYPRENOLS 

 CPTs are also involved in the synthesis of short or medium chain cis-linked isoprenoids.  

These isoprenoids are structurally similar to natural rubber, though they are shorter and mainly 

involved in primary metabolism.  Such short- and medium-length cis-isoprenoids are not only 

found in plants but are ubiquitous in nature.   As in natural rubber biosynthesis, the building units 

for cis-isoprenoid biosynthesis are drawn from the MVA and MEP pathways.  IPP is derived 

from the MVA pathway in yeast and mammals, and from the MVA and MEP pathway in plants 

(Surmacz and Swiezewska, 2011).  Initiator APP compounds are produced by short chain trans-

or cis-prenyl transferases specific to the compound.  Monomers of IPP are consecutively added 

onto an APP initiator by a CPT (Kharel and Koyama, 2002).  This results in the formation of a 

polyprenyl diphosphate linked by cis-bonds (Figure 1.6).  Polyprenyl diphosphates are well 

known as cofactors in protein glycosylation in eukaryotes (Surmacz and Swiezewska, 2011; 

Swiezewska and Danikiewicz 2005).  Dolichyl phosphates consist of 15-23 isoprene units.  They 

are localized within the phospholipid bilayer and function as cofactors in protein N-glycosyla-

tion, O-mannosylation, C-mannosylation, and GPI anchor biosynthesis (Zhang et al, 2008).  In 

humans, congenital disorders in glycosylation have been linked to an impaired biosynthesis of 

dolichol phosphates (Surmacz and Swiezewska, 2011). The polyprenyl diphosphates can be de-

phosphorylated to generate polyprenols.  The polyprenols can then converted to dolichols (Zhang 

et al, 2008).  In polyprenols, the hydroxyl terminal isoprene group is unsaturated, and in 

dolichols the hydroxyl terminal isoprene group is saturated (Figure 1.6).  Although dolichols and 

polyprenols usually consist of isoprene units linked with cis-bonds, few trans polyprenols exist. 

Solanesol is an example, containing 9 trans-isoprene units (Surmacz and Swiezewska, 2011).   
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Figure 1.6. Dolichol Biosynthesis.   
This figure shows the biosynthetic pathway for the production of polypreyl diphosphates, 
polypreyls, dolichols, and dolichol phosphates.  It is adapted from Grabinska and Palamarczyk, 
2002.   
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 Polyprenols are found in plant photosynthetic tissues and bacterial cells, while dolichols 

are found in animal and yeast.  Interestingly, the amount of polyprenol increases in tissues 

through a life span, and there is a 100-fold increase in the levels of dolichols in a 80 year old 

brain compared to a newborn brain (Surmacz and Swiezewska, 2011).  Also, viral infection with 

tobacco mosaic viruses has led to an increase in polyprenols in tobacco leaves of resistant plants 

(Surmacz and Swiezewska, 2011).  These observations indicate that polyprenols and dolichols 

may be involved in a biological response to stress and defence against pathogens.   

1.6 DEVELOPMENTAL REGULATION OF TERPENOIDS 

1.6.1 Trichomes  

 Glandular trichomes are glandular outgrowths from the epidermal cells of many plants 

(Figure 1.7).  Trichomes vary in size, structure, and complexity among different plant species.  

Terpenoids and their derivatives are commonly stored in glandular trichomes.  The terpenoids 

stored in the trichomes are often toxic to potential herbivores.  Glandular trichomes develop ear-

ly in plants.  The trichome contents leak from the glands to cover the surface of plants and pro-

tect them from insect damage (Beck, 2010).   

1.6.2 Laticifers 

 Laticifers are cells, or systems of cells, which contain latex.  Latex is a milky fluid con-

taining a variety of organic and inorganic substances, including natural rubber.  Laticifers are 

found in plants in two forms, articulated and non-articulated (Figure 1.8) (Hagel et al, 2008).  

Non-articulated laticifers originate as a single laticifer primordial cell.  As a plant grows, the lati-

cifer primordial cell extends and the nucleus divides many times without cytokinesis or cell wall 

formation.  This results in a laticifer system that extends through the body of the plant, allowing 
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for the transportation of latex.   Extensive branching often occurs as the laticifer develops (Beck, 

2010; Pickard, 2008).  Articulated laticifers originate as a single cell in the apical meristem of the 

plant.  As the plant grows, the articulated laticifer increases in length by adding new cells.  As the 

cells mature, the cell walls are absorbed where the laticifers meet.  This allows laticifers to con-

nect and form a system to transport latex. Laticifers are known to contain terpenoids and alka-

loids, as seen in lettuce and opium poppy (Mahlberg, 1993).   A recent study conducted a large-

scale proteomic analysis on lettuce latex.  This study found that the proteins present in latex are 

involved in many metabolic pathways (Cho et al, 2010), indicating that many biological activi-

ties take place in laticifers.   

!  

Figure 1.7. Glandular Trichome.  
Leaf cross section from Pelargonium grossularioides. This image shows basal cell at the epider-
mis, three stock cells, and a large glandular cell. (bar=50 µm). Image from, Lange and Turner, 
2013.   
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!  
Figure 1.8. Laticifer cell patterns.  
This image shows the possible laticifer patterns in latex producing plants. Image from Hagel et 
al, 2008. 

1.7 cis-PRENYL TRANSFERASES  

 Cis-prenyltransferases have been studied in many different organisms due to their roles in 

the biosynthesis of dolichols and natural rubber.  Here, some important studies performed on 

CPTs in various organisms, will be described.  These works have helped to improve understand-

ing of the complex functions of CPTs across species.   
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1.7.1 Micrococcus luteus 

 Undecaprenyl pyrophosphate (UPP) is a 55-carbon isoprenoid chain in trans / cis mix-

tures found in bacteria (Shimizu et al, 1998).  This polyprenyl is required for gylcosyl transfer in 

the biosynthesis of polysaccharides, which is important in bacterial cell wall biosynthesis. UPP 

synthase (UPPS) from Micrococcus luteus was the first CPT identified (Shimizu et al, 1998). 

Through the screening of the M. luteus cDNA library, by in-vivo feeding of radio-labeled IPP as 

a substrate for polyprenol synthesis, UPPS was found to synthesize undecaprenols (Shimizu et 

al, 1998).  Since UPPS was the first CPT found much has been learned about its structure and 

function.  This research has increased current knowledge on CPT reaction mechanisms, and 

binding site location (Lu et al, 2010; Teng and Liang, 2012, Kharel et al, 2001).  

1.7.2 Saccharomyces cerevisiae 

 Two well-characterized CPTs are found in Saccharomyces cerevisiae, RER2 and SRT1.  

RER2 was originally discovered during the study of ER protein sorting (Sato et al, 1999).  The 

rer2 mutant displayed various defects such as temperature sensitivity, hygromycin B sensitivity, 

slow growth, and defects in N-glycosylation and O-glycosylation (Sato et al, 1999).  SRT1 was 

found to complement the temperature sensitivity of rer2 yeast.  Despite their growth complemen-

tation, they appear to have slightly different uses in yeast. RER2 and SRT1 produces C75-C80  

and C95-C105 as the major dolichyl constituents, respectively. And RER2 is expressed during 

the early logarithmic phase, localizing to ER while SRT1 is expressed in the stationary phase, 

localizing to lipid particles (Sato et al. 2001). 
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1.7.3 Escherichia coli  

 A RER2 homolog was later found in E. coli, and was named rth (RER2 homolog) (Kato et 

al, 1999). rth was shown to synthesize C55 undecaprenols in in vitro assay using radiolabeled 

IPP similar to M. luteus UPPS. To better understand the mechanism by which UPPS functions, 

the crystal structure of E. coli UPPS was elucidated  (Chang et al, 2003).   The enzyme was 

found to bind to sulfate ions, magnesium ions, and triton X-100 molecules (Chang et al, 2003).  

This structure also allowed for the better understanding of substrate-binding and chain-elonga-

tion (Chang et al, 2003).   

1.7.4 Arabidopsis thaliana 

 Having a known phenotype for the mutant yeast strain rer2 has been valuable in deter-

mining CPT functions in other species.  The rer2 strain has been used in later researches as a host 

strain to evaluate CPT activity by genetic complementation.  Also, homology-based searches us-

ing RER2 and SRT1 as a query has led to the discovery of nine genes from Arabidopsis thaliana. 

These CPTs have been named AtCPT1-9.  These nine CPTs displayed high homology to other 

CPTs in the conserved regions, which are expected to be involved in catalysis, substrate-binding, 

and structural interactions (Surmacz and Swiezewska, 2011).   

AtCPT1, originally designated as DPS by Cunillera et al (2000), was confirmed by de-

termining the ability of DPS to complement the temperature sensitive phenotype of rer2 mutant 

yeast, and the rer2 temperature sensitive mutant, which over-expressed Arabidopsis DPS was 

able to grow at the non-permissive temperature (Cunillera et al, 2000).  The CPT activity of DPS 

was further confirmed by in vitro assay using radio-labeled IPP.  DPS was found to be highly ex-
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pressed in the roots of Arabidopsis plants, but not in other plant tissues (Cunillera et al, 2000).  

Another study by Oh et al. (2000) determined that AtCPT1 synthesized C100-C130 polyprenyl 

diphosphates and that it had a higher affinity for FPP than GGPP as an initiation molecule. 

Other Arabidopsis CPTs were expressed in various tissues.  AtCPT3 and AtCPT7 were 

highly expressed throughout the plant. On the other hand, AtCPT4, AtCPT5, and AtCPT8 were 

expressed only in flowers while AtCPT1, AtCPT6, and AtCPT9 were expressed in roots and 

AtCPT2 in leaves (Surmacz and Swiezewska, 2011).  One of the Arabidopsis CPTs, which was 

renamed AtHEPS for hetaprenyl diphosphate synthase, has been shown to catalyze the synthesis 

of short-chain polyprenols, and is able to rescue the temperature sensitive phenotype of rer2 

yeast (Kera et al, 2012; Surmacz et al, 2014).  An Arabidopsis CPT-like protein, LEW1 (leaf 

wilting 1), was also found to be involved in dolichol synthesis.  In the absence of LEW1, a re-

duced level of dolichol, as well as defects in protein glycosylation were observed (Zhang et al, 

2008). 

1.7.5 Solanum lycopersicum 

 In Solanum lycopersicum (tomato), seven CPTs (SlCPT1-7) have been identified which 

contain the characteristically conserved CPT regions (Akhtar et al, 2013).  The CPT substrate-

binding residues were present in all tomato CPTs except for SlCPT3.  Also, the region predicted 

to determine the dolichol chain-length varied between the SlCPTs (Akhtar et al, 2013).  In this 

region, additional residues have been associated with longer chain length products.  In tomato, 

only SlCPT3 contains these additional residues and was thus expected to produce a product with 

a longer chain length than the other SlCPTs (Akhtar et al, 2013).   
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The subcellular localization was determined for each SlCPT by transient expression of 

GFP fusions in Arabidopsis mesophyll protoplasts.  From this study, all SlCPTs except SlCPT3 

were found to localize to chloroplasts, while SlCPT3 was localized in the cytosol (Akhtar et al, 

2013).  These CPTs were further characterized for product chain length and initiator molecule 

preference. E. coli-purified SlCPTs produced varying lengths of products in in vitro assay using 

DMAPP, GPP, NPP, FPP, GGPP as initiator molecules and radio-labeled IPP as the substrate. 

SlCPT2 and SlCPT6 produced short-chain products (C20 and C15 respectively) while SlCPT4, 

SlCPT5 and SlCPT7 produced medium chain length products (C55, C60, and C35 respecitively). 

However, SlCPT3 showed no in vitro CPT activity when expressed in E. coli  (Akhatr et al, 

2013).  SlCPT3 is less similar to bacterial CPTs but closer to eukaryotic CPTs, hence, SlCPT3 

was tested in the complementation of yeast rer2 temperature sensitive mutant. SlCPT3 restored 

growth at 33 ℃ and long chain polyprenyl diphosphates of C65 were synthesized. 

1.7.6 Homo sapiens  

 CPTs also play an important role in the primary metabolism of animals.  Comparison of 

sequence homology between RER2 and human cDNA resulted in the discovery of a human CPT 

by two different groups; the CPTs were named named hCIT, and HDS, respectively (Shridas et 

al, 2003; Endo et al, 2003). The sequences of hCIT and HDS were reported to only differ by 3 

amino acids outside of the 5 conserved CPT regions.  Thus, it was proposed that they are struc-

tural variations of the same CPT in different human tissues, hCIT from brain tissue and HDS is 

from human testis (Shridas et al, 2003). Both studies showed that when expressed in the rer2 
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mutant yeast, the human CPT could complement temperature sensitive phenotype and synthesize 

dolichols (Shridas et al, 2003 and Endo et al, 2003).  

Recently, a CPT-like protein, called Nogo-B receptor (NgBR) has been shown to interact 

hCIT to enhance protein stability and thus promote dolichol production (Harrison et al 2011).  

Upon the loss of NgBR, the CPT activity of hCIT and dolichol production was greatly reduced 

(Harrison et al 2011).  In rer2 yeast, hCIT could partially rescue the rer2 phenotypes, but not to 

the same degree that RER2 could restore the phenotype.  However, when hCIT was expressed in 

conjunction with NgBR in rer2 yeast, it was more effective at rescuing the phenotype, and there 

was a larger increase in the amount of dolichol produced than when hCIT alone was expressed.  

This indicates that both hCIT and NgBR are necessary for CPT activity and dolichol production. 

1.7.7 Heava brasiliensis 

 Two CPTs have been found and named HRT1 and HRT2 for Heava rubber transferase 

(Asawatreratanakul et al, 2003).  Both HRT1 and HRT2 possess the five conserved regions 

found in other CPTs, and they were highly expressed in latex compared to all other tissues.  

When E. coli-purified HRT1 and HRT2 were assayed in vitro for polyprenyl phosphate produc-

tion, HRT2 was shown to have CPT activity, but not HRT1 (Asawatreratanakul et al, 2003).  The 

CPT activity of HRT2 was greatly improved upon the addition of washed bottom particles 

(WBPs) from extracted latex, indicating that the WBPs are necessary for rubber polymer elonga-

tion (Asawatreratanakul et al, 2003).  HRT1 and HRT2 have since been expressed in S. cerevisi-

ae and A. thaliana (Takahashi et al, 2012).  In both species, HRT1 and HRT2 showed CPT activ-

ity, and polyisoprenoids between C80 and C100 were produced.  In S. cerevisiae and A. thaliana, 
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the activity of HRT1 or HRT2 was not affected by the addition of WBPs or other fractions from 

latex, therefore the previous results by Asawatreratanakul et al could not be replicated (Taka-

hashi et al, 2012).  This study showed that though HRT1 and HRT2 did not show rubber trans-

ferase activity in S. cerevisiae and A. thaliana, and they only acted as long chain CPTs.  

1.7.8 Taraxacum brevicorniculatum  

 Although understanding the role of CPTs in primary metabolism and dolichol production 

can help us understand their role in natural rubber production, it is also important to look at the 

role of CPTs in rubber producing plants.  One such plant that has been studied is Taraxacum bre-

vicorniculatum or Russian dandelion.  In the Russian dandelion, three highly homologous CPTs 

were found to be highly expressed in laticifers (Post et al, 2012).  To understand the role of these 

CPTs, transgenic plants were created containing RNAi sequences to silence all three genes.  For 

this study, a laticifer specific promoter from the polyphenoloxidase1 (PPO1) gene was used to 

ensure that the CPTs were specifically silenced in laticifers (Post et al, 2012).  

To determine the products from the TbCPTs, an incorporations assay was carried out us-

ing radiolabeled IPP.  They found that the protein from the latex of wild type plants could syn-

thesize long chain radio-labeled products.  However, the latex from two silenced transgenic 

plants could not synthesize any long chain radio-labeled products (Post et al, 2012).  In addition, 

the overall quantity of the rubber particles was also compared.  The extracted latex from silenced 

plants contained a reduced quantity of long-chain polyprenyls compared to that from wild type 

plants (Post et al, 2012).   
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1.7.9 Lactuca sativa 

 Lettuce (Lactuca sativa) has been shown to produce high quality rubber in laticifers 

(Bushman et al, 2006).  Proteomics and comparative genomic studies in the Ro laboratory (Uni-

versity of Calgary) have resulted in the discovery of three CPTs in lettuce and two CPT-like pro-

teins, which display sequence homology to NgBR and Arabidopsis Lew1.  These proteins have 

been named as LsCPT1-3 and LsCSF1-2 (CPT scaffolding protein) (Qu et al., 2015).  The rela-

tive expressions of the three LsCPTs and the two LsCSFs were tested in various lettuce plant tis-

sues.  It was found that LsCPT3 and LsCSF2 were most highly expressed in latex in comparison 

to stem, flower, seedling, and leaf tissues (Figure 1.9) (Qu et al, 2015).  Thus, it was predicted 

that LsCPT3 and LsCSF2 might be involved in the biosynthesis of natural rubber.   

To test this theory, the RNAi method was used to silence LsCSF2 in lettuce plants.  A 

Cauliflower mosaic virus 35S constitutive promoter was used for the RNAi expression since no 

promoter specific to the lettuce laticifers had been developed.  The transgenic plants showed a 

clear reduction of LsCSF2 transcript and reduction in the abundance of natural rubber (Qu et al, 

2015).  However, when expressed alone in rer2 mutant yeast, LsCSF2 was not able to comple-

ment the temperature sensitive phenotype or produce dolichols (Qu et al, 2015).  This indicated 

that LsCSF2 cannot act independently to produce dolichols or natural rubber. 

 To further characterize LsCPT3 and LsCSF2 proteins, their subcellular localization was 

determined.  Transient expression of GFP-fused LsCPT3 in tobacco leaves showed a diffuse 

reticular pattern while GFP-fused LsCSF2 appeared to localize to lipid particles.  Interestingly, 

when co-expressed both LsCPT3 and LsCSF2 showed a clear reticular pattern, indicating that 

LsCSF2 has a role in stabilizing LsCPT3 on the endoplasmic reticulum (Qu et al, 2015).  Further 
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work is currently being performed to understand the role of LsCPT3 and LsCSF2 in rubber pro-

duction, as well as the role of other LsCPTs and LsCSFs in lettuce, at Ro laboratory. 

!   

Figure 1.9. CPT and CSF expression patterns in lettuce.   
This image shows the expression of LsCPTs and LsCSFs relative to leaf tissue. LsCPT3 and 
LsCSF2 are most highly expressed in latex.  LsCPT1,2 and LsCSF1 are expressed more evenly 
throughout the plant.  Image from Qu et al, 2015). 
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1.8 HYPOTHESIS AND OBJECTIVES 

 Based on the observation that CPTs are prevalent in many plants, even non rubber-pro-

ducing plants, it is clear that CPTs are required for the dolichol biosynthesis, which is essential 

for survival.  As lettuce has more than one CPT/CSF pair, Qu et al proposed that one pair, LsCP-

T1 and LsCSF1, is conserved for dolichol production and the other, LsCPT3 and LsCSF2, is spe-

cialized for rubber production (2015).  This is supported by the RNA expression patterns ob-

served in lettuce, as LsCPT3 and LsCSF2 are most highly expressed in latex while LsCPT1 and 

LsCSF1 are expressed more evenly throughout the plant. The remaining CPT, LsCPT2 has the 

highest degree of homology to prokaryotic CPTs found in E. coli and M. luteus. Therefore, it is 

likely that LsCPT2 has originated from the prokaryotic lineage. 

 In previous work, LsCSF2, was identified to be a necessary component for natural rubber 

biosynthesis in lettuce (Qu et al, 2015). During the progress of this research, it was recognized 

that the identification and implementation of a laticifer-specific promoter for future research was 

required.  This promoter would be used for RNAi-silencing or over-expression, to ensure specific 

gene expression in laticifer cells. Prior to my project, no lettuce specific promoter has been iden-

tified.  Since LsCSF2 and LsCPT3 are expressed in laticifer cells, the promoters of these genes 

are likely to be laticifer specific.   

 The first objective of this project is to characterize the promoters of LsCSF2 and LsCPT3. 

An underlying hypothesis is that LsCPT3 and LsCSF2 form a protein complex necessary for nat-

ural rubber biosynthesis in lettuce latex and hence the promoters of these two genes show lati-

cifer-specific expressions in lettuce. Promoter characterization will determine the required se-

quence for promoter activity, promoter strength, and the location of promoter activity within the 
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plant.  To test the promoter activity, each promoter will be fused to GUS reporter gene, and the 

fusion constructs will be used to create transgenic lettuce lines. The GUS activity will be deter-

mined by indigo staining of plant tissues at various stages of the plant growth.  Analyzing GUS 

expression throughout the transgenic plants will reveal the location of promoter activity and 

whether it is specific to laticifer cells.   

 The second objective of my project is to characterize LsCPT2, the prokaryotic type of 

CPT. An underlying hypothesis is that lettuce retains one prokaryotic CPT through evolution, and 

this prokaryotic CPT can show cis-prenyltransferase activity by itself without a CSF.  To achieve 

this objective, LsCPT2 will be expressed in E. coli and purified for in vitro cis-prenyltransferase 

activity using radio-labeled 14C-IPP incorporation.  The sub-cellular localization of LsCPT2 will 

be determined by transient expression of LsCPT2::GFP in tobacco leaves.  This will help us un-

derstand the location of LsCPT2 activity.  Finally, kinetic studies will be performed to determine 

the enzyme’s preferred initiator compound.   

�25



2. CHAPTER 2 - MATERIALS ANS METHODS 

2.1 In silico analysis of LsCPT3 genomic DNA sequences 

 The genomic sequences of LsCPT and the corresponding 2,318-bp upstream of LsCPT3 

promoter region was identified by a BLAST search from Lactuca sativa whole genome se-

quences (Dr. Richard Michelmore, UC Davis, unpublished).  Introns, start and stop codons, and a 

TATA box were identified and recorded.   

2.2 Gradient PCR 

 A gradient PCR was used to establish the required elongation temperature for the AT rich 

promoter region of LsCPT3.  The 2.3-Kb promoter region was amplified using Taq polymerase, 

10 pM forward primer, GATATATCGATAACTAATTCATCTATT, and 10 pM reverse primer 

GTCCGTTGCAATGA TTGGATCCAATT.  An MJ Mini Personal Thermo Cycler (Bio-Rad) 

was used with a temperature program included a 2 minute start at 95℃, followed by 30 cycles of  

95℃ for 30 seconds, 57℃ for 30 seconds, and  2 minute and 30 seconds at elongation tempera-

tures: 63oC, 66.6oC, 70.3oC,  and 72oC.  A 5 minute elongation period at 63 ℃, 66.6 ℃, 70.3 ℃,  

and 72 ℃ was included after the cycles had completed.  PCR product was separated on a one 

percent agarose gel and stained with ethidium bromide to visualize DNA bands.   

2.3 CPT3 promoter (pCPT3) cloning 

 The identified 2.3-kb promoter fragment of CPT3 was amplified using Phusion high fi-

delity DNA polymerase, from genomic DNA.   The same primers from the gradient PCR were 

used.  The temperature program included a 2 minute start at 98 ℃, followed by 30 cycles of  98 

℃ for 30 seconds, 58 ℃ for 30 seconds, and  2 minute and 30 seconds at 63 ℃.  A 5 minute 
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elongation period at 63 ℃ was included after the cycles had completed.  The amplified PCR 

fragment was separated on a one percent agarose gel containing ethidium bromide, and gel puri-

fied using a GeneAll Expin Gel SV kit (GeneAll Biotechnology).   Poly-A-tails were added to 

the purified product by Taq polymerase, at 72 ℃ for 30 minutes.   The resultant product was lig-

ated into the pGEM vector, with T4-ligase.  The ligation product was used to transform compe-

tent Top10 E. coli cells via heat shock.  For heat shock transformation, ligation product was 

added to Top10 cells, cells were incubated on ice for 10 minutes, cells were moved to water bath 

at 42oC for one minute, then cells were returned to ice for 2 minutes.  LB media was added to 

cells and cells were shaken at 37 ℃ for 1 hour.  After 1 hour  cells were plated on LB agar plates 

containing ampilcilian, X-Gal, and IPTG for selection. Extracted plasmid DNA from selected 

colonies was prepared using an Exprep Plasmid SV mini prep kit (GeneAll Biotechnology).  

Plasmid DNA was quantified with a nanodrop spectrophotometer, ND-1000.  Plasmids were 

PCR screened to confirm the presence of CPT3p. The sequences were confirmed by sending 

samples out for sequencing with original primers and internal primers (Table 2.1).  

Table 2.1 CPT3 Promoter Sequencing Primers 

Primer Strand Sequence

CPT3-SF1 FWD GATATATCGATAACTAATTCATCTATT

CPT3-SF2 FWD TAAACAAGCAGTCGAACCGGAAAC

CPT3-SF3 FWD AGAAACCGACCCATCCAACC

CPT3-SF4 FWD ACCATTTATGGGTTGGGTTG

CPT3-SR1 REV GTCCGTTGCAATGATTGGATCCAATT

CPT3-SR2 REV CTGAAACAACACGAACAAATGC

CPT3-SR3 REV GACTCAAACCCAACCCAACC

CPT3-SR4 REV TGCTTGTTCATGTTCTTTCG
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2.4 Cloning Truncated Promoters 

 From the 2.3 Kb promoter fragment, four versions of CPT3 promoter were created of 

lengths: 2.3-Kb, 1.6 Kb, 1.1 Kb, and 0.8 Kb.  To amplify these four fragments the same reverse 

primer sequence was used and different forward primers were used to achieve desired fragment 

lengths.  AttB1 and AttB2 recombination sites were added to forward and reverse primers respec-

tively, to prepare fragments for recombination into gateway vector (Table 2.2).   Using the de-

scribed primers and Phusion high fidelity DNA polymerase, each fragment was PCR amplified 

from the pGEM-2.3 Kb CPT3p construct.  The temperature program consisted of a 2 minute start 

at 98℃, followed by 30 cycles of  98℃ for 30 seconds, 60℃ for 30 seconds, and  2 minute and 

30 seconds at 72oC.  A 5 minute elongation period at 72oC was included after the cycles had 

completed.  PCR products were purified, and a second PCR amplification was completed using 

gateway primers to complete the addition of AttB1 and AttB2 recombination sites to each frag-

ment.  The same temperature conditions, and Phusion high fidelity polymerase were used for the 

second PCR.  The second PCR products were purified, and the 2.3-Kb, 1.6 Kb, 1.1 Kb, and 0.8 

Kb fragments were named pCPT3-1, pCPT3-2, pCPT3-3, and pCPT3-4 respectively.   

All pCPT3 fragments were recombined with pDONR vector using BP clonase (Life Technolo-

gies).  These constructs were transformed into competent Top10 E. coli cells using the heat shock 

method described above. Proper insertion was confirmed by sending samples for sequencing.  

Each fragment was then recombined into a pKGWFS7 gateway vector containing GFP and GUS 

using LR clonase (Life Technologies), and the resultant plasmids were used to transform Top10 

E. coli cells.  Proper insertion and sequence accuracy was again confirmed by sequencing.   Once 
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sequences were confirmed, pKGWFS7 vectors containing each promoter were used to transform 

competent Agrobacterium tumefaciens cells, strain LBA4404.  

Table 2.2 CPT3 Truncated CPT3 Promoter Primers 

Agrobacterium tumefaciens transformation was completed by thawing competent cells on ice 

(Agrobacterium tumefaciens cells, strain LBA4404 stored in -80 freezer aliquoted in micro cen-

trifuge tubes), approximately 500 ng of plasmid DNA was added to each tube.  Tubes were incu-

bated on ice for 15 - 30 minutes.  They were then moved to liquid nitrogen for 5 minutes.  Im-

mediately after they were moved to a 37 ℃ water bath and heat shocked for 5 minutes, followed 

by returning tubes to ice for 5 minutes.   After incubating on ice for 5 minutes, one millilitre of 

LB media was added to tubes and they were shaken at 28 ℃ for 3-4 hours.  Agrobacterium tume-

faciens were plated on LB agar plates containing kanamycin and rifampicin for selection.  The 

presence of  pKGWFS7 - promoter constructs were confirmed to contain each promoter frag-

ment by PCR screening.  Once confirmed, Agrobacterium tumefaciens colonies containing pro-

moter fragments were used to create transgenic lettuce lines.     

Promoter 
Fragment 

Primer Modification Strand Sequence 

pCPT3-1 LsCPT3-1F attR1 FWD AAAAAAGCAGGCTCTGATATATC-
GATAACTAATTCATCTATT

pCPT3-2 LsCPT3-2F attR1 FWD AAAAAAGCAGGCTCTAAACCGA-
CAAAGCCGAAACC

pCPT3-3 LsCPT3-3F attR1 FWD AAAAAAGCAGGCTCTT-
TATGGGTTGGGTTGGGTTTG

pCPT3-4 LsCPT3-4F attR1 FWD AAAAAAGCAGGCTAACTGGTAG-
GAGTGAAAGTG

pCPT3-1-4 LsCPT3-R attR2 REV CAAGAAAGCTGGGTCCGAGTCT-
CACCCTATTGGCC
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2.5 Lettuce Transformation  

 Seeds were soaked in water for three to four hours.  Water was removed and replaced 

with 100% commercial bleach.  Seeds in bleach were shaken for 5 minutes at room temperature.  

Bleach was removed and seeds were washed four to five times with sterilized water.  Using ster-

ile techniques seeds were placed in hormone free Murashige and Skoog (MS) medium contain-

ing 0.75 % phytoblend agar.  Seeds were allowed to grow for 3-6 weeks.   

 Agrobacterium tumefaciens strain LBA4404 (pKGWFS7 vectors containing each pro-

moter) were grown over night in LB with no selection (from -80 glycerol stock).   Cultures were 

diluted 10X in MS liquid media.  This culture was used to infect the 4-6 week old plants previ-

ously grown.  Young green leaves from 4-6 week old plants, between one and two square cen-

timetres in leaf area, were cut from plants.  Sterilized forceps were used to move cut leaves and 

submerge them in diluted culture.  Leaves in Agrobacterium cultures were shaken at 28oC for 30 

minutes.  Leaves were blotted dry on sterile filter paper.  Leaves were then placed, with the lower 

epidermis down, on MS medium (Sigma, M9274) plates containing 0.2 mg/L BAP, 0.2 mg/L 

NAA.  They were incubated in dark conditions for 2-3days at 25oC.  After dark incubation the 

explants were transferred to MS medium (Sigma M9274) containing 0.2 mg/L BAP, 0.2 mg/L 

NAA, 25 mg/L kanamycin and 250 mg/L cefotaxime and incubated at 25oC with 16h photoperi-

od. The explants were left in these conditions until shoots appeared (usually three - five weeks).   

One green shoot from each callus is removed and transferred to MS medium (Sigma, M9274) 

containing 0.1 mg/L NAA, 125 mg/L kanamycin and 250 mg/L cefotaxime for root initiation.  

Healthy looking plants with profuse roots were transferred to soil after removing the agar stick-

ing to the roots with tap water.  Plants were then maintained in growth chambers (fertilizer 20-8-
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20, growth chamber at 20oC, 16h photoperiod).  Plants were left in growth chamber until they 

reached developmental stage two, and were ready to be tested for GUS expression.     

2.6 Plant Genomic DNA Screening 

 Transgenic plants were PCR screened for the presence of the pKGWFS7-CPT3p con-

struct with a forward primer specific to the GFP gene and a reverse primer specific to the GUS 

gene.  Genomic DNA (gDNA) was extracted using the CTAB method.  One leaf from each plant 

representing an independent transgenic lettuce line was cut from (about two square centimetres 

in area).  Each leaf was placed in a micro centrifuge tube, which was then placed into liquid ni-

trogen.  Once the leaves were frozen, 250 µl of CTAB buffer and 1 µl β-ME were added to each 

tube.  Leaf tissues were then ground in buffer, then incubated at 65 ℃ for 10 minutes.  Following 

incubation, gDNA was purified by adding 250 µl of chloroform was added to each tube, fol-

lowed by gently vortexing samples for one minute, then centrifuging samples at 12000rpm for 

five minutes.  After centrifugation, 200 µl from the aqueous layer of each sample was transferred 

to a new micro centrifuge tube.  These purification steps were repeated to ensure high level of 

gDNA purity.  After purification 150 µl of isopropyl alcohol was added, and mixed by inversion, 

to precipitate gDNA from the aqueous solution.   Tubes were incubated on ice for 10  minutes, 

then centrifuge and 12000 rpm for 10 minutes at room temperature.  The supernatant was re-

move, and the pellet was washed 3 times with 70 percent ethanol.  Once dry, the pellet was re-

suspended in ddH2O.  Samples were diluted to 50 ng/µl concentrations and PCR screened with 

GFP/GUS primers, to confirm transgene presence.  Samples were also screened for the presence 
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of known lettuce gene germacrene A oxidase (GAO) to ensure gDNA quality.  All PCR fragments 

were separated on agarose gels containing ethidium bromide, and visualized using UV light.   

2.7 Latex Protein Collection 

 Latex was collected from plant stems when they began to flower, and had strong healthy 

stems.  A razor blade was used to lance the stem, starting at the top of the plant and moving 

downward as latex was collected.  Latex was collected with a micro pipette and added to a mi-

cro-centrifuge tube with 500 µl of latex protein extraction buffer, composed of 100 mM Tris–

HCl, 5 mM MgCl, 5 mM DTT, 500 mM sucrose, 35% glycerol, and 0.4 mM Pefabloc protease 

inhibitor (Sigma–Aldrich) (Schmidt et al, 2010).  Latex was mixed with the buffer by vortexing.  

Samples were centrifuged at 14000 rpm for 30 minutes at 4oC, to separate samples into pellet, 

serum, and rubber phases.  The liquid serum phase was moved to a new micro-centrifuge tube.  

Samples were centrifuged again for 10 minutes and serum moved to a final micro centrifuge 

tube.  The protein concentration of each sample was measured using the Bradford assay.  BSA 

was used to create a standard curve for protein measurements with diluted Bradford stock solu-

tion.  Between 2 and 10 µl of latex serum was added to 1 ml of diluted Bradford stock solution 

and mixed well.  The OD of each sample was measured at 600 nm with a Shimadzu UV-2450 

Uv-Vis Spectrophotometer.  The OD measurements were converted to protein concentrations us-

ing the known protein concentrations of BSA standards.   

2.8 Fluorometric GUS Assay 

 A stock solution of 1 mM 4-MU in 0.2 M Na2CO3 and diluted further to create multiple 

4-MU concentrations to create a standardization curve to link fluorescence measurements to 
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product concentration.  The concentrations of 4-MU used were: 10 nM, 50 nM, 100 nM, 500 

nM, and 1 uM.  All 4-MU solutions were stored in the dark until measured.  The standard curve 

was created by using a Varian Cary Eclipse Fluorescence Spectrophotometer, to measure the in-

tensity of 4-MU solutions (a.u.).  An excitation wavelength of 363nm, and emission wavelength 

of 447 nm was used for all samples.  Measurements were taken over a 10 second time period and 

the mean intensity measurement was used for each sample.   Intensity measurements of 4-MU 

product standards were plotted against concentration of 4-MU in nM and used to develop a linear 

equation linking intensity to 4-MU concentration.   

 A 2 mM 4-MUG substrate solution was prepared with latex protein extraction buffer, and 

mixed in a 1:1 ratio with 100 µg of latex protein, also suspended in latex protein extraction buf-

fer. The total volume of solution was equal to 340 µl, and was incubated at 37oC.  For each sam-

ple three micro centrifuge tubes were prepared, with 900 µl of 0.2 M Na
2
CO

3 
to stop the conver-

sion of 4-MUG.  After 10, 20, and 30 minutes 100 µl were taken from each reaction and mixed 

with NaCO
3  

in prepared tubes.  Once removed, samples were kept in the dark until measured.  

The intensity of  each samples was  measured using the same conditions used to create the stan-

dard curve.  The amount of 4-MU produced in each sample was calculated from the intensity,  

using the liner equation described above.   

2.9 Tissue Specific Histochemical GUS Assay  

 A 2.0 mM X-Gluc substrate solution was prepared in a solution also containing: 0.1 M 

Na3PO4 brought to pH 7, 10 mM EDTA, 0.10% Triton – X 100, 1.0 mM K3Fe(CN)6.  The solu-

tion was stored in the dark until applied to leaves.  Small sections of leaves (about two square 
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centimetres in area) were cut from each plant in the first developmental stage, for all transgenic 

lettuce lines.  Leaves were added to 10 ml tubes and covered with X-Gluc solution (approximate-

ly 3 ml per tube).  Caps were left off of tubes and they were vacuumed for 2-3 hours (until solu-

tion had fully infiltrated leaves).  Tubes were capped and samples were incubated at 37 ℃ for 

16-24 hours (samples were removed when staining was clear or after 24 hours).  After, removing 

from 37 ℃ incubator the staining solution was removed and replaced with 50 percent ethanol.  

Ethanol was changed daily and the concentration was slowly increases from 50 to 100 percent, to 

remove chlorophyl from leaves to better visualize staining pattern.   

2.10 Lettuce Cell Specific Histochemical Analysis 

 To prepare for sectioning, Wild-type lettuce strain ninja plants were fixed whole to pre-

vent the loss of latex.   A fixative solution containing, 1.6% paraformaldehyde and 2.5% glu-

taraldehyde in a 0.05M phosphate buffer at pH. 6.8, was used. Due to their size samples were 

fixed for 3-4 weeks.  After fixing, the plant was dehydrated with 100 percent ethanol.  The plant 

was cut into smaller pieces and gradually infiltrated with Technovit 7100 infiltration solution.   

To do this infiltration solution was mixed with ethanol, solutions were gradually changed over 3-

5 days to increase the ratio of infiltration solution to ethanol, until a 100 percent infiltration solu-

tion was used.  Once infiltrated the plant was cut into smaller pieces and moved to moulding tray 

with infiltration solution.  The embedding solution was prepared by adding Technovit 7100 hard-

ener to 15 ml of infiltration solution. The infiltration solution was removed from the moulding 

tray, and embedding solution was added then quickly removed to wash plant tissue, then embed-

ding solution was added again.  The orientation of plant tissue in embedding solution was quick-
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ly arranged and checked using a stereomicroscope.  A plastic block holder was placed gently on 

top of the specimens and embedding solution in the moulding tray.  Once covered, the tray was 

left at room temperature for at least 2 hours, to allow for polymerization.  The prepared blocks 

were sectioned with a Leica Reichert-Jung 2040 Autocut Microtome to produce three micron 

sections.  Lettuce sections were placed in water on glass microscope slides, dried on a slide 

warmer.  Once dried slides were stained with amido black (stains proteins blue) and periodic 

acid-Schiff (PAS) (stains carbohydrates red).  Lettuce sections were viewed with a Leitz Aristo-

plan microscope and images obtained using a Nikon Digital Sight, DS-Fi2 camera.  Images were 

analyzed to identify locations, shape, and size of laticifers for comparison to transgenic plants 

(Method from: Yeung and Saxena, 2005).   

 The seeds were collected from pCPT3-3 transgenic plant number six and planted for 

GUS staining and sectioning. A small plant 3-4 weeks old was removed from soil and washed 

thoroughly as was done with wild type plants.  Before fixing, the transgenic plant was cut 3-4 

times on diagonals, placed in a  50 ml tube, then covered in 2.0 mM X-Gluc solution (same solu-

tion used above).  The tube left uncapped and placed in a vacuum for 3-4 hours.  When air was 

completely removed, the tube was capped and incubated at 37oC for 16 hours.  Staining solution 

was removed and replaced with fixing solution.  Plant tissues were left in fixing solution for 

three weeks, then moved to infiltration solution, embedded in moulding tray, and sectioned, as 

describe for non transgenic plants.  After sections were obtained they were counter stained with 

periodic acid-Schiff (Pas).  GUS staining was analyzed  with a Leitz Aristoplan microscope and 

images obtained using a Nikon Digital Sight, DS-Fi2 camera.   
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The same method was used to obtain sections from a transgenic CSF2 promoter (pCSF2) plant.  

Due to the fast staining of transgenic plants containing CSF2p a shorter staining period of 3-4 

hours was required. Other wise the same conditions were used as described for CPT3 promoter 

plants.   

2.11 Subcellular localization of CPT2 

 LsCPT2 was PCR amplified from lettuce cDNA, using Phusion high fidelity polymerase.  

LsCPT2 was cloned into pGEM vector (as described in “2.3 CPT3 promoter (pCPT3) cloning”) 

using CCCTCTTTCATAATGCTATCTC and TAGCCCACGAATATCTCATC as forward and 

reverse primers, respectively.  LsCPT2 was PCR amplified from LsCPT2 - pGEM, using primers 

containing AttB1 and AtB2 recombination sites (Forward primer: AAAAAAGCAGGCTCCAT-

GCTATCTCTTTCCCTTTCCTC, and reverse primer: CAAGAAAGCTGGGTCTCATCCCC-

CATATCGTCTCC) , then purified.  The purified PCR product was PCR amplified again using 

AttB1 and AttB2 primers to complete recombination sites.  The resultant PCR product was gel 

purified and recombined into pDONR vector using gateway BP clonase (Life Technologies) 

cloning reaction. Ls-CPT2 -pDONR was used to transform Top10 E. coli cells, and then purified 

from selected cells.  The sequence of Ls-CPT2 -pDONR was verified, then used to recombine 

Ls-CPT2 into pSITE-2NB using gateway LR clonase (Life Technologies) reaction.  The vector, 

pSITE-2NB, contains GFP reporter gene coding region.   The cloned vector pSITE-2NB with Ls-

CPT2 was used to transform Agrobacterium tumefaciens strain LB4404 (same Agrobacterium 

transformation described above).  Colonies were screened to ensure the presence of CPT2 in 

Agrobacterium.  Agrobacterium colonies were grown overnight shaken at 28℃.  Agrobacterium 

was collected by centrifugation of colonies at 4000 rpm for 10 minutes.  Agrobacterium was di-
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luted in 5 mM Mes buffer with 5mM MgCl2, and to 0.7-1.0 OD at 600 nm.   Acteo-syringone 

was added to the solution to a concentration of 150 µM, and the sample was left to incubate at 

room temperature for two hours.  A plastic syringe was used to infiltrate tobacco (Nicotiana ben-

thamiana) with diluted cultures.  Plants were returned to growth chambers for three days.   

 After three days leaves were viewed under confocal microscope (Leica TCS SP5 II) to 

assess for subcellular GFP localization.  To visualize GFP  a 488 nm laser was used to excite 

GFP.  The GFP channel included the emission spectrum between 500 nm and 530 nm.    The 

auto-fluorescence of chlorophyl was visualized by exciting cells with a  543 nm laser.  The auto-

fluorescence channel included the emission emission spectrum between wavelength of 550 nm to 

700nm.  Images of fluorescence from GFP and chloroplast auto-fluorescence were collected and 

overlaid  using  LAS AF software.   

2.12 CPT 2 Expression in E. coli 

 LsCPT2 was PCR amplified from LsCPT2 - pGEM, using primers containing AttB1 and 

AtB2 recombination sites (Forward primer: AAAAAAGCAGGCTACCATGCTATCTCTTTCC-

CTTTCCTC and reverse primer: CAAGAAAGCTGGGTC TCCCCCATATCGTCTCCGTCTC), 

then purified.  The purified PCR product was PCR amplified again using AttB1 and AttB2 

primers to complete recombination sites.  The resultant PCR product was gel purified and re-

combined into pDONR vector using gateway BP clonase (Life Technologies) cloning reaction. 

Ls-CPT2 -pDONR used to transform Top10 E. coli cells, and then purified from selected cells.  

The sequence of Ls-CPT2 -pDONR was verified, then used to recombine Ls-CPT2 into the E. 

coli over-expression vector pDEST17 using gateway LR clonase (Life Technologies) reaction.   
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Due to lack of expression of Ls-CPT2 in E. coli using the LsCPT2- pDEST17 plasmid, a synthet-

ic version of the LsCPT2 gene was designed to optimize for codon availability in E. coli  The 

synthetic CPT2 gene was created by Genscript (Piscataway, NJ, USA)  

The synthetic CPT2 was cloned into pDEST 17 as described for the natural LsCPT2.  CPT2-

pDEST17 was used to transform BL21-AI E. coli cells.  This allowed for the induction of CPT2 

over expression using L-arabinose.  BL21-AI cultures containing CPT2 – pDEST17 were inocu-

lated and allowed to grow in 6 mL cultures for 16 hours.  5 mL from the overnight culture was 

added to 500 mL of LB broth and shaken at 37oC for approximately 2 hours (until the cultures 

reached an OD550 of 0.4).  At this time L-arabinose was added to the culture to a concentration of 

0.2%.  This culture was then shaken at 14oC for 16 hours.   

Cells were collected by centrifugation at 6000 rpm for 10 minutes.  They were washed and re-

suspended in lysis buffer, then broken by sonification. Insoluble and soluble fractions were sepa-

rated by centrifugation at 4000 rpm and 4oC for 5 minutes.  Protein from soluble fraction was 

purified using affinity purification by a Nickel NTA column.  Purified protein was separated us-

ing on SDS PAGE, and visualized by staining with Coomassie blue.  The appropriate protein 

band (~30 kDa) was cut from the gel and protein sequence was determined using LC-MS/MS 

(University of Calgary, Southern Alberta Mass Spectrometry Centre).   

2.13 In vitro Activity of CPT2 with Different Initiators 

 The CPT activity of CPT2 was tested using incorporation of 14C-radio-labeled IPP (14C-

IPP).  Four different initiator substrates were tested, GPP, NPP, FPP, and GGPP  all at a concen-

tration of 50 µM.   The monomer IPP was available for incorporation at a concentration of 213 
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µM.  The total available IPP consisted of a mixture of cold-IPP (200 µM) and hot 14C-IPP (13 

µM).  IPP was added to a master mix containing HEPES 50 mM, MgCl2 5 mM, NaF 2 mM, 

Na3VO4 2 mM, and DTT 2 mM.  Along with CPT2, the IPP incorporation of E. coli CPT UPPS 

was also tested as a positive control for the assay.  Boiled CPT2 and UPPS were used as negative 

controls.  Initiator substrates and proteins were added to specific reactions and all reactions were 

incubated at 30oC for 1 hour.  

 After one hour the reaction was stopped by adding 0.4 ml 0.9% sodium chloride and one 

ml of Chloroform: Methanol (2:1).  Each solution was mixed by vortexing for ten seconds and 

then centrifuged at 10, 000 xg for one minute.  After centrifuging the aqueous layer was removed 

and the chloroform layer was transferred to a new tube.  The chloroform layer was washed three 

times by the addition of 0.5 ml Methanol: Water: Chloroform (48:47:3), followed by vortexing 

each sample for ten seconds and centrifuging for 1 minute at 10, 000 xg.   From the final 600 µl 

of extracted sample, 60 µl was added to scintillation counter tube and read with 4ml of scintilla-

tion fluid.  A Beckman LS 6500 scintillation counter read the DPM for 14C present in the final 

extracted sample, and took an average of the sample readings over a one minute time period.       

 Products from these three reactions were combine according to initiator substrate, and 

incubated with 300µl 1 M HCl at 85oC for one hour to remove phosphate groups.  Samples ex-

tracted with 300 µl Benzene, and were separated using Thin-layer chromatography (TLC) in a 

39:1 acetone to  water solution.   
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2.14 Optimization for Kinetic Assays 

 To optimize for kinetic studies CPT2 activity was tested with varying IPP concentrations 

and with varying lengths of incubation time.  For varying IPP concentrations, 50 µM, 100 µM, 

200 µM and 400 µM were used with a standard initiator concentration of 50 µM NPP.  The incu-

bation period was also optimized by testing the level of CPT2 activity with increasing incubation 

periods, four incubation periods were tested: 10 minutes, 20 minutes, 40 minutes, and 60 min-

utes.  Various IPP concentrations and incubation periods were plotted against the respective 

amount of IPP incorporation by CPT2 using Sigmaplot.  All time and IPP concentration trials 

used the HEPES 50 mM, MgCl2 5 mM, NaF 2 mM, Na3VO4 2 mM, and DTT 2 mM solution, 8 

µg of CPT2 protein, and the chloroform : methanol extraction method described above in “In 

vitro Activity of CPT2 with Different Initiators”.   

2.15 CPT2 Enzyme Kinetics 

 Enzyme kinetics for CPT2 were tested by using varying concentrations of initiator sub-

strates.  IPP concentration and incubation period were kept standard.  For all kinetics studies a 

one hour incubation period at 30oC was used.  For NPP kinetics, a total IPP concentration of 

207.9 µM was used (200 µM cold-IPP and 7.9 µM 14C-IPP), with 8 µg of protein per reaction.  

For  GPP kinetics a total IPP concentration of 2 15.8 µM was used (200 µM cold-IPP and 15.8 

µM 14C-IPP), along with 12 µg of protein per reaction.  For  FPP kinetics a total IPP concentra-

tion of 215.8 µM was used (200 µM cold-IPP and 15.8 µM 14C-IPP), along with 4.5 µg of pro-

tein per reaction. Concentrations of 1 µM, 5 µM, 10 µM, 20 µM, and 50 µM were used for initia-

tor substrates GPP, NPP, and FPP.  The DPM measurements were converted to rates of IPP in-

corporation and plotted against the known initiator concentrations plotted using Sigmaplot.  En-
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zyme kinetics plots were created using the Michaelis-Menton equation tool from Sigmaplot to fit 

Michaelis-Menton curves to plots.  Sigmaplot was also used to test the convergence of kinetics 

data to the Michaelis-Menton equation, and calculate the Km and Vmax, Kcat, and Kcat/Km for each 

initiator.  All initiator kinetics trials used the HEPES 50 mM, MgCl2 5 mM, NaF 2 mM, Na3VO4 

2 mM, and DTT 2 mM solution, and the chloroform : methanol extraction method described 

above in “ 2.13 In vitro Activity of CPT2 with Different Initiators”.   
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3. CHAPTER  3 - CLONING AND CHARACTERIZATION OF 
CPT3 AND CSF2 PROMOTERS 

3.1. INTRODUCTION 

 Based on Qu et al’s work from the Ro laboratory, University of Calgary, it is known that 

CPT3 and CSF2 are dominantly expressed in latex (2015).  Therefore, it has been proposed that 

CPT3 and CSF2 work together to elongate the natural rubber chain in lettuce, while other CPTs 

and CSFs are involved in primary metabolism.  Thus far, CSF2 has been silenced in lettuce (Qu 

et al, 2015) and a homolog of CPT3 was silenced in Russian dandelion (Post et al, 2012).  In 

both cases, natural rubber abundance in latex was greatly decreased, which occurred in conjunc-

tion with decreases of CSF2 or dandelion CPT3 homolog transcripts.  In lettuce, CSF2 was si-

lenced by Cauliflower Mosaic virus 35S constitutive promoter.  This experiment indicated that 

CSF2 is involved in the production of natural rubber. 

 Latex is a cytoplasmic component of the laticifer cells that has evolved as part of the vas-

cular bundles in some plants. Laticifers appear to play important roles in plant defence, and also 

are known to store many valuable plant natural products. However, biogenesis of laticifers and 

metabolic regulation of the products in latex are poorly understood, in part due to the lack of a 

model system to which molecular genetics can be applied. Since lettuce can be transformed, cell-

type specific promoters can be studied by generating transgenic plants expressing the reporter 

gene fused to CPT3 or CSF2 promoter.  Qu’s previous quantitative RT-PCR analysis suggested 

that CPT3 and CSF2 have latex specific expression.  This will be confirmed through analyzing 

cell specificity of CPT3 and CSF2 promoter driven reporter gene expression.   
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 This chapter reports on the isolation and analysis the CPT3 promoter, by a reporter gene 

fusion in multiple transgenic lettuce lines. Furthermore, histochemical assays of the transgenic 

lettuce lines were performed to definitely prove that CPT3 promoter shows laticifer-specific ex-

pression. Qu et al isolated CSF2 promoter and generated multiple transgenic lettuce lines ex-

pressing CSF2-GUS (reporter gene) construct.  However, the transgenic lettuce lines have not 

been characterized.  As part of this M.Sc. thesis project, these transgenic lettuce lines were ana-

lyzed, and data for the promoter characterization is included in this chapter.  

3.2. RESULTS 

3.2.1. Identification and analysis of CPT3 promoter 

 Using the draft, whole genome sequences for lettuce (Latuca sativa) (Dr. Richard 

Michelmore, UC Davis, unpublished), a 2.3-kb DNA fragment upstream of the CPT3 start codon 

was identified (Figure 3.1).  In the reassembled lettuce genome, the CPT3 gene has an unusually 

long intron of 7,436-bp length.  A reverse primer at the CPT3 start codon region was used to-

gether with the primer designed ~2.3-kb upstream of the CPT3 start codon in PCR-amplification.  

However, no PCR fragment was amplified after several attempts. Upon inspection of promoter 

sequences, a number of AT-rich regions were observed, and thus lower amplification tempera-

tures were applied in PCR. Using a gradient PCR method of different amplification temperatures, 

an amplification temperature of 63oC was determined to be the most effective in amplifying the 

CPT3 promoter  (pCPT3) (Figure 3.2).   
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Figure 3.1 In silico analysis of LsCPT3 genomic DNA sequences. 
The genomic sequences of LsCPT3, including 2,318-bp upstream of LsCPT3 start codon (ATG) .  
Introns were identified by BLAST search from Lactuca sativa whole genome sequences (Dr. 
Richard Michelmore, UC Davis, unpublished). Green color indicates two exons of LsCPT3 with 
start and stop codons in red.  The code in grey indicates the 5’-untranslation region present in 
LsCPT3 cDNA sequences. Blue code represents a TATA box.  The conserved exon/intron junc-
tion sequences are shown in red lines. Forward and reverse primer-binding sites are underlined, 
which encompass 2,388-bp DNA fragment. In the lettuce genome database, a single 7,436-bp 
intron was identified but its sequences are not shown here. 
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Figure 3.2 PCR-amplification of LsCPT3 promoter in a low amplification temperature.   
PCR  of lettuce genomic DNA  with a gradient of elongation temperatures, fragments are sepa-
rated on an one percent agarose gel.  The  2.3 Kb CPT3  promoter fragment is amplified at a 
63oC elongation temperature, no amplification was observed for higher elongation temperatures. 

The amplified CPT3 promoter was fully sequenced.  The sequences was compared with the 

CPT3 promoter sequences that were computationally retrieved from the lettuce whole genome 

assembly. The experimental sequence was identical to the assembled sequence, except for the 79-

bp AT repeat (Figure 3.3). In the 5’-untranslation region, three additional ATG codons were iden-

tified prior to the authentic ATG of CPT3. However, all these ATG codons did not match to the 

Kozak consensus sequences (A/GxxATGG), and more importantly the protein translations from 

these start codons all resulted in out-of-frame proteins and thus early terminations. Although it is 

obvious that these codons are not used for protein translation, these ATG codons were eliminated 
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from the subsequent promoter analysis by amplifying the CPT3 promoter prior to these codons 

(Figure 3.3, blue arrows). These ATG may be included in  an upstream open reading stream 

(uORF), and translation of uORFs is known to inhibit expression downstream open reading 

frames. Therefore, these three ATGs included in the 5’-untranslational region, will not be part of 

the promoter.  

 Since the entire 2.3-kb may be not necessary for gene expression, four different truncated 

versions of CPT3 promoter were amplified using various internal forward primers indicated in 

Figure 3.3. Three shorter CPT3 promoter fragments of approximately 1.6-Kb, 1.2-Kb, and 0.8-Kb 

were amplified. The promoter fragment were named pCPT3-1 (2.3-Kb), pCPT3-2 (1.6 Kb), 

pCPT3-3 (1.2Kb), and pCPT3-4 (0.8Kb) (Figure 3.3).   

Using the Gateway compatible binary plasmid, pKGWFS7, the four CPT3 promoter fragments 

were cloned in front of the hybrid reporter gene, which was constructed by a translational fusion 

of green fluorescent protein (GFP) and β-glucuronidase (GUS) (Figure 3.4). Each of the four bi-

nary constructs was used to transform Agrobacterium tumefaciens, which in turn was used for 

lettuce transformations. 
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Figure 3.3 A sequence alignment of the LsCPT3 promoters from lettuce genome database 
and from experimental PCR-amplification. 
LsCPT3 promoter was isolated from L. sativa cv. Mariska by PCR-amplification using primers 
indicated in Figure 3.1. Its full sequences, determined by the Sanger sequencings (internal and 
external primers), were aligned with LsCPT3 promoter sequences retrieved from lettuce genome 
database.  Ex indicates experimental sequence data, and Db indicates sequences from the data 
base. The LsCPT3 start codon is shown in a red box; three out-of-frame and non-Kozak consen-
sus ATGs in the 5’-untranslation region are shown in blue boxes; a putative transcription start 
site and TATA box are shown by green arrow and box, respectively. Four forward primers indi-
cated as P1,P2,P3, and P4 were used with a reverse primer (blue arrow) to amplify four possible 
LsCPT3 promoters. 
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3.2.2. Creating Transgenic Plants for Promoter Analysis 
 Using the Agrobacterium strains harbouring the four constructs, Agrobacterium-mediated 

plant transformations were conducted on lettuce plants. For each construct, six to nine indepen-

dent transgenic lettuce lines were generated (nine for pCPT3-1, nine for pCPT3-2, eight for pCP-

T3-3, and six for pCPT3-4). In addition to these 32 transgenic lines, three transgenic plants for 

vector alone were also generated as controls. While these T0 transgenic plants were growing, 

small amounts of leaf tissue (~100 mg) were collected from each plant, and used to isolate ge-

nomic DNA. Subsequently, the isolated genomic DNA was used to examine if the transgene 

(pCPT3::GFP-GUS) was integrated in the genome by PCR amplification of the transgene. As an 

internal control, endogenous lettuce germacrene A oxidase (GAO) gene was amplified in parallel. 

Five to seven transgenic lines for each constructs were confirmed by PCR screening (Figure 3.5). 

These lines were used for further analyzes to determine tissue-specific expression in lettuce. 
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Figure 3.4 A plasmid map of the Gateway binary vector, pKGWFS7.  
The pKGWFS7 vector was used to analyze promoter activity through the expression of reporter 
genes GFP and GUS.  CPT3p fragments 1-4 were inserted between attR1 and attR2 upstream of 
reporter genes.  This image was taken from http://gateway.psb.ugent.be/vector/show/pKGWFS7/
search/index/.   
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Figure 3.5 Confirmation of the presence of transgenes in transgenic lettuce lines using 
PCR.  
PCR Screening of GFP/GUS reporter genes and know lettuce gene GAO2 were used to confirm 
the presence of the pKGWFS7 constructs, and genomic DNA quality, respectively.  All are posi-
tive for GAO2 however, in some cases higher exposure was needed to view band.  

3.2.3. Quantitative analysis of CPT3 promoter 
 Previously, CPT3 showed dominant expression in latex, and thus reporter GUS activity 

was measured from the latex collected from the transgenic plants. To synchronize the develop-

mental stage of latex collection, lettuces at early flowering stage were used for latex collection. 

In previous studies in the Ro lab, it was found that coagulating protein components severely in-
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terfered with precise measurement of GUS activity in latex. Therefore, liquid latex samples were 

centrifuged to separate floating rubber particles and heavy precipitate, and the cleared latex was 

used for the GUS analysis.  

 For the GUS assay, the substrate 4-methylumbelliferyl-β-D-glucuronide (MUG) was 

added to the reaction, and the formation of fluorescent 4-methylumbelliferone (4MU) was mea-

sured by a fluorometer. Vector-transformed controls showed only basal levels of activities, indi-

cating that lettuce latex does not have catalytic activity to hydrolyze MUG. On the other hand, 

multiple independent transgenic lettuce lines for pCPT3-GUS constructs showed notably higher 

GUS activities than that of the vector control. One transgenic lettuce line from pCPT3-1 and 

pCPT3-2 lines showed strong GUS activity while three and two transgenic lettuce lines from 

pCPT3-3 and pCPT3-4 lines, respectively, clearly showed stronger GUS activities than those of 

vector controls. Of particular interest, the 0.8-Kb CPT3 promoter (pCPT3-4) showed GUS activ-

ities comparable to those from longer promoter fragments. However, of the 25 transgenic lettuce 

lines examined for latex GUS activities, 16 transgenic lettuce lines showed GUS activities equiv-

alent to or slightly higher (<2-fold) than the GUS activity from the vector controls. Therefore, 

64% of the transgenic lettuce lines did not show GUS activities, although most of them showed 

the integration of the transgene in the genome.  

 In conclusion, the quantitative GUS assays using latex from the transgenic lettuce lines 

demonstrated that CPT3 promoter can drive strong gene expression in latex. Furthermore, the 

0.8-kb promoter (pCPT3-4) can deliver sufficient expression in latex in comparison to other 

longer promoters.   
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Figure 3.6 Assessment of LsCPT3 promoter activities using latex proteins from the trans-
genic lettuce lines expressing the GUS gene under LsCPT3 promoter.   
This plot shows the quantitative analysis of CPT3 promoter driven GUS expression in transgenic 
lettuce lines.  Extracted latex from transgenic plants was incubated with substrate 4-MUG.  
When GUS was expressed in latex 4-MUG was cleaved to the fluorescent compound 4-MU.  A 
standard curve was created using known concentrations of 4-MU, and used to convert fluores-
cence measurements to quantities of 4-MU produced.  Data are mean ± S.D. (n=3).  GUS activi-
ties were measured three times from each T0 transgenic plant. 
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3.2.4. In situ GUS staining of transgenic lettuce lines expressing pCPT3-GUS. 

 To determine whether the CPT3 promoters were active only in laticifers or constitutively 

throughout the plant, in situ GUS activities were observed by incubating leaves from each trans-

genic lettuce line with  GUS substrate (5-bromo-4-chloro-3-indolyl-β-D-glucronide).  When the 

GUS gene was expressed the substrate was converted to a colorimetric product.  In order to con-

duct this assay, seeds from each of the transgenic plants, which showed high GUS expression in 

latex, were germinated and grown on soil. One leaf from each plant was detached from the plant 

and incubated with substrates between 16 and 24 hours. After removing chlorophylls by ethanol, 

the tissue-types stained by the GUS activities were visually examined. Vector-transformed con-

trols did not show any stained pattern, indicating that lettuce does not catalyze the substrates 

(Figure 3.7F).  In contrast, the leaves of all transgenic lettuce lines showed a distinct staining pat-

tern on and around the vasculatures (Figure 3.7B-E). Some diffused patterns of GUS stain are 

likely due to the diffusion of the GUS reaction products during incubation. Often, the main veins 

connecting to petioles showed stronger GUS staining than other secondary veins. Enlarged im-

ages of the stained area without diffusion clearly demonstrated that the GUS activities are local-

ized inside the vasculatures  (Figure 3.7G). These results showed that CPT3 promoter exclusive-

ly drives gene expression in lettuce vasculature and all four CPT3 promoter fragments can deliv-

er vasculature-specific expression.  
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Figure 3.7  Vasculature-specific activities of LsCPT3 promoter.   
A. CPT3p-GUS construct showing promoter fragment locations and lengths.  B-G Leaves from 
transgenic plants containing CPT3p fragments were incubated with GUS staining solution con-
taining substrate X-Gluc.  Leaves were removed from this solution after 16 - 24 hours, depend-
ing on level of staining.  After removal from GUS staining solution, leaves were cleared in in-
creasing ethanol solutions (50-100%). Panels B-F show leaves at 0.7X magnification, panel G 
shows pCPT3-3 leaf from panel D enlarged to show specific staining pattern.   
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3.2.5. Histochemical analysis of pCPT3-GUS expressing lettuces. 
 To confirm that the vascular staining was specific to laticifers within the vascular tissues, 

sections of a plant from the pCPT3-3 transgenic lettuce line were prepared, and histochemical 

observation were performed.  To identify the location and shape of laticifer cells in L. sativa, 

non-transgenic L. sativa plants were first analyzed by histochemical methods.  To prepare for 

sectioning, plants were fixed whole in a fixative solution for 3-4 weeks. This was to ensure that 

latex did not escape from or spread throughout the plant prior to sectioning.  After fixing the wild 

type lettuce, plants were sectioned and stained with Amido black to stain proteins in blue colour, 

and Periodic acid-Schiff (PAS) to stains carbohydrates in red colour.   

 Laticifers can be identified by two characteristics in lettuce. First, laticifers have high 

protein content and are stained blue colour by Amido black.  Second, sections of laticifer cell 

walls are dissolved and linked to one another to form an elongated irregular structure.  Specifi-

cally, lettuce is known to form an articulated, anastomosing pattern (Figure 1.8).  From the sec-

tioned and stained wild-type lettuce, blue-stained cells that were connected by dissolved cell-

walls could be clearly observed in longitudinally sectioned stems (Figure 3.8A).  This data con-

firmed that laticifer can be identified by simple histochemical method in lettuce. 

 Using the stained laticifer patterns in lettuce as a reference, similar structures were 

searched from the pCPT3-3 transgenic lettuce line expressing GUS by CPT3 promoter (Figure 

3.6).  As observed in the histochemical studies of wild-type lettuce, GUS-stained cells formed an 

articulated, anastomosing pattern, typical to lettuce laticifers.  Counter staining cell walls with 

PAS confirmed that GUS stained cells were fused by dissolved cell walls similar to those ob-
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served in non-transgenic lettuce (Figure 3.8B).  Intense GUS staining was localized to the elon-

gated laticifer cells.  This result provides compelling evidence that CPT3 promoter expresses its 

downstream gene exclusively in laticifers in lettuce.    

!  

Figure 3.8 Histochemical analyses of laticifer cells from non-transgenic lettuce and the 
transgenic lettuce line expressing GUS reporter gene under LsCPT3 promoter.   
Non-Transgenic Control, three micron sections were cut from fixed non-transgenic plants, and 
stained with amido black (stains proteins blue) and periodic acid-Schiff (Pas) (stains carbohy-
drates red).  Laticifers can be identified by their high protein content (blue), and degraded cell 
walls (arrows). Laticifers were located within the phloem parenchyma cells of the plant. Image 
shows a stem longitudinal section at 40X magnification, bar=20 um.  pCPT3::GUS, One plant 
from a transgenic lettuce line containing a 1.2 Kb promoter fused to GUS was incubated with X-
Gluc substrate.  Blue colour is produced when GUS is expressed.  The stained plant was fixed 
and sectioned to produce three micron sections.  Sections were counter stained with Pas.  GUS 
(blue) is expressed specifically in laticifer cells, which can be identified by the  degraded cell 
walls (arrows).  Image shows a stem longitudinal section at 40X magnification, bar=20 um 

3.2.6. Identification and Amplification of CSF2 promoter. 
 Qu has silenced CSF2 in lettuce and showed that natural rubber was markedly reduced in 

latex (unpublished data). Also, CSF2 showed predominant expression pattern in lettuce latex 
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(Figure 1.9). Therefore, CSF2 is a necessary component of natural rubber biosynthesis in lettuce, 

and the CSF2 promoter was also investigated by molecular genetic approach.   

 The genomic sequence of CSF2 and 2,170-bp DNA sequence in the upstream of CSF2 

start codon (ATG) were identified by BLAST search using Lactuca sativa whole genome se-

quences (Dr. Richard Michelmore, UC Davis, unpublished) (Figure 3.9). CSF2 transcript has 

seven exons and six introns in the coding region, but an additional 952-bp intron was present 

immediately before the start codon in the 5’-untranslational region (Figure 3.9). This DNA frag-

ment is considered an intron because CSF cDNA sequences from our lab and from expressed se-

quence tag (EST) database do not contain this fragment. Conserved exon and intron junction se-

quences (GT ---intron---AG) could be also identified. After removing the intron and 5’-untransla-

tion region, a fragment of 558-bp could be identified and considered as a CSF2 promoter in the 

assembled lettuce whole genome.  

 For PCR amplification of CSF2 promoter, a reverse primer at the start codon region was 

used with a forward primer, designed after the ambiguous N-stretch in the CSF2 promoter. This 

PCR amplification recovered 1.7-kb DNA fragment from lettuce genome. The experimentally 

determined sequences were aligned with the computationally assembled sequences. These two 

sequences showed 96% nucleotide identity with some gaps in the regions of high A or T se-

quences (Figure 3.10). The 1.7-kb fragment including an intron, and 5’-untranslation region, was 

cloned in front of the GFP-GUS reporter gene in the Gateway compatible binary vector, pKG-

WSF7. This binary was transformed to A. tumefaciens and subsequently six independent trans-

genic lines were established. 
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Figure 3.9 In silico analysis of LsCSF2 genomic DNA sequences. 
The genomic sequences of LsCSF2, including 2,170-bp upstream of LsCSF2 start codon (ATG) 
and introns, were identified by BLAST search from Lactuca sativa whole genome sequences (Dr. 
Richard Michelmore, UC Davis, unpublished). Green code indicates exons of LsCSF2, with start 
and stop codons are in red. The code in grey indicates introns in LsCSF2 sequences. The 5’-un-
translational region is shown in blue.  There is a 952-bp intron (grey) located in the 5’-untransla-
tion region. Forward and reverse primer-binding sites used to isolate this LsCSF2 promoter are 
underlined, and cover a DNA fragment of 1,777-bp. 
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Figure 3.10 A sequence alignment of LsCSF2 promoters from genome database and from 
experimental PCR-amplification. 
LsCSF2 promoter was isolated from L. sativa cv. Mariska by PCR-amplification. Its full se-
quences, determined by the Sanger sequencings, were aligned with LsCSF2 promoter sequences 
retrieved from lettuce genome database.  Ex indicates experimental sequence data, and Db indi-
cates sequences from the data base. The CSF2 start codon is shown in a red-box, the 5’-untrans-
lational region is shown by blue underlines. An intron in the 5’-untranslational region is denoted 
by two green brackets. 
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3.2.7. Quantitative analysis of CSF2 promoter 
 For CSF2 promoter analysis experiments, GUS activity from the T0 transgenic lettuce 

lines were not measured, and seeds were collected and stored for the analysis of T1 generations. 

From the T1 seed pool, at least ten seeds per each line were germinated, and true leaves from the 

seedling were assayed for GUS staining as preliminary screening. Of the six transgenic lines 

generated, progeny from the two lines showed GUS activities (pCSF2-2 and pCSF2-3), and 

plants from these two lines were further grown for latex isolation and GUS assays. Quantitative 

GUS assays were performed as before. The latex collected from pCSF2-2-GUS and pCSF2-3-

GUS expressing transgenic lines showed 93- and 120-fold higher activity, respectively, that that 

from vector controls. These reporter gene activities were 2-4 fold higher than the activities re-

ported from pCPT3-GUS expressing lines. 

!  

Figure 3.11 Assessment of LsCSF2 promoter activities using latex proteins from the trans-
genic lettuce lines expressing GUS gene under LsCPT2 promoter. 
This plot shows the quantitative analysis of CSF2 promoter driven GUS expression in transgenic 
lettuce lines.  Extracted latex from transgenic plants was incubated with substrate 4-MUG.  
When GUS was expressed in latex 4-MUG was cleaved to the fluorescent compound 4-MU.  A 
standard curve was created using known 4-MU concentrations, and used to convert fluorescence 
measurements to quantities of 4-MU produced.  Data are mean values ± S.D. (n=4). GUS activi-
ties were measured twice from two individual T1 plants derived from the same transgenic lines.  
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3.2.8. In situ GUS staining of transgenic lettuce lines expressing pCSF2-GUS 
 As with pCPT3 plants, a qualitative GUS assay was performed to determine whether 

theCSF2 promoter shows specific gene expression in laticifers.  Using the same process de-

scribed for pCPT3, leaves from pCSF2 plants were stained with substrate for GUS signal detec-

tion.The strongest blue stain from the GUS reaction was only observed in the vascular tissue of 

the transgenic plants expressing pCSF2-GUS leaves (Figure 3.12B/C).  Vector-transformed con-

trol lettuce did not show any GUS staining (Figure 3.12A).  Although some diffusion of GUS 

staining was observed in leaves expressing pCSF2-GUS,  this diffuse pattern is likely due to the 

excessive GUS reaction followed by the diffusion of products. These results suggest that CSF2 

promoter also drive specific gene expression in vascular tissues in lettuce. 

!  

Figure 3.12 Vasculature-specific activities of LsCSF2 promoter. 
In situ GUS staining are shown from vector-transformed control (A), and two independent trans-
genic lettuce lines (B and C).  Leaves from transgentic plants containing CPT3p fragments were 
incubated with GUS staining solution containing substrate X-Gluc.  Leaves were removed from 
this solution after 16 - 24 hours, depending on level of staining.  After removal from GUS stain-
ing solution, leaves were cleared in increasing ethanol solutions (50-100%).  Panels A and B 
show leaves at 0.7X magnification, panel C shows leaf at 2X magnification.   
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3.2.9. Histochemical analysis of pCSF2-GUS expressing lettuces. 

 To confirm cell-type specificity of CSF2 promoter, stem tissues of the one plant from a 

transgenic lettuce line expressing pCSF2-GUS were fixed and sectioned.  To avoid GUS product 

diffusion to adjacent cells, a shorter X-Gluc incubation period (4 hours) was used.  Microscopic 

analysis of the sectioned samples showed that GUS-staining occurred in irregular elongated cells 

that are fused by the degradation of cell walls (Figure 3.13B).  This pattern is characteristic of 

laticifer cells and was also observed in wild-type lettuce (Figure 3.13A). Although GUS-staining 

signals were weaker than pCPT3-GUS expressing lines, due to shorter staining period, GUS ex-

pression showed clear specificity to laticifer cells, confirming that pCSF2 is specific to laticifers.   

!  

Figure 3.13 Histochemical analyses of laticifer cells from non-transgenic lettuce and the 
transgenic lettuce line expressing GUS reporter gene under LsCSF2 promoter. 
Non-Transgenic Control, three micron sections were cut from fixed non-transgenic plants, and 
stained with amido black (stains proteins blue) and periodic acid-Schiff (Pas) (stains carbohy-
drates red).  Laticifers can be identified by their high protein content (blue), and degraded cell 
walls (arrows). Laticifers were located within the phloem parenchyma cells of the plant. Image 
shows a stem longitudinal section, at 40X magnification, bar=20 um. pCSF2::GUS, One plant 
from a transgenic lettuce line containing CSF2 promoter fused to GUS was incubated with X-
Gluc substrate.  Blue colour is produced when GUS is expressed.  The stained plant was fixed 
and sectioned to produce three micron sections.  Sections were counter stained with Pas.  GUS 
(blue) is expressed specifically in laticifer cells, which can be identified by the  degraded cell 
walls (arrows).  Image shows a stem longitudinal section, at 40X magnification, bar=20 µm 
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3.3. DISCUSSION 

 Latex is a cytoplasm of laticifer cells, and contains many important products such as nat-

ural rubber and morphine. However, a promoter that specifies gene expression in laticifer has yet 

to be comprehensively studied in plants. One limitation of studying gene regulation in laticifer is 

the lack of a model system for molecular genetic studies. Lettuce (Lactuca sativa) is well suited 

for molecular genetics because it is a diploid, self-pollinating plant with a short life-cycle (3-4 

months). Lettuce can be transformed with A. tumefaciens, and recently the whole genome se-

quence of lettuce has been completed (unpublished, UC Davis, Dr. Michelmore) and data can be 

accessed within the lettuce research community. Therefore, genetics and molecular genetics can 

be applied to lettuce to elucidate the biochemical and developmental aspects of laticifers in 

plants.  

 Although the polyphenol oxidase (PPO) promoter, which specifies the gene expression in 

laticifer, was identified from dandelion (Wahler et al, 2009), comprehensive characterization at a 

cellular level has not been conducted.  Thus, the CPT3 and CSF2 promoter studies described in 

this chapter represent the first results providing experimental evidence for the discovery of  high-

ly efficient, laticifer specific promoters.  The quantitative GUS activities using the latex from the 

transgenic lettuce lines are considered remarkably strong. Latex protein extracts from the lettuce 

transgenic for pCPT3-GUS and pCSF2-GUS showed up to ~600 and ~1,500 pmol MU/min/mg. 

In the literature, the original GUS assays using the viral CaMV 35S promoter reported 280-580 

pmol MU/min/mg (Jefferson et al, 1987). Although a firm conclusion needs to be reserved until 

the CaMV 35S and CPT3/CSF2 promoters are compared under the same conditions, preferably 

by generating CaMV35S-GUS expressing lettuce, my data suggest that the CPT3 and CSF2 pro-
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moters deliver comparable or higher levels of gene expression in lettuce latex. Therefore, the 

CPT3 and CSF2 promoters can serve as valuable tools, which allows extremely strong laticifer-

specific gene expression in lettuce. These promoters can be used to alter or improve the latex me-

tabolite profile for biotechnological purpose. 

 Previously, Qu et al demonstrated that CPT3 and CSF2 proteins interact with each other 

to form a protein complex on the endoplasmic reticulum, and proposed that this complex is nec-

essary for natural rubber biosynthesis in lettuce (2015). Histological studies of the transgenic let-

tuce lines expressing pCPT3-GUS and pCSF2-GUS, clearly established that both of the promot-

ers have specific activities in laticifers in lettuce.  Also, the proteins are well placed, in the same 

cells (i.e., laticifers), to encounter each other.  Furthermore, promoter activities of both CPT3 and 

CSF2 were very high and comparable to each other.  Therefore, the characterization data of the 

CPT3 and CSF2 promoters reinforce, and are congruent with the protein complex hypothesis.  It 

still remains a mystery what determines the extremely long rubber polymer length (>1 million 

Da) in some plants.  Valuable data could be obtained by expressing different eco-allelic variants 

of CPT and CSF genes in lettuce, and comparing polymer lengths. For this purpose, CPT2 and 

CSF3 promoters can be used to drive specific and strong gene expression in lettuce laticifer.  

 It should be noted that CSF2 promoter has an unusually long intron (952-bp) in the 5’un-

translational region, and the promoter region used in my experiment is only about 550-bp. In-

triguingly, latex GUS activities from the transgenic lettuce lines expressing pCSF2-GUS were 

overall 2-3 fold higher than those from pCPT3-GUS expressing lettuce. This result suggests that 

550-bp promoter of CSF2 is sufficient for the observed promoter strength and laticifer-specific 
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expression in lettuce. It is also worth investigating whether the 952-bp intron in the 5’-untransla-

tional region confers any cell-type specificity and/or promoter strength in lettuce. 
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4. CHAPTER 4: CHARACTERIZATION OF PROKARYOTIC 
TYPE cis-pPRENYLTRANSFERASE FROM LETTUCE (Lactuca 
sativa) 

4.1. INTRODUCTION 

 In both prokaryotes and eukaryotes, cis-prenyltransferases (CPTs) are essential enzymes 

involved in primary metabolism.  CPTs are used to synthesize cell wall components in prokary-

otes, and involved in N- and O-glycosylation in eukaryotes (Surmacz and Swiezewska, 2011).  It 

has been generally accepted for decades that both prokaryotic and eukaryotic CPTs are self-suffi-

cient, and they can catalyze the cis-prenyltransferase reaction independently.  Enzyme purifica-

tion and three dimensional structural data of prokaryotic UPPS showed that the prokaryotic CPT 

forms a homodimer, and that the dimer complex is self-sufficient to catalyze cis-prenyltransfrase 

reaction in vitro (Fujihashi et al, 2001).  

 On the other hand, CPT activity using purified enzyme is rarely reported for eukaryotic 

CPTs, and complementation of yeast CPT (dolichol synthase) temperature-sensitive mutant is 

often used as evidence to support the activity of eukaryotic CPTs.  Although negative data is not 

present in literature, Ahktar et al documented that purified tomato SlCPT3 recombinant protein 

did not show any cis-prenyltransferase activity by itself in an in vitro assays (2013).  Qu et al 

also demonstrated that two lettuce CPT (LsCPT1 and LsCPT3) recombinant enzymes did not 

show activities when in vitro assays were performed using purified enzymes (2015). These data 

suggest that eukaryotic CPTs cannot catalyze the consecutive condensation of IPP monomers in-

dependently.  Intriguingly, recent studies of CPTs in lettuce by Qu et al demonstrated that eu-

karyotic CPT requires a subunit protein which tethers CPT on endoplasmic reticulum (2015). 

This protein showed homology to CPT and was named as CPT scaffolding protein (CSF). While 
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this thesis was being prepared, it was shown that lettuce CPT and CSF homologs from human 

and yeast interact with each other to acquire dolichol biosynthetic activities in a yeast expression 

system (Park, et al, 2014).  Cis-prenyltransferase activity could be only obtained when CPT and 

CSF were co-expressed in yeast.  Taken together, these data indicate that eukaryotic CPTs re-

quire a CSF partner protein to enable cis-prenyltransferase activity. 

 While examining the presence of CPT gene family in lettuce, the Ro laboratory identified 

three CPT genes from whole lettuce genome database, and these CPTs were named LsCPT1, 

LsCPT2, and LsCPT3. In addition, two CSF genes (LsCSF1 and LsCSF2) were also identified 

from the lettuce genome.  The work of Qu et al showed that CPT1 and CSF1 are involved in 

primary metabolism in lettuce, whereas CPT3 and CSF2 are highly expressed in laticifers and 

are involved in natural rubber biosynthesis (2015). However, CPT2 has not been studied and its 

function in lettuce remains unknown. This chapter will focus on the molecular characterization 

of LsCPT2 gene from lettuce. To elucidate LsCPT2 function, phylogenetic analysis, subcellular 

localization and in vitro activity assays were performed. The resultant data suggest LsCPT2 is 

prokaryotic type CPT, which localizes to chloroplast and shows cis-prenyltransferase activity 

without requiring CSF protein partner.  

4.2. RESULTS 

4.2.1. Phylogenetic Analysis of CPT and CSF in plants 

 In order to gain an insight into CPT and CSF diversification and evolution, LsCPT and 

LsCSF homologs were identified from various prokaryotes and eukaryotes, including human, 

yeast, and C. elegans. A phylogenetic tree was constructed with bootstrap replicates (Figure 4.1).  

In phylogenetic analysis, two major clades were clearly separated with a high statistical support 
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(100% bootstrap value). These clades were classified into conventional CPT and recently recog-

nized CSF groups. Yeast NUS1, human NogoB receptor, and Arabidopsis LEW1 were all segre-

gated together with LsCSF1 and LsCSF2. This result support that CSF is a distinct class of pro-

tein from conventional CPT.  

 Within the conventional CPT clade, two CPT subclades were further identified with 

strong statistical supports (>90% bootstrap values; Figure 4.1).  Interestingly, one CPT subclade 

was clustered with prokaryotic (E. coli and Micrococcus luteus) CPTs, and this subclade was 

named as “CPT clade I”.  It is of particular interest that LsCPT2 and other Arabidopsis and toma-

to CPTs, which showed catalytic activities when purified from E. coli (Akhtar et al 2013; Kera et 

al, 2012), belong to this the “CPT clade I”.  Most of the Arabidopsis and tomato CPTs are local-

ized to  plastids (Akhtar et al 2013; Kera et al, 2012).  This result suggested that plants possess 

prokaryote-type CPTs, and LsCPT2 could be a self-sufficient, prokaryotic like CPT.  On the oth-

er hand, LsCPT1 and LsCPT3 belong to the other clade that was named “CPT clade II”.  Yeast 

and human dolichol synthases (RER2, SRT1, and HsCPT) were also members of the “CPT clade 

II”.  All three eukaryotic CPTs were recently shown to require the CSF-type subunit for activity ( 

Park et al, 2014).  Therefore, CPT-clade II is likely to be a class of eukaryotic CPTs.  

 In conclusion, comprehensive phylogenetic analysis showed that CPT and CSF are en-

tirely different classes of protein, although they share some homology. Furthermore, plants have 

both prokaryotic and eukaryotic type of CPTs in their genomes.  Self-sufficiency of the pro-

karyotic type CPT recombinant enzymes correlates well with these two classifications.  
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Figure 4.1. Phylogenetic analysis of CPT and CPT Scaffolding Protein (CSF) proteins. 
Phylogenic tree was created using sequence similarity between CPTs and CSFs from various 
species. Bootstrap values from 1,000 replicates (higher than 50) were calculated, and represent 
the percentage of replicates that the proteins to the right of the fork grouped together.  The boot-
strap values are shown at    each node. CPTs from prokaryotic origins are indicated by a grey 
square, LsCPT1/LsCPT3 and LsCSF1/2 are marked by yellow and orange colour, respectively, 
and LsCPT2 is marked in green. CPTs functionally expressed in E. coli are marked by asterisks. 
Abbreviations used are: Ml, Micrococcus luteus; Ec, Eschrichia coli; At, Arabidopsis thaliana; 
Ls, Lactuca sativa; Tb, taraxacum brevicorniculatum; Hb, Hevea brasiliensis; Hs, Homo sapi-
ens; Cl; Caenorhabditis elegans; Sl, Solanum lycopersicum; Vv, Vitis vinifera; Pt, Populus trem-
ula; To, Taraxacum officinale; Pa, Parthenium argentatum; Ha, Helianthus annuus; Ht, He-
lianthus tuberosus; NogoBR, nogo B receptor in human. Arabidopsis CPTs (AtCPT1-9) and 
tomato CPTs (SlCPT1-7) were numbered according to Kera et al (2012) and Akhtar et al (2013). 
RER2 and SRT1 are yeast cis-prenyltransferases. 
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4.2.2. Investigating subcellular localization of LsCPT2 

 Based on the LsCPT2 sequence, it was predicted that this enzyme would localize to 

chloroplasts (TargetP  and ChlorpP online prediction software)(Figure 4.2).  This was also sup-

ported by the sequence similarities between LsCPT2 and tomato SlCPT4/5, which localized to 

chloroplasts (Akhtar et al, 2013) (Figure 4.1). In order to examine subcellular localization of 

LsCPT2, A reporter protein, GFP, was translationally fused to the C-terminus of LsCPT2, and 

this fusion construct was transiently expressed in tobacco leaves (Nicotiana benthamiana) using 

A. tumefaciens infiltration.  The vector alone was used as a negative control, and the Arabidopsis 

1-hydroxy-2-methyl-2-butenyl 4-diphosphate reductase (AtHDR) gene, responsible for catalyz-

ing the last step in the methyl erythritol phosphate (MEP) pathway, was used as a positive con-

trol.  

 GFP signals from LsCPT2-GFP localized to the chloroplasts which can be identified by 

characteristic red auto-fluorescence from chlorophylls (Figure 4.3 A-C). The vector alone control 

did not show any GFP signals (Figure 4.3 D-F), indicating green auto-fluorescence is not present 

in infiltrated tobacco plants. AtHDR-GFP clearly localized to the chloroplasts (Figure G-I). Care-

ful observation of the LsCPT2-GFP signals inside the chloroplasts indicated that red autofluores-

cence and GFP signals did not entirely overlap to each other. It appeared that GFP signals are 

present outside of the red autofluorescence. As the autofluorescence comes from chlorophylls on 

thylakoid membranes, the observed LsCPT2 signal may suggest that it is localized to stroma in 

chloroplast, although more experiments are necessary to firmly confirm this. 
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Figure 4.2 Primary protein sequences of LsCPT2.  
The amino acid sequence of LsCPT2 is shown. A putative chloroplast transit peptide predicted 
by the  ChloroP algorithm is shown in green (http://www.cbs.dtu.dk/services/ChloroP/). For bac-
terial expression, the first 21 amino acids were deleted as depicted by a red arrow. 

!   
Figure 4.3 Confocal laser scanning microscopic analysis of LsCPT2-GFP in tobacco leaves. 
Tobacco leaves were infiltrated to transiently express AtHDR-GFP-pEAQ, empty GFP-
pSITE-2NB, and LsCPT2-GFP-pSITE-2NB.  After three day incubation, leaves were viewed on a 
confocal laser scanning  microscope.   Panels a, b, and c show tobacco infiltrated with AtHDR-
GFP-pEAQ, which was used as a positive control for chloroplast binding. Panels d, e, and f show 
tobacco infiltrated with empty pSITE-2NB vector. Panels g, h, and i show tobacco infiltrated 
with CPT2-GFP in pSITE-2NB vector.  Plants with transient expression of CPT2-GFP in pSITE-
2NB showed GFP signal localized to chloroplasts in tobacco leaves.  All panels focus in spongy 
mesophyll cells above the lower epidermis of the leaf, bar=20 µm.   
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4.2.3. Heterologous expression of LsCPT2  in E. Coli. 
As LsCPT2 clusters with prokaryotic CPTs in phylogenetic analysis, it was predicted it could be 

expressed in E. coli as a self-sufficient soluble form. However, upon the first attempt to express 

and purify LsCPT2, no clear over-expression pattern was observed in SDS-PAGE (Figure 4.5A). 

Lack of the heterologous protein may suggest that the codons encoded in LsCPT2 severely devi-

ates from the optimal codon availability in E. coli. To overcome this problem, all LsCPT2 

codons were recoded for optimal expression in E. coli, by chemically synthesizing LsCPT2 gene 

(Genscript, NJ, USA; Figure 4.4).  This synthetic LsCPT2 was expressed again, together with E. 

coli undecaprenyl synthase (UPPS) as a positive control.  

 Six histidines were tagged to the N-terminus of E. coli UPPS and LsCPT2 for affinity 

purification by Nickel NTA column. When purified enzymes were fractionated by SDS-PAGE, 

clear protein bands for both E. coli UPPS and LsCPT2 were observed with the correct molecular 

masses (Figure 4.5B). To confirm that the expressed and purified protein was LsCPT2, the gel 

band corresponding to the size of LsCPT2 was excised and its peptide sequences were deter-

mined by tandem LC-MS analysis following trypsin digestion (University of Calgary, Southern 

Alberta Mass Spectrometry Centre). The peptide mapping data from the protein sequence cov-

ered 75.8% of the LsCPT2 protein, unambiguously confirming that the purified protein is LsCP-

T2 (Figure 4.5C). Therefore, codon optimization of LsCPT2 significantly helps the translation of 

this clone in E. coli. 
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Figure 4.4 Nucleotide sequence comparison of native and synthetic LsCPT2.  
LsCPT2 was optimized for codon availability E. coli.  The synthetic nucleotide sequence had a 
73.4% sequence identity when compared to the native LsCPT2 sequence.  
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Figure 4.5 Bacterial expression of native and synthetic LsCPT2.   
A.  SDS PAGE of natural CPT2 expression in E. coli. No expression of CPT2 observed at the 
expected size of 32 kDa.  B. Over-expression of synthetic CPT2 in E. coli.  After optimizing 
CPT2 for E. coli codon availability, CPT2 was over-expressed in E. coli (SDS PAGE on left).  It 
was compared to UPPS purified protein also over-expressed in E. coli.  To conform that CPT2 
was purified, the 30 kDa band was excised from the gel and the sequence was determined using a 
trypsin digestion and LC-MS/MS.  C. LC-MS/MS Sequence. There was a 75.8% sequence cov-
erage of the expected CPT2 protein sequence.   
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4.2.4. Biochemical characterization of LsCPT2 

 The cis-prenyltransferase activity of LsCPT2 was examined using the purified LsCPT2 

recombinant enzyme by measuring the incorporation of 14C-labeled IPP (14C-IPP) to the polymer 

products.  CPT requires priming molecules to initiate polymerization reactions.  For LsCPT as-

says, four different initiator substrates were examined for LsCPT2 assays, geranyl diphosphate 

(GPP), neryl diphosphate (NPP), farnesyl diphosphate (FPP), and geranyl geranyl diphosphate 

(GGPP).  The LsCPT2 recombinant enzyme was incubated with each initiator, Mg2+,and 14C-IPP 

substrates, and 14C-IPP incorporation rate was measured from the chloroform-extract of the en-

zyme reaction. In radio-labeled IPP incorporation assays, E. coli UPPS displayed a potent activi-

ty, indicating that assay conditions were suitable for the CPT reaction.  LsCPT2 showed CPT ac-

tivity with GPP, NPP, and FPP,  with FPP reactions having the highest activity among three ini-

tiators.  However, only a basal level activity was detected when GGPP was used as an initiator.  

The reaction products from these four assays were further analyzed by a reverse-phase thin layer 

chromatography (RP-TLC).  E. coli UPPS was used as a marker enzyme, which synthesizes cis-

polyisoprene molecules of up to C55. Using GPP, FPP, and GGPP priming molecules, LsCPT2 

synthesized cis-polyisoprenes with a size of about C30 and C35. Since the primers have 10 and 

15 carbon numbers, it is expected that 3-5 IPPs (C5 molecule) are conjugated to the primers.  
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Figure 4.6. CPT2 activity in the presence of various initiator substrates.    
To determine the preferred initiator substrate for CPT2 multiple initiator substrates were tested. 
All initiators substrates were added to reactions at a concentration of 50µM.   IPP concentration 
and incubation time period were kept standard for all reactions.  DPM was measured using a 
Beckman LS 6500 scintillation counter.  DPM was converted to rate of 14C-IPP incorporation 
(pmol/hr/µg) using the availability of 14C-IPP, amount of protein, and incubation period.  These 
were compared to the rate of 14C-IPP incorporation (pmol/hr/µg) for the E. coli CPT, UPPS.   
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Prior to kinetic analysis of LsCPT2, optimal IPP concentration and linearity of LsCPT2 over 

time were examined with NPP as a primer. IPP concentration steadily increased up to 400 µM 

with a slow plateau effect at 400 µM (Figure 4.7A).  The reaction was linear up to one hour in-

cubation time (Figure 4.7B).  It was decided that 200 µM IPP will not severely limit the initial 

activity of LsCPT2 in kinetics, and one hour incubation does not slow down reactions. There-

fore, 200 µM IPP and one hour incubation time were used to determine kinetic properties of 

LsCPT2 with different initiator molecules.  

  LsCPT2 kinetic properties for GPP, NPP, or FPP primer were determined in the range 

between 1 µM and  50 µM. Since the catalytic products from LsCPT2 are mixtures of polymers, 

catalytic activity was measured as total IPP incorporation rate.  Therefore, a molar consumption 

rate of substrate was used, instead of production of products.  The initial velocity of LsCPT2 for 

the product formation using GPP, NPP, and FPP fit well to the Michaelis-Menten models (Figure 

4.8).  LsCPT2 activity with FPP showed a slight substrate inhibition at 50 µM.  Determined Km 

values for GPP and NPP were comparable (21 µM) while FPP showed 5.8-fold lower Km value 

(3.7 µM).  For turn-over number, GPP and FPP showed similar kcat values (1.7 s-1 and 1.6 s-1, re-

spectively), and NPP showed 2.4-fold higher kcat value (Table 4.1). The high turn-over number 

observed for NPP explained high activity observed on LsCPT2 enzyme assays at a primer satu-

rating condition. However, when the catalytic efficiency was measured by kcat/Km, FPP appears 

to be the most efficient primer at a physiological condition.  
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Figure 4.7. Effect of IPP concentration and Incubation Period on CPT2 activity.   
A. To determine an optimal IPP concentration for kinetic studies, varied IPP concentrations were 
tested.  Incubation period and initiator concentration were kept standard for all reactions.  B. To 
determine an optimal time to use for kinetic studies, varied incubation periods were tested.  IPP, 
and initiator concentrations were kept standard for all reactions.  For both assays DPM was mea-
sured using a Beckman LS 6500 scintillation counter.  DPM was converted to Rate of 14C-IPP 
incorporation (pmol/hr/µg) using the availability of 14C-IPP, amount of protein, and incubation 
period.  
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Figure 4.8: Enzyme kinetics for initiator substrates.   
Kinetic studies were done using a varied concentration of initiator substrates, GPP (top), NPP 
(middle), and FPP (bottom).  IPP concentration and incubation time period were kept standard.  
DPM was measured using a Beckman LS 6500 scintillation counter.  DPM was converted to 
Rate of 14C-IPP incorporation (µmol/min/mg) using the availability of 14C-IPP, amount of pro-
tein, and incubation period.  The rate of 14C-IPP incorporation was plotted against initiator con-
centration (µM) and tested for convergence to the Michaelis-Menton equation using Sigmaplot.  
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Table 4.1. Kinetic properties of recombinant LsCPT2  

4.3. DISCUSSION 

 Recent data by Qu et al (2015) and Park et al, (2014) demonstrated that the both CPT and 

CSF proteins are necessary for CPT catalytic activity in eukaryotes.  In yeast, co-expression of 

HCIT and NogoB receptor (human) and RER2 and NUS1 (yeast) resulted in potent CPT activity.  

A similar result was seen by Qu et al, where both lettuce CPT1 and CSF1 were required to pro-

duce dolichols (2015).  Interestingly, a comprehensive phylogenetic analysis of plant CPT and 

CSF proteins indicated that lettuce and other plants (Arabidopsis and tomato) have CPTs tightly 

clustered with CPTs from Micrococcus luteus and E. coli CPT.  These prokaryotic CPTs do not 

require an additional subunit, CSF, for CPT function and are known to form a homodimer protein 

complex (Fujihashi et al, 2001).  This suggests that plants maintain a distinct form of CPT that 

has evolved from the prokaryotic lineage. The LsCPT2 characterized from my work demonstrat-

ed that the LsCPT2 is clustered with prokaryotic CPTs, and other plant CPTs from tomato and 

Arabidopsis.  The CPTs grouped closest to LsCPT2, SlCPT4 and SlCPT5, were shown to local-

ize to the plastid and displayed catalytic activity when expressed and purified from E. coli 

(Akhtar et al, 2013). Overall, my work and others suggests that prokaryotic CPTs in plants can 

Initiator Km (µM) Vmax (µmol mg-1 min-1) kcat (s-1) kcat / Km (µM-1 s-1)

GPP 21.3 3.3 1.7 0.80 x 10-1

NPP 21.5 7.9 4.1 1.92 x 10-1

FPP 3.7 3.0 1.6 4.29 x 10-1

*Products are polymers with different molecular weight, and thus Kcat is calculated by IPP 
incorporation rate. 
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be identified by a phylogenetic analysis, and they are likely to show catalytic activity without 

requiring additional protein components.  

 The data from this chapter indicates that lettuce is an ideal system to study CPT diversifi-

cation and evolution since each of three LsCPTs plays an unique role in lettuce. LsCPT1 cat-

alyzes the synthesis of dolichol together with LsCSF1 on the endoplasmic reticulum; LsCPT3 

catalyzes the synthesis of natural rubber together with LsCSF2; LsCPT2 does not require a pro-

tein partner and catalyzes the synthesis of short cis-polyisoprenes (C30-C35) in the chloroplast.  

In comparison, Arabidopsis has six prokaryotic CPTs and three eukaryotic CPTs while tomato 

has six prokaryotic CPTs and one eukaryotic CPT.  In both species, there is no evidence that cis-

isoprenes longer than regular dolichols (C80- C120) are synthesized.  Studies of CPTs in Ara-

bidopsis and tomato will be more complicated due to gene duplications.  However, as lettuce has 

three CPTs, each of which has a unique role, lettuce is suited well for more detailed analysis of 

three CPTs in different physiological conditions.  

 LsCPT2 can be expressed and purified from E. coli, and its IPP incorporation activity was 

substantiated by in vitro assays.  However, LsCPT2s catalytic activity and physiological roles in 

lettuce remain elusive.  First, FPP appears to be the most efficient initiator based in kinetic effi-

ciency value (kcat/Km), it is known that FPP is available in cytosol, and is a key intermediate for 

sesquiterpeneoid and triterpenoid biosytheis (Bohlmann and Keeling, 2008).  It is possible that 

FPP is also present in chloroplast if there is chloroplast targeted FPP synthase is present in let-

tuce.  Accordingly, a possible plastid-targeting FPP synthase was searched in silico from the let-

tuce genome, but there is no indication that lettuce has plastid-targeting FPP synthase.  It is there-
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fore not likely that FPP is available in chloroplasts in lettuce unless an entirely new pathway or 

enzyme has evolved in lettuce.  

 Second, NPP could be utilized as an initiator with high turn-over number, although Km 

value for NPP is 6-fold higher than FPP.  NPP (neryl diphosphate) is known to be synthesized in 

tomato (Schilmiller et al, 2009), suggesting that NPP could be a true substrate for LsCPT2 in let-

tuce.  In tomato, NPP is synthesized by an atypical CPT, which condenses only one IPP mole-

cules on to DMAPP (dimethylallyl diphosphate) in cis-configuration, and this very short cis-iso-

prene-forming enzyme displays high sequence homology to many known CPTs in plants.  Thus, 

it is expected that lettuce has a CPT capable of synthesizing NPP.  However, as discussed earlier, 

the lettuce genome encodes only three CPTs, and a fourth CPT could not be identified.  After ex-

cluding FPP and NPP as substrates, GPP seems to be the physiologically relevant substrates since 

GPP synthesis in chloroplast has been established in plants.  

 Using GPP as a primer, LsCPT2 can catalyze the formation of cis-polyisoprenes with a 

carbon-length of up to C35.  In plant, polyisoprenes with the size of C30-C45 are components of 

the plastoquinone in chloroplast, but the isoprene-chain of the plastoquinone is known to be 

trans-form (Schwender et al, 1996).  To date, presence of C35 cis-polyisoprene and its possible 

physiological function in chloroplast are unknown in plant. Since cis-polyisoprene is lipid mol-

ecule, it will have strong affinity to the membrane.  Although speculative, the short cis-isoprenes 

(C30-C35) synthesized by LsCPT2 can serve as membrane components in chloroplast.  This hy-

pothesis can be tested in lettuce by silencing LsCPT2 by RNA interference followed by the 

analysis of chloroplast membrane components.  Lettuce is an ideal system to perform the silenc-
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ing study because a single copy of prokaryotic CPT (i.e., LsCPT2) is encoded in lettuce, avoid-

ing complications of functional redundancy by multi-copy CPT isoforms. 
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5. CHAPTER 5 - DISCUSSION 

5.1 LATICIFER  SPECIFIC PROMOTER ACTIVITY 

 The possible promoters, pCPT3 1,2, 3 and 4,  all had high GUS activity in some trans-

genic lettuce lines.  This indicates that all fragments lengths considered have the required se-

quence for promoter activity.  Since this is the case it would be best to work with the shortest 

length promoter fragment since it is the most manageable to work with.  All promoter fragments 

but the shortest pCPT3-4 contain a long repeated sequence of “ATATA..”.  Since pCPT3-4 had 

promoter activity similar to all other fragments this “ATATA…” sequence does not appear to be 

important to promoter function.  Also, it makes the fragment very difficult to clone since it in-

creases the chances of a hairpin formation occurring in the DNA.  Though some plants for each 

promoter length showed promoter driven GUS activity in latex, many plants had no activity at 

all.  This result was expected for transgenic lettuce lines because of the large genome size of let-

tuce, and the amount of untranslated DNA.  It is likely that the transgenic plants showing no 

GUS activity had the construct inserted into a untranslated region of the genomic DNA.   

 After the original production of transgenic plants, no plants containing the pCPT3-4 - 

pKGWFS7 construct could be produced.  As a result, it was originally thought that the promoter 

with the shortest fragment length, and strong promoter activity, was pCPT3-3; therefore pCPT3-

3 was used for future experiments.  This issue was addressed by retransforming Agrobacterium 

with the pCPT3-4-pKGWFS7 construct, and using the new Agrobacterium strain to create more 

transgenic plants.  This resulted in seven healthy plants, of which six contained the pCPT3-4-

pKGWFS7 construct when PCR screened.  From these plants we were able to determine that the 
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pCPT3-4 also had promoter activity using a quantitative fluorometric GUS assay (Figure 3.6) 

and a histochemical leaf staining GUS assay(Figure 3.7).  

 In histochemical GUS assay, leaves from different pCPT3 plants showed various GUS 

signal strengths, though all stained leaves showed a similar vascular staining pattern (Figure 3.7).    

There was similar variation in GUS signal strength between second generation plants containing 

the same promoter fragment, as existed between plants containing different promoter fragments.  

This indicates that variation in GUS strength was due to experimental conditions rather than 

promoter length.  A main factor in the difference in GUS signal strength may have been plant 

health, and developmental stage.  Though plants were germinated at the same time and grown in 

the same conditions, some grew at different rates and appeared healthier than others.  Staining 

multiple leaves from each plant at set time periods may help to explain the variation in signal 

strength.  

 The promoter fragment, pCPT3-3, was selected for sectioning, since it had the highest 

GUS activity, and shortest fragment length after the first transgenic plants were tested for quanti-

tative GUS activity.  Comparing GUS staining patterns in pCPT3 transgenic plants, to laticifer 

patterns from non-transgenic plants, and expected lettuce laticifer patterns (Hagel, 2008) con-

firmed that promoter driven GUS activity was specific to laticifer cells.  GUS stained sections of 

pCPT3-4 plants were not produced due to time constraints.  It is predicted that pCPT3-4 will 

have laticifer specific activity similar to that of pCPT3-3.  This follows, as it has clear promoter 

activity in latex, and is specific to vascular tissue.   
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 Plants containing the CSF2 promoter showed a more diffuse, though similar vascular pat-

tern to pCPT3 plants (Figure 3.12).  This is likely due to the fast staining that occurred in plants 

containing the CSF2 promoter. Due to the fast staining of the pCSF2 transgenic plants a shorter 

staining period of four hours was used to prepare GUS stained plants to be sectioned.  As a result 

the staining was fainter than that in pCPT3-3 plants, and the fainter staining was clearly specific 

to laticifer cells (Figure 3.13). 

 Sectioning data confirms that both promoters are specific to laticifers in lettuce.  These 

promoters will be valuable to use for RNAi silencing of CPT3 and CSF2 specifically in lettuce.  

They will also be valuable tools for expressing different CPTs and CSFs from other species in 

lettuce to compare polymer chain length with varying CPT and CSF pairs.  We have already seen 

that when CSF2 is silenced in lettuce there is a reduction in the abundance of rubber molecules 

(Qu et al, 2015).  This is most likely due to the role of CSF2 in natural rubber biosynthesis, but it 

could also be a side effect of silencing the gene constitutively in the plant.  To be sure this exper-

iment should be repeated with a laticifer specific promoter.  The CPT3 gene has not yet been si-

lenced in lettuce, though it is very similar to the TbCPTs silenced in Russian dandelion (Post et 

al, 2011).  To confirm that silencing CPT3 in lettuce would reduce the abundance of produced 

rubber (as seen in Russian dandelion) it should be silenced in lettuce using a laticifer specific 

promoter.   

5.2 CPT2 CHARACTERIZATION 

 As predicted by online prediction software, the CPT2 enzyme localized to chloroplasts 

when transiently expressed in tobacco leaves.  This follows the same pattern seen with tomato 
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CPTs, SlCPT1, SlCPT2 and SlCPT4-7.  This was expected since there is a high sequence homol-

ogy between LsCPT2 and SlCPT4 and SlCPT5, which were also shown to localize to chloroplas-

ts (Akhtar et al, 2013).  Figure 4.3 shows that the GFP signal associated with CPT2 does not per-

fectly match the autofluorescence signal from chlorophyll.  It appears that the GFP signal is lo-

cated around the autofluorescence signal produced by chlorophyll within thylakoids.  This pat-

tern indicate that CPT2 and GFP are expressed in the stroma. To find the precise localization of 

CPT2 within the chloroplast, CPT2 would need to be transiently expressed with sub-cellular 

chloroplast marker proteins.   

 After synthesizing LsCPT2 to optimize for codon availability in E. coli, it was possible to 

express active LsCPT2 in E. coli.  This was predicted, since LsCPT2 is also closely related to 

bacterial CPTs from Micrococcus luteus and Eschrichia coli (MlCPT and EcCPT).  Also, LsCP-

T2 is similar to SlCPT4 and 5 which were also successfully expressed in E. coli (Akhtar et al, 

2013).  Based on the 14C-IPP incorporation, CPT2 appeared to have CPT activity in the presence 

of GPP, NPP, and FPP, and relatively no CPT activity in the presence of GGPP.  The highest 

turnover number for LsCPT2 occurred when NPP was used as an initiator substrate (Table 4.1).  

In tomato a CPT has been identified which produces NPP (Schilmiller et al, 2009).  Currently 

there is no known CPT which produces NPP in lettuce.  Thus, it is surprising that LsCPT2 would 

show the highest rate of 14C-IPP incorporation when incubated with NPP.  It is possible that 

LsCPT2 has CPT activity with NPP in vitro that does not normally occur in nature, due to the 

similarity in structure between NPP and GPP.  FPP appears to be the most efficient initiator mol-

ecule based in kinetic efficiency value (kcat/Km) (Table 4.1), however, it is unlikely that FPP is 

available to CPT2 in the chloroplast.  It is therefore not likely that FPP is available in chloroplast 
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in lettuce unless an entirely new pathway or enzyme has evolved in lettuce. Accordingly GPP 

seems to be the physiologically relevant substrates since GPP synthesis in chloroplast has been 

established in plants.  When GPP was available as an initiator LsCPT2 catalyzed the formation of 

cis-polyisoprenes with a carbon-length of up to C35.  The presence of C35 cis-polyisoprene and 

its physiological function in chloroplast are yet to be confirmed in lettuce.  The short cis-iso-

prenes (C30-C35) synthesized by LsCPT2 likely serve as membrane components in chloroplast.  

This hypothesis can be tested in  by silencing LsCPT2  in lettuce and analyzing the of chloroplast 

membrane components of transgenic plants.  

5.3 CONCLUSION 

 In conclusion, the data collected in this thesis has enhanced our knowledge of the CPT 

and CSF proteins, and their functions in lettuce.  Lettuce (Lactuca sativa) is an ideal system to 

study CPT and CSF diversification and evolution since each CPT and CSF plays an unique role 

in lettuce.  LsCPT1 and LsCSF1 catalyze the synthesis of dolichol required for primary me-

tabolism, LsCPT3 and LsCSF2 catalyze the synthesis of natural rubber,  and LsCPT2 indepen-

dently catalyzes the synthesis of short cis-polyisoprenes (C30-C35) in the chloroplast.  Since, 

lettuce has few CPTs and CSFs with clearly defined roles, studying these proteins in lettuce is 

more straightforward than in other organisms with multiple copies of CPTs that perform similar 

roles.  Also, having strong laticifer specific promoters will allow for the collection of much more 

data from lettuce to help us elucidate the precise roles of CPTs and CSFs in natural rubber 

biosynthesis.   
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