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ABSTRACT
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Advisor:
Dr. Tariq A. Akhtar

The widespread occurrence of polyprenols throughout the plant kingdom is well
documented. These compounds are believed to be assembled by a class of enzymes
designated as cis-prenyltransferases (CPTs), which are encoded by small, yet largely
uncharacterized, CPT gene families in plants. This research aimed to identify and
characterize the CPT from Solanum lycopersicum (tomato) responsible for polyprenol
synthesis. RNAi-mediated knockdown of one member of the tomato CPT family
(SlCPT5) reduced polyprenols in leaves by ~70%. Assays with recombinant SlCPT5
determined that the enzyme synthesizes polyprenols of approximately C50-C55 in
length and accommodates a variety of trans-prenyl diphosphate precursors as
substrates. Introduction of SlCPT5 into the polyprenol-deficient yeast rer2∆ mutant
resulted in the accumulation of C55 polyprenols in yeast cells, restored proper protein
N-glycosylation, and rescued the temperature sensitive growth phenotype associated
with its polyprenol deficiency. Finally, site-directed mutagenesis of SlCPT5 identified a
suite of amino acids that are catalytically essential.
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Chapter 1: Introduction
1.1 Isoprenoids
Isoprenoids are a structurally diverse group of compounds containing greater
than 55,000 members synthesized across eukaryotes and prokaryotes. This group
encompasses well known compounds such as carotenoids, cholesterol, steroids,
dolichols and natural rubber, contributing to critical biological processes such as
scavenging reactive

oxygen species, cellular signalling and post-translational

modification of proteins (Fujihashi et al., 2001; Kirby and Keasling, 2009; Oh et al.,
2000; Peñuelas and Munné-Bosch, 2005; Surmacz and Swiezewska, 2011; Wang and
Ohnuma, 2000). These compounds are composed of the ubiquitous five-carbon (C5)
building blocks, isopentenyl diphosphate (IPP) and its isomer dimethylallyl diphosphate
(DMAPP), which are derived from the mevalonate (MVA) and methylerythritol
phosphate (MEP) pathways. IPP generated via the MVA pathway occurs in the
cytoplasm in animals, yeast, plants, archaea and some bacteria where it begins with the
conversion of three molecules of acetyl CoA into mevalonate. Mevalonate is then
decarboxylated and phosphorylated to produce IPP which can be converted into its
isomer, DMAPP, using IPP isomerase (Figure 1A) (Liang, 2009; Vranová et al., 2013).
The generation of IPP via the MEP pathway is carried out in most microbes, as well as
in the plastids of plants and protozoa, where it utilizes glyceraldehyde-3-phosphate and
pyruvate derived from glycolysis to produce methylerythitol phosphate (Liang, 2009;
Skorupinska-Tudek et al., 2008; Surmacz and Swiezewska, 2011). Methylerythitol
phosphate is then rearranged, reduced and phosphorylated to yield either IPP or
DMAPP (Vranová et al., 2013) (Figure 1B).
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Figure 1 Biosynthetic Pathways for the Production of Isopentenyl Diphosphate
(IPP) and Dimethylallyl Diphosphate (DMAPP). (A) The mevalonate pathway is
localized to the cytosol where IPP is produced and subsequently converted to DMAPP
by an isomerase. (B) The methylerythritol phosphate pathway is localized to plastids
where both IPP and DMAPP are produced. (C) DMAPP and varying amounts of IPP are
combined in specific trans- and cis- orientations to yield polyprenols and dolichols
following removal of the pyrophosphate group.
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1.2 Polyisoprenoids
One class of isoprenoids, known as polyisoprenoid alcohols, were first
discovered in plants and later recognized as ubiquitous compounds consisting of a
hydrophobic linear polymer of IPP and DMAPP with a terminal alcohol (Lindgren, 1965;
Skorupinska-Tudek et al., 2008; Swiezewska et al., 1994). These polyisoprenoid
alcohols are further categorized as dolichols and polyprenols based upon differences in
the number of C5 isoprene units making up their backbone and the saturation of their
terminal isoprene unit (Kharel and Koyama, 2003; Skorupinska-Tudek et al., 2008).
Dolichols are typically composed of between 14-19 isoprene units (C70-C95) and
contain a saturated terminal isoprene unit (α-saturated) (Figure 1C). This subclass of
the polyisoprenoid alcohols have been thoroughly studied and identified as having an
indispensable role in the post-translational modifications of proteins via N-glycosylation
(Harrison et al., 2011). With respect to N-glycosylation, phosphorylated dolichol is
inserted into the endoplasmic reticulum (ER) membrane where it allows assembly of a
14-unit oligosaccharide at the ER membrane. This oligosaccharide is then transferred,
‘en bloc’, from the dolichol molecule onto an asparagine residue of a nascent
polypeptide, thereby glycosylating the nascent polypeptide prior to its entry into the ER
(Harrison et al., 2011). Interestingly, an increase in dolichol accumulation has been
correlated with aging, with a 100-fold increase in accumulation in the human brain of an
80-year-old versus a newborn. A similar increase was seen with aging and the
accumulation of dolichols in aged pituitary glands; however, the connection between
dolichol accumulation and aging has yet to be established (Surmacz and Swiezewska,
2011).
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In contrast to dolichols, polyprenols are α-unsaturated and range in size from
C25 to greater than C500, with medium-chain polyprenols composed of between 9-11
isoprene units (C45-C55) being the dominating species in plants and microbes (Figure
1C). In prokaryotes, undecaprenyl diphosphate (C55) is the predominate polyisoprenoid
which aids in bacterial peptidoglycan, lipopolysaccharide, and capsule synthesis by
acting as an oligosaccharide carrier lipid (Kharel et al., 2001; Touzé et al., 2008). The
C55 undecaprenyl diphosphate is synthesized by undecaprenyl diphosphate synthase
(UPPS), a member of the cis-prenyltransferase (CPT) family of enzymes (Chang et al.,
2003; Fujihashi et al., 2001; Guo et al., 2005; Kharel and Koyama, 2003). Studies
involving the molecular analysis and cloning of UPPS were some of the first to be
carried out on a CPT and shed light on the structure and functionality of CPTs as a
whole.
The importance of polyprenols in plants has been historically overlooked with
these compounds being classified as “secondary metabolites” (Surmacz and
Swiezewska, 2011). However, studies looking at the correlation between evoked-stress
response and polyisoprenoid occurrence, and the occurrence of polyprenols throughout
the plant kingdom suggests that polyprenols are more important than first posited
(Bajda et al., 2009). In plants, accumulation of polyisoprenoid alcohols in leaves has
been observed under conditions such as viral infection, light stimulation, heat stress and
light stress upon high light exposure (Bajda et al., 2009, 2005; Peñuelas and MunnéBosch, 2005). Considering increases in polyisoprenoid alcohol accumulation occurs
under conditions of stress, it is likely that polyisoprenoid alcohols assist in protection of
plant cells both locally and systemically and assist in maintaining physiological
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conditions. A similar hypothesis was put forth which suggested polyisoprenoid alcohol
accumulation is likely involved in the light-evoked stress response (Bajda et al., 2005).
An accumulation of polyisoprenoids has also been shown to decrease the energy
required for ion migration by increasing the permeability of lipid bilayers (Janas et al.,
1994, 2000; Valtersson et al., 1985).
Despite their linear organization of isoprene units, the final conformation
assumed by polyisoprenoids has been determined to be non-linear. Previously, smallangle X-ray scattering and nuclear magnetic resonance (NMR) have been used to
demonstrate that the structure of polyisoprenoids is found in a condensed form
consisting of three domains arranged in a coiled helical structure (Hartley and Imperiali,
2012; Zhou and Troy II, 2003). The condensed form assumed by some polyisoprenoids
reduces the space occupied by the compounds, such that they can fit

within

membranes which are approximately 60 Å wide (Hartley and Imperiali, 2012). This was
demonstrated with a C95 polyisoprenoid, which changed from approximately 100 Å in
its linear conformation to approximately 32 Å in its condensed conformation (Zhou and
Troy, 2005). The ability of polyisoprenoids to reside in membranes in their condensed
form allows these compounds to directly affect membrane dynamics and as
polyisoprenoids accumulate, increased insertion of these polyisoprenoids into the lipid
bilayer might also occur. As previously mentioned, a variety of studies showed that
insertion of polyisoprenoids into the lipid bilayer results in destabilization of the lipid
bilayer by increasing its elasticity and fluidity (Janas et al., 1994, 2000; Valtersson et al.,
1985). This increase in membrane elasticity and fluidity causes the membrane to
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become “leaky” thereby allowing ion migration to occur more passively (Janas et al.,
1994, 2000; Valtersson et al., 1985).
1.3 Polyisoprenoid Biosynthesis
Polyisoprenoid biosynthesis is catalyzed by prenyltransferase enzymes and
occurs in a two-stage process with the first stage being the production of a trans-prenyl
diphosphate precursor (typically referred to as allylic diphosphates). In the first stage,
DMAPP along with up to three IPP units are joined together via a C1’-4 condensation
reaction in trans-orientation to yield geranyl diphosphate (GPP, C10), farnesyl
diphosphate (FPP, C15) or geranylgeranyl diphosphate (GGPP, C20) (Figure 2) (Kharel
and Koyama, 2003; Liang et al., 2002). This stage is carried out by the transprenyltransferase (TPT) class of enzymes which catalyze the C1’-4 condensation
reaction and cause the formation of a new carbon-carbon double bond in transorientation. These trans-prenyl precursors are then either utilized outside of
polyisoprenoid biosynthesis in the synthesis of most other isoprenoid compounds or
proceed onto the second stage of polyisoprenoid biosynthesis. In the second stage, the
trans-prenyl precursors are further extended by the CPT class of enzymes which
catalyze the condensation of multiple additional IPPs in cis-orientation to generate
polyisoprenoids. Thus, the addition of IPP units in cis-orientation occurs until the
polyisoprenoid of desired length is reached, which can vary from a few to several
thousands of isoprene units in length as is seen in natural rubber (Post et al., 2012;
Surmacz and Swiezewska, 2011).
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Figure 2 Biosynthesis and Structure of Trans-Prenyl Diphosphate Precursors.
GPPS, FPPS, and GGPPS join one, two, and three units of IPP with a single unit of
DMAPP via a C1-C4 linkage in trans-orientation to produce GPP, FPP, and GGPP,
respectively. DMAPP – dimethylallyl diphosphate; IPP – isopentenyl diphosphate; OPP
– diphosphate group; GPPS – geranyl diphosphate synthase; GPP – geranyl
diphosphate; FPPS – farnesyl diphosphate synthase; FPP – farnesyl diphosphate;
GGPPS – geranylgeranyl diphosphate synthase; GGPP – geranylgeranyl diphosphate.
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1.4 Prenyltransferases
As previously stated, polyisoprenoids are synthesized by the class of enzymes
known as prenyltransferases. This group of enzymes is divided into TPTs and CPTs
depending on the stereochemistry with which they incorporate IPP molecules onto
growing isoprene chains (Ambo et al., 2008; Kharel and Koyama, 2003). These two
types of prenyltransferases form distinct classes and can be readily distinguished from
one another by amino acid sequence. TPTs are associated with the production of shortchain isoprenoid compounds such as GPP, FPP, GGPP and other compounds ranging
from C20 to C50. The TPTs responsible for forming the three precursors GPP, FPP,
and GGPP, have been extensively studied and characterized, and are geranyl
diphosphate

synthase

(GPPS),

farnesyl

diphosphate

synthase

(FPPS)

and

geranylgeranyl diphosphate synthase (GGPPS), respectively (Figure 2) (Kharel and
Koyama, 2003; Liang et al., 2002).
In contrast, CPTs are associated with the production of longer-chain
polyisoprenoid compounds and can be further divided into short-chain CPTs (scCPTs),
medium-chain CPTs (mcCPTs) and long-chain CPTs (lcCPTs) which create <C20, C25C75 and >C75 isoprenoids, respectively (Kharel and Koyama, 2003). An additional
classification scheme is based upon the sequence similarity amongst CPTs which gives
rise to four CPT groups (Figure 3): plant-specific dicot (1) and monocot (2) CPTs,
bacterial and prokaryotic CPTs (3) and eukaryotic CPTs (4). CPTs use the precursors
created by the TPTs GPPS, FPPS, and GGPPS to generate polyisoprenoids much
larger than can be produced by TPTs, with an extreme example being natural rubber
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Figure 3 Neighbour-Joining Phylogenetic Tree of Various CPTs from Eukaryotes
and Prokaryotes. Phylogenetic analysis of various CPTs across all kingdoms of life
gives rise to four distinct groups of CPTs which are labeled and emphasized with
coloured dotted circles as follows: Group 1 – green; Group 2 – blue; Group 3 – yellow;
Group 4 – orange. Groups 1-4 are composed of plant-specific dicot CPTs, plant specific
monocot CPTs, bacterial and prokaryotic CPTs, and eukaryotic CPTs, respectively.
SlCPT5 and its closely related ortholog AtCPT7 are shown in red-text. Bootstrap values
(1000 replicates) are listed next to branches with values less than 50 being omitted.
Branch lengths are representative of amino acid substitutions per site (scale bar, 0.1
amino acid substitutions per site). Sequences used in the phylogenetic tree are as
follows: Sl – Solanum lycopersicum; At – Arabidopsis thaliana; Sh – Solanum
habrochaites; Pt – Populus trichocarpa; Vv – Vitis vinifera; Os – Oryza sativa; Zm – Zea
mays; Sb – Sorghum bicolour; Sc – Saccharomyces cerevisiae; Ec – Escherichia coli;
Syc – Synechocystis sp. PCC6803; Sy – Synechocystis sp. 7335; Np – Nostoc
punctiforme; Sp – Streptococcus pneumoniae; Mt – Mycobacterium tuberculosis; Hs –
Homo sapiens; Dr – Danio rerio; LL – Lilium longiflorum; Hb – Hevea brasiliensis
(Image adapted from Akhtar et al., 2013).
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which is comprised of greater than 10,000 isoprene units (Kharel and Koyama, 2003;
Liang et al., 2002; Post et al., 2012).
Upon investigation of the CPT UPPS it was observed that there was a significant
difference between the amino acid sequence found in CPTs and TPTs, such that no
sequence similarity was shared between the two classes of prenyltransferases. In both
TPTs and CPTs five highly conserved regions have been identified; however, the five
conserved regions are not shared between TPTs and CPTs and the two types of
prenyltransferases are distinguishable by both their secondary and tertiary protein
structures (Figure 4). When the crystal structure for a FPPS was solved, the structure
was seen to be comprised of antiparallel α-helices arranged in a manner that formed a
cavity in each subunit (Tarshis et al., 1994). Upon obtaining further crystal structures in
subsequent studies, it was seen that other isoprenoid related enzymes contained a
similar structure, originally coined the “terpenoid synthase fold”, which is often referred
to now as the “isoprenoid synthase fold” (Kharel and Koyama, 2003; Sacchettini and
Poulter, 1997). Crystallization of the CPT UPPS from Micrococcus luteus B-P 26 proved
the isoprenoid synthase fold was not common among all prenyltransferases and was
instead unique to TPTs (Fujihashi et al., 2001). The crystal structure of UPPS from M.
luteus B-P 26 showed a structure comprised of anti-parallel α-helices surrounding a βsheet core and also led to the identification of a phosphate binding loop, (P-loop), in
conserved region I amongst CPTs (Fujihashi et al., 2001).
The different composition of the central cavities between CPTs and TPTs led to
the idea that they differed in their catalytic mechanisms. Two catalytic mechanisms
have been posited for how prenyltransferases function, which are: (1) a sequential
10

Figure 4 Structural Comparison Between CPTs and TPTs. (A) Orthogonal view of a
representative CPT (crystal structure of CPT lavandulyl diphosphate synthase (LPPS)
(PDB ID: 5hc7)) shows a structure composed of α-helices, β-sheets, and loops. (B)
View down the 2-fold axis of symmetry of a representative TPT (crystal structure of TPT
FPPS (PDB ID: 1ubx)) shows a structure composed of α-helices and loops. In each
model loops are coloured green, α-helices are coloured red, and β-sheets are coloured
yellow. The five conserved regions identified in CPTs are labelled and coloured blue.
Images were created using the PyMOL Molecular Graphics System Schrödinger, LLC.
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mechanism where the allylic diphosphate becomes a carbocation intermediate, after
releasing its diphosphate, which is then joined with IPP after removal of a proton from
IPP and (2) a coordinated mechanism whereby condensation of IPP occurs
simultaneously with the ionization of the allylic diphosphate, such that no carbocation
intermediate is formed (Lu et al., 2009). Studies looking at TPTs have shown that both
short- and long-chain TPTs operate via the sequential catalytic mechanism (Figure 5)
(Lu et al., 2009; Poulter et al., 1977). In contrast, a UPPS has been identified as
operating through the coordinated mechanism of catalysis suggesting that CPTs
operate in this manner (Figure 6) (Liang et al., 2002; Lu et al., 2009; Oh et al., 2000).
Aside from this finding, relatively little is known regarding the catalytic properties of the
CPT enzyme family as a whole, especially in plants.
Studies employing site-directed mutagenesis of bacterial CPTs have shed some
light on critical amino acids thought to participate in substrate binding and/or catalysis. A
specific N, W/F motif was identified in the CPT UPPS from M. luteus B-P 26 which is
considered important in substrate binding and catalysis (Fujikura et al., 2000). Individual
substitution of the asparagine and tryptophan residues caused a decrease in the
catalytic activity and an increase in substrate binding, respectively. Another study
performed mutagenesis on the CPT UPPS from Escherichia coli and determined that an
asparagine residue conserved amongst all previously studied CPTs was crucial for
maintaining the catalytic function of UPPS. From this mutagenesis study it was
determined IPP binding was dependent on asparagine residues in conserved region IV
and catalytic functionality of these CPTs was dependent on glutamate residues in
conserved region V (Pan et al., 2000). Binding of the allylic substrate in TPTs is carried

12

Figure 5 Sequential Ionization and Condensation Reaction Mechanism of TPTs.
Ionization of the allylic diphosphate is achieved through coordinated magnesium ions to
result in a carbocation intermediate. The carbocation is subsequently condensed with
IPP and a proton (HR) is eliminated from the condensed structure resulting in the
formation of a double bond in trans-orientation (Image adapted from Liang, 2009).
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Figure 6 Concerted Ionization and Condensation Reaction Mechanism of CPTs.
IPP-Mg2+ binds to the CPT and the Mg2+ is transferred to the allylic diphosphate.
Following Mg2+ transfer, condensation of IPP to the allylic diphosphate occurs in tandem
with ionization of the allylic diphosphate to release the diphosphate group resulting in no
carbocation intermediate. Subsequent elimination of a proton (HS) from the Cβ of IPP
results in the formation of a double bond in cis-orientation. Mg2+ diphosphate is then
released from the CPT at which point another IPP-Mg2+ can bind (Image adapted from
Liang, 2009).
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out by a bridge of two to three magnesium ions and two conserved DDXXD motifs (with
X denoting any other amino acid) (Guo et al., 2004; Hosfield et al., 2004; Tarshis et al.,
1996). However, CPTs use a conserved aspartate residue to coordinate a single
magnesium ion and bind to the allylic substrate opposed to using a magnesium ion
bridge (Chang et al., 2003; Ko et al., 2001; Tarshis et al., 1996). This is supported by
previous research that showed the optimum concentration of Mg2+ for CPTs to be lower
than that exhibited in TPTs (Pan et al., 2000). Upon mutagenesis of all conserved
charged residues in region V of CPTs, an RX5RXnE motif was identified as essential for
binding of IPP (Kharel et al., 2001). Furthermore, an FS motif in region III was mutated
and determined to be crucial for catalytic activity and substrate binding (Kharel et al.,
2001). Finally, mutation of the P-loop in conserved region I proved that the P-loop is
critical for enzyme function, through substrate coordination, by binding of FPP via its
pyrophosphate group (Fujikura et al., 2000).
Aside from catalytic mechanism and substrate binding, the mechanism behind
chain length determination of prenyltransferases is also of interest and has been
studied. Specific prenyltransferases have been found to make polyisoprenoid
compounds of pre-determined lengths; however, following mutagenesis of conserved
residues in close proximity to the binding site, chain length can be altered. Previous
research has shown this by substituting conserved alanine, phenylalanine and
tryptophan residues located within the vicinity of the substrate binding site for leucine
residues in UPPS of M. luteus B-P 26 (Kharel et al., 2006). The mutations resulted in
UPPS producing shorter polyisoprenoids of C20-C35 in length, as opposed to the C55
long polyisoprenoid that would be synthesized by wild-type UPPS, suggesting that the

15

mutated residues were important in chain length determination (Kharel et al., 2006).
Upon insertion of the residues RAKDY found in the yeast dolichol synthase, srt1p, into
the third helix of UPPS, which constitutes a large portion of the hydrophobic pocket, the
chain length of the product increased to between C60 and C75 long (Kharel et al.,
2006). Further mutagenesis studies showed that the number of amino acid residues
found downstream of the conserved region III, which makes up the third α-helix, are
also important for chain length determination (Kharel et al., 2006; Noike et al., 2008).
Interestingly, insertion of residues into the third α-helix of Rv1086, a scCPT from
Mycobacterium tuberculosis, did not increase the product chain-length, indicating that
the short-chain product created by scCPTs is a result of specific residues restricting
access of the growing polyisoprenoid to the hydrophobic pocket. Taken together, these
data identify the relationship between conserved amino acids in the binding site and
hydrophobic cleft, as well as the number of amino acids in the third α-helix, with chain
length determination in CPTs.
1.5 CPTs and Polyprenols in Plants
Studies structured around CPTs are a relatively new field of science and their
occurrence in plants has started to be investigated. CPT expression in plants differs
from that observed in other eukaryotes as plants express small CPT gene families. In
contrast, the genomes of yeast, animals and bacteria typically encode only one CPT
(Surmacz et al., 2014). Two distinct CPT gene families have been characterized in
plants to date. The first CPT gene family that has been characterized to some extent in
plants was that from Arabidopsis thaliana, a nine-member family annotated as AtCPT1–
AtCPT9. Of the nine CPTs in A. thaliana, only AtCPT1, AtCPT6 and recently AtCPT7
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have been fully characterized, with AtCPT1 producing C95-C110 polyisoprenoids
(Cunillera et al., 2000; Oh et al., 2000), AtCPT6 producing C35 polyisoprenoids (Kera et
al., 2012; Surmacz et al., 2014), and AtCPT7 producing C45-C55 polyisoprenoids
(Akhtar et al., 2017). AtCPT1 was first identified using comparative analysis with CPT
sequences from M. luteus and E. coli. This CPT was determined to contain the highly
conserved regions characteristic of other CPTs; however, AtCPT1 differed from other
previously identified CPTs as it contains an N-terminal targeting peptide (Oh et al.,
2000). It has since been found that most plant CPTs contain N-terminal extensions,
displaying characteristic features of organellar targeting peptides (Akhtar et al., 2013).
The expression of AtCPT1 and AtCPT6 were found to be tissue specific with expression
solely in the roots of Arabidopsis, while the expression of AtCPT7 was less specific and
expressed in high levels in all tissue of Arabidopsis. The role of AtCPT1, AtCPT6, and
AtCPT7 in polyisoprenoid synthesis was confirmed by their ability to rescue the growthdefect of the polyisoprenoid-deficient rer2Δ yeast mutant (Cunillera et al., 2000;
Surmacz et al., 2014).
The second CPT gene family to be partially characterized in plants was from
Solanum lycopersicum (cultivated tomato) and was identified by sequence similarity to
the previously identified S. lycopersicum CPT1. This method identified a seven member
tomato CPT family, later annotated as S. lycopersicum CPTs1-7 (SlCPT1 -7) (Akhtar et
al., 2013). The expression of each SlCPT varies between different tomato tissues.
SlCPT1 and SlCPT7 were found predominantly in multicellular and globular hairs
protruding from the epidermis of stems and leaves (trichomes). Expression patterns for
SlCPT2 and 4 were found in all tissues but at relatively low levels. SlCPT3 and SlCPT5
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expression was also observed in all tissues; however, predominant expression of these
two occurred in trichomes. The expression of SlCPT6 was rather specific and found to
be present almost entirely in red fruits and the root tissue. Of the SlCPTs, all contain an
N-terminal extension, similar to that seen in AtCPT7, characteristic of a targeting
peptide, except SlCPT3 (Akhtar et al., 2013; Surmacz and Swiezewska, 2011). SlCPT3
also differs from the remaining SlCPTs as it is classified as a group 4 prenyltransferase,
whereas the remaining SlCPTs are categorized as group 1 prenyltransferases (Akhtar
et al., 2013). Group 4 prenyltransferases include CPTs which lack N-terminal
extensions such as rer2 and hCIT from Saccharomyces cerevisiae and Homo sapiens,
respectively, which are involved in dolichol synthesis in these organisms (Akhtar et al.,
2013). This suggests that SlCPT3 might produce polyisoprenoids of similar length and
function to those created in S. cerevisiae and H. sapiens (Akhtar et al., 2013). Fusion of
the N-terminal targeting peptide from SlCPT5 with GFP and transient expression in
mesophyll protoplasts from A. thaliana showed chloroplast localization (Akhtar et al.,
2013). Surprisingly, SlCPT5 was determined to use all trans-FPP as its preferred allylic
substrate and producing C60 polyisoprenoids; however, SlCPT5 is localized to the
chloroplast where the predominating trans-prenyl precursors are GPP and GGPP and
phylogenetic analysis shows that SlCPT5 is closely related to C55 producing AtCPT7
(Figure 3) (Akhtar et al., 2013; Burke et al., 1999; Cheniclet et al., 1992). Although
FPPS has been found in plastids and mitochondria, it predominantly accumulates in the
cytosol leaving the possibility then that SlCPT5 could be using GPP or GGPP as the
bona fide substrate in vivo (Sanmiya et al., 1999).
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Aside from the two previously mentioned CPT gene families, few other CPTs
have been characterized in other plant species. As previously mentioned, short prenyl
diphosphates (C10 -20) were only known to be produced by TPTs in plants (Kharel and
Koyama, 2003). Recently cis, cis-FPPS (zFPS) and SlCPT1 (NDPS1) were identified
and seen to synthesize Z,Z-FPP and the cis-isomer of GPP, neryl diphosphate (NPP),
respectively, in the trichomes of S. lycopersicum and Solanum habrochaites (wild
tomato) (Sallaud et al., 2009; Schilmiller et al., 2009). These findings were the first to
show that CPTs in plants are not restricted to synthesizing long prenyl diphosphates
proving that CPTs have an even wider breadth of function than previously postulated. In
a 2014 study by Kang et al., zFPS and NDPS1 were determined to be homologous and
encoded by the CPT1 locus in S. habrochaites (Kang et al., 2014). These finding
suggest that the different activities of the two enzymes arose from sequence divergence
(Kang et al., 2014). In the study, 11 residues were seen to vary between the predicted
mature protein structures of NDPS1 and zFPS; the majority of these 11 varying
residues were found to be located within the conserved regions II, III and V of CPTs
(Kang et al., 2014). Multiple site-directed mutagenesis of the identified residues in the
conserved region III, which comprises part of the third α-helix, proved that the residues
in this region were not crucial for chain length determination. This finding, coupled with
previous findings, suggests that the number of amino acids downstream of the
conserved region III and therefore the length of the third α-helix, rather than the specific
residues found within the conserved region III, is of greater importance in chain length
determination of CPTs (Kang et al., 2014; Kharel et al., 2006). Mutagenesis of the
varying aromatic residues in the conserved region II indicated a previously unknown
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correlation between aromatic residues in this region and chain length. The conserved
region II makes up part of the second α-helix of CPTs indicating that the relative
positioning of aromatic residues in the second α-helix directly impacts chain length
determination amongst CPTs (Kang et al., 2014).
Another interesting CPT recently characterized, that is also the first reported
crystal structure of a plant CPT, is lavandulyl diphosphate synthase (LPPS) from
Lavandula x intermedia. LPPS is a unique CPT that catalyzes the head-to-middle C1’-2
condensation reaction of two molecules of DMAPP to produce lavandulyl diphosphate
(LPP) which is the precursor for the irregular monoterpenes lavandulol and lavandulol
acetate (Demissie et al., 2013). The study that identified and characterized LPPS
determined that LPPS was closely related to NDPS1 and zFPS sharing 66.4% and 66%
sequence similarity, respectively (Demissie et al., 2013). The authors confirmed that
DMAPP was the only substrate utilized by LPPS through enzyme assays with only
DMAPP and others containing varying concentrations of both DMAPP and IPP which
showed that IPP had no effect on LPP production (Demissie et al., 2013).
Further analysis of plant CPTs, but more specifically mcCPTs, is required to gain
a better understanding of what role these proteins play, how they function in planta, and
what physiological effect are attributable to their polyisoprenoid products. Previous
chimera construction experiments have involved the addition of residues from an lcCPT
in one species into the corresponding region of a scCPT from a different species (Noike
et al., 2008). Plant CPTs offer a unique opportunity for chimera construction
experiments between sections of scCPTs and mcCPTs from the same species followed
by observation of shifts in product size to narrow down what determines product chain
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length. Finally, confirming the product size created by a plant CPT in vitro as well as in
vivo could reveal differences attributable to localization of the protein and access to
substrates, thereby revealing the bona fide substrate.
1.6 Hypothesis and Objectives
The purpose of this research is to determine, and potentially confirm, the
substrate specificity of SlCPT5, determine if previously identified conserved catalytic
residues in other CPTs are critical in a plant CPT, and determine whether specific
residues in the third α-helix are determinants of product chain length. I hypothesize that
CPT5 from S. lycopersicum is responsible for the production of medium-chain C55
polyisoprenoids and uses either GPP or GGPP as its preferred substrate because: (1)
phylogenetic analysis has shown SlCPT5 is closely related to the recently characterized
AtCPT7, suggesting that this protein assembles a polyprenol of medium size (likely
between C45 and C55) and (2) SlCPT5 contains an N-terminal targeting peptide which
localizes it to the chloroplast where the main trans-prenyl precursors are GPP and
GGPP. The main objectives are as follows:
1. Determine if SlCPT5 can complement dolichol deficiency
2. Recombinant expression and purification of SlCPT5
3. Characterize the substrate specificity of SlCPT5
4. Determine the predominating product created by SlCPT5
5. Determine what polyisoprenoids SlCPT5 produces in planta and when recombinantly
expressed in yeast
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6. Identify what effect mutation of critical catalytic residues has on SlCPT5 functionality
Additionally, I hypothesize that the LART residues found in the third α-helix of
SlCPT5 directly impact product chain length by extending the size of the protein’s
hydrophobic pocket thereby allowing it to accommodate a larger polyisoprenoid. Here
the main objectives are:
1. Insertion of residues LART from SlCTP5 into the corresponding location in the scCPT
NDPS1
2. Deletion of residues LART from SlCPT5
3. Recombinant expression and purification of NDPS1, SlCPT5, NDPS1+LART, and
SlCPT5ΔLART
4. Enzymatic assay and resolution of products to determine any changes in product size
1.7 Significance
The CPT coded by mammals is responsible for the production of polyprenyl
diphosphate; however, the active form of polyisoprenoid alcohols in mammals is
dolichol. To produce dolichols, mammals contain a polyprenol reductase which reduces
dephosphorylated polyprenyl diphosphate to the critical dolichol compound that is used
for protein modification (Cantagrel et al., 2010; Jones et al., 2009). A study looking at a
rat model system of Alzheimer’s disease has provided evidence that supplementation of
polyprenols from plant fractions, and conversion of these polyprenols into dolichols,
effectively ameliorated cognitive deficiencies (Fedotova et al., 2012). In this respect,
characterization of substrate specificity and product chain-length of plant CPTs, and
exploitation of these enzymes in the recombinant expression and product purification in
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bacteria, provides a promising avenue for mass production of these compounds for use
in the treatment of cognitive diseases. Recent research has shown that medium-chain
polyprenols accumulate in thylakoid membranes in planta and the absence of these
compounds reduced the photosynthetic capacity of A. thaliana (Akhtar et al., 2017).
Identification of homologous proteins in agriculturally significant plants, such as
cultivated tomato, and increased expression of these proteins could increase the
photosynthetic capacity of these plants thereby increasing crop yield. Additionally,
characterization of CPTs producing products of ~C55 and any additional information
regarding enzyme functionality could potentially be related back to bacterial UPPSs,
thereby aiding in the production of antimicrobials.
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Chapter 2: Materials and Methods
2.1 Materials
Authentic polyprenol was obtained from the Collection of Polyprenols, Institute of
Biochemistry and Biophysics, Polish Academy of Sciences. Standards for β-carotene,
neoxanthin, and violaxanthin were obtained from Sigma. The lutein standard was
purchased from Matreya LLC and Cayman Chemicals, respectively. All trans-prenyl
diphosphates were obtained from CedarLane laboratories and radiolabeled
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C-IPP,

50.6 mCi mmol-1 (1.872 GBq mmol-1; 0.02 mCi mL-1) was from PerkinElmer. Horse
radish peroxidase (HRP)-conjugated anti-rabbit and anti-mouse IgG secondary
antibodies were from Agrisera and Sigma-Aldrich, respectively. Restriction enzymes
and all other molecular biology reagents were from Thermo Scientific and/or Invitrogen.
Synthetic drop-out media lacking amino acids for yeast cultures were obtained from
Roth. Thin layer chromatography (TLC) plates (RP-18, silica gel 60, 200 micron, 20cm x
20cm) were obtained from Mandel Scientific, organic solvents were of high performance
liquid chromatography (HPLC) grade and purchased from Fisher-Scientific, and HPLC
columns were from Agilent and Sigma-Aldrich. All other chemicals were obtained from
Sigma-Aldrich.
2.2 Bacterial Strains and Growth Conditions
Bacterial strains used in this research are compiled in Table 1, were grown in
Luria-Bertani (LB) media (10 g L-1 NaCl, 10 g L-1 peptone-A, 5 g L-1 yeast extract) at
37°C with shaking at 200 rpm, and plated on solid LB media plates by adding agar (15 g
L-1). Selection for transformants was achieved using antibiotics which are mentioned
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Table 1 Bacterial Strains Used Throughout the Study. The genotype and source of
each bacterial strain used is indicated.
Strain

Genotype/description

Source

E. coli One Shot® TOP10

F- mcrA Δ(mrr-hsdRMS-mcrBC)

Invitrogen

Chemically Competent

φ80lacZΔM15 ΔlacX74 recA1
araD139 Δ(araleu)7697 galU galK
rpsL (StrR) endA1 nupG

E. coli BL21-

E. coli B F– ompT hsdS(rB– mB–)

Agilent

CodonPlus(DE3)-RIPL

dcm+ Tetr gal λ(DE3) endA Hte

Technologies

strain

r

[argU proL Cam ] [argU ileY leuW
Strep/Specr]

25

when applicable; ampicillin (100 mg mL-1), chloramphenicol (50 mg mL-1), and
streptomycin (100 mg mL-1).
2.3 Chemically-Competent Cell Production and Plasmid Transformation
50 mL of sterile LB broth containing appropriate antibiotics was inoculated with 1
mL of either E. coli TOP10 or BL21-CodonPlus(DE3) RIPL cultures grown overnight and
incubated at 37°C until an OD600 value of between 0.4-0.7 was achieved. Once the midlog stage of growth had been achieved, cells from the 50 mL cultures were collected by
centrifugation (5,000 × g, 10 minutes, 4°C). Cell pellets were resuspended in 10 mL of
chilled (4°C) sterilized 50 mM CaCl2 and incubated on ice for 2 hours with shaking at
100 rpm. Cells were once again collected as above and the pellets were resuspended in
5 mL of chilled sterilized 50 mM CaCl2 + 15% glycerol (v/v). 50 μL aliquots were then
dispensed into 1.5 mL eppendorf tubes, flash frozen in liquid nitrogen and stored at 80°C. Transformation of chemically-competent cells occurred by the addition of 100-200
ng plasmid DNA to one of the aliquots and incubation on ice for 30 minutes post
addition. The mixture of competent cells and plasmid DNA was subsequently heatshocked at 42°C for 40 seconds and incubated on ice for 5 minutes. Recovery occurred
with the addition of 300 μL of LB broth and incubation at 37°C with shaking at 150 rpm.
Typically, 15 μL and 75 μL of each transformation reaction were then spread plated
onto LB agar plates with appropriate antibiotics (ampicillin and streptomycin for TOP10
and ampicillin, streptomycin and chloramphenicol for RIPL).
2.4 Plasmid Purification
Table 2 lists the plasmids used throughout this study. Plasmids were purified
from 5 mL overnight cultures using the PureLink Quick Plasmid DNA Miniprep Kit
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Table 2 Plasmids Used Throughout Research. The plasmid name, description and
source are described.
Plasmid Name

Description

Source

pCTSlCPT5

pEXP-5-CT-TOPO derivative encoding truncated

Akhtar et al.,

SlCPT5

unpublished

pCTNDPS1

pEXP-5-CT-TOPO derivative encoding truncated NDPS1 Akhtar et al.,
unpublished

pCTSlCPT5

pEXP-5-CT-TOPO derivative encoding truncated

This study

ΔLART

SlCPT5 with residues LART removed.

pCTNDPS1

pEXP-5-CT-TOPO derivative encoding truncated NDPS1 This study

+LART

with residues LART inserted.

pRd89a

pRS423 derivative encoding truncated SlCPT5 with

This study

mutated codon Asp 89 to Ala
pRf133a

pRS423 derivative encoding truncated SlCPT5 with

This study

mutated codon Phe 133 to Ala
pRr259s

pRS423 derivative encoding truncated SlCPT5 with

This study

mutated codon Arg 259 to Ser
pRr265s

pRS423 derivative encoding truncated SlCPT5 with

This study

mutated codon Arg 265 to Ser
pRSlCPT5

pRS423 derivative encoding truncated SlCPT5

This study

pRrer2

pRS423 derivative encoding RER2

This study
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(Invitrogen). Cells were pelleted by centrifugation at 12,000 × g for 2 minutes and
resuspended in 250 μL of resuspension buffer containing RNase A. 250 μL of lysis
buffer was then gently mixed in, and the cells were incubated for 5 minutes at room
temperature (RT). Cell debris, proteins and lipids were precipitated by the addition of
350 μL of precipitation buffer and removed by centrifugation (12,000 × g, 10 minutes,
RT). The supernatant was transferred to a spin column and washed with 500 μL of
wash buffer (W10) by centrifugation (12,000 × g, 1 minute, RT) and then with 700 μL of
wash buffer (W9) with the same centrifugation parameters. The spin column was
centrifuged one last time (12,000 × g, 1 minute, RT) to remove residual wash buffer and
then the DNA was eluted into a clean microcentrifuge tube by adding 50 μL of
preheated (55°C) TE buffer and centrifuging (12,000 × g, 2 minutes, RT). The DNA
concentration

was

determined

using

a

NanoDrop

2000

Spectrophotometer

(ThermoFisher) and stored at -20°C.
2.5 Expression and Purification of Recombinant SlCPT5 in E. coli
The open reading frame of SlCPT5 was previously amplified by PCR from cDNA
beginning at Ser-43 to remove the predicted targeting peptide, ligated into the pEXP-5CT/TOPO expression vector which introduces an in-frame C-terminal hexa-histidine tag
extension, and then introduced into BL21-CodonPlus (DE3)-RIPL E. coli cells (Akhtar et
al., 2013). Herein the use of SlCPT5 refers to the truncated form of SlCPT5 lacking the
predicted targeting peptide except in the context of in vivo experiments in plants.
Bacteria containing this construct were grown in LB media supplemented with ampicillin,
chloramphenicol and streptomycin at 37°C until the OD600 reached 0.6. Induction
occurred using isopropyl-β-D-thiogalactoside added to a final concentration of 1 mM,
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and the cultures were then incubated for an additional 20 hours at 16°C. Cell were then
collected by centrifugation (5,000 × g, 10 minutes, 4°C) and cell pellets were
resuspended in lysis buffer (20 mM Tris, pH 8.0, 500 mM KCl), disrupted with an
EmulsiFlex-C3 (Avestin) and centrifuged at 12,000 x g for 10 min at 4°C to remove
unbroken cells and debris. The clarified cell lysates were applied to a 1 mL HisTrap HP
column (GE Healthcare) equilibrated in lysis buffer containing 15 mM imidazole and
bound protein was eluted with lysis buffer containing 400 mM imidazole. Fractions
containing purified recombinant SlCPT5 were combined and then immediately desalted
on PD-10 columns (GE Healthcare) equilibrated with 50 mM HEPES, pH 8.0, 100 mM
KCl, 7.5 mM MgCl2, 5 mM dithiothreitol (DTT), 0.1% Triton-X-100 [v/v], and 10%
glycerol [v/v]. Protein concentration of the purified protein fractions were determined by
the Bradford method using bovine serum albumin (BSA) as a standard (Bradford, 1976).
2.6 Yeast Strain and General Growth Conditions
The yeast rer2Δ mutant strain YG932 (MATα rer2Δ::kanMX4 ade2-101 ura352his3Δ 200 lys-801) was cultured in yeast peptone dextrose medium supplemented
with G418 (200 mg L-1) (YPD-G) (Sato et al., 1999). SlCPT5, empty vector and vector
containing the native rer2Δ gene were ligated into SmaI and BamHI restriction
endonuclease digested expression vector, pRS423 (Brasher et al., 2015). The
sequence verified constructs were introduced into the rer2Δ mutant strain and
transformants were selected on synthetic drop-out plates minus histidine supplemented
with G418 (DOH-G) (0.2% synthetic drop-out mix minus histidine without yeast nitrogen
base, 0.67% yeast nitrogen base and 2% glucose, pH 5.6, 18 g L-1 agar). Yeast
transformation, in vivo complementation assays, cell lysis and lysate extraction, and
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analysis of carboxypeptidase Y (CPY) glycosylation status were performed as described
in sections 2.6.1, 2.6.2, 2.6.3, and 2.6.4, respectively.
2.6.1 Yeast Transformation
Transformation of yeast rer2Δ strain followed a published protocol which is
described as follows (Gietz and Schiestl, 2007). Overnight cultures of rer2Δ were
transferred into 50 mL of YPD-G and left to grow once again overnight. Cells were then
pelleted in a 50 mL sterile falcon tube at 3000 x g for five minutes followed by
resuspension in 25 mL of sterile water twice over. After both washes, cells were once
again pelleted at 3000 x g for five minutes and then resuspended in 1 mL of sterile
water. The 1 mL of resuspended cells was transferred to a 1.5 mL microcentrifuge tube,
pelleted at 13,000 x g for 30 seconds and then resuspended in 1 mL of sterile water.
The 1 mL of resuspended cells was pipetted into 100 μL aliquots, one for each
transformation, which was then pelleted at 13,000 x g for 30 seconds and had its
supernatant removed. Transformation occurred with the addition of 360 μL of
transformation mix (240 μL of polyethylene glycol 3350 (50% (v/v)), 36 μL of 1 M lithium
acetate, 50 μL of 2 mg mL-1 single-stranded carrier deoxyribonucleic acid (DNA)
(denatured salmon sperm DNA), 24 μL of sterile water, and 10 μL of plasmid DNA) to
the pelleted cells followed by resuspension by vortexing for ten seconds. Following
resuspension, recovery of the transformations occurred with incubation at room
temperature overnight. The following day each transformation tube was centrifuged at
13,000 x g for 30 seconds and the supernatant was removed. The pelleted
transformations were resuspended in 1 mL of sterile water and 20 and 200 μL of each
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transformation was spread on DOH-G plates which were incubated at room temperature
for four days before growth was observed.
2.6.2 In Vivo Complementation of the rer2Δ Mutant
For in vivo complementation, yeast transformed with empty vector, RER2 and
SlCPT5 were grown up in 50 mL of YPD-G media overnight at 25°C and shaking at 255
rpm. The following day the OD600 was determined spectrophotometrically and each
culture was diluted in sterile YPD to an OD600 of 1.0. 3 μL of each culture was pipetted
onto a YPD-G agar plate and evenly streaked out in duplicate with one plate being
incubated at 25°C and the other at 37°C. Growth on each plate was monitored over
period of four days.
2.6.3 Yeast Lysis and Crude Cell Extract Extraction Method
50 mL yeast cultures were grown in DOH-G media to mid-log phase at which
point yeast cells were pelleted at 3000 x g for five minutes and the supernatant was
decanted. The pelleted yeast cells were then resuspended in 3 mL of yeast crude
extract

buffer

(50

mM

Tris-HCl

pH

7.5,

300

mM

sucrose,

1

mM

ethylenediaminetetraacetic acid (EDTA), and 10 mM 2-mercaptoethanol). Lysis
occurred by the addition of half-total volume glass beads and vortexing four separate
times for 30 seconds with a one minute incubation period on ice in between each vortex
step. Unbroken cells and debris were removed from the lysate by centrifugation at 4000
x g for 10 minutes. The cell lysate was removed and crude extract protein concentration
was determined by Bradford assay (Bradford, 1976). 5 μg of protein was loaded onto a
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel and
separated at 200 V for 55 minutes prior to being transferred to polyvinylidene fluoride
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(PVDF) membranes for Western blot analysis against CPY and phosphoglycerate
kinase 1 (PGK1).
2.7 Plant Material and Growth Conditions
Transgenic tomato plants for RNAi-mediated knockdown of SlCPT5 were
previously created (Akhtar et al., unpublished) following a published method (Akhtar et
al., 2013). Wild-type and SlCPT5 RNAi line, tomato (MP-1) plants were grown in potting
soil (Sunshine Mix LA4) and maintained in a growth chamber under a 16 hour
photoperiod (150 µmol m-2 s-2; mixed cool white and incandescent bulbs). Tomato
plants were grown at 26 ºC/18ºC (day/night) with a relative humidity maintained at 60%.
2.8 Purification of Polyisoprenoids from Crude Lipid Extract Using Silica Gel
Column
To clarify lipid extracts from leaf tissue, crude lipid extracts were purified on a
silica gel 60 column made in-house. Silica gel 60 (mesh) was mixed with n-hexane and
poured into a glass Pasteur pipette packed with glass wool (ThermoFisher) to achieve a
column volume of 2.5 mL. Crude lipid extracts were loaded on top of the silica gel 60
column and washed as follows: 5 mL hexane, 8 mL 2% diethyl ether in hexane, and 15
mL of 15% diethyl ether in hexane. The last wash step was collected in a four dram
glass vial, evaporated to dryness under nitrogen gas, and resuspended in 200 μL of 2propanol.
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2.9 HPLC Analysis
2.9.1 Polyprenols and Dolichols
Approximately 3 g of tissue from five-week-old tomato leaf was harvested, flash
frozen in liquid nitrogen and ground into a powder. Prenyllipids were extracted in
chloroform:methanol (1:1, v/v) which was incubated at 37°C for 2 hours. After
incubation, water and chloroform were added to achieve phase separation at a final
ratio of water:chloroform:methanol of 0.4:1.5:1 (v/v/v). Following phase separation, the
chloroform layer containing prenyllipids was transferred to a clean vial and prenyllipids
were fully extracted by the addition and removal of chloroform twice over. All chloroform
fractions were pooled and evaporated to dryness under nitrogen gas. The dried extracts
were then resuspended in 0.8 mL of hydrolyzing mixture (7.5% toluene, 7.5% KOH, and
95% ethanol [20:17:3, v/v]). Following hydrolysis for 1 h at 95°C, polyisoprenoids were
extracted three times with hexane, applied to a silica gel 60 column, and purified as
described in section 2.8. Fractions containing polyisoprenoids were pooled, evaporated,
dissolved in 2-propanol and analyzed by HPLC as described earlier (SkorupińskaTudek et al., 2003). Extracts were separated by HPLC (Waters) using a ZORBAX XDBC18 (4.6 × 75 mm, 3.5 μm) reversed-phase column (Agilent, USA) and polyisoprenoids
eluted with a linear gradient from 0% to 100% methanol:isopropanol:hexane [2:1:1] in
water:methanol [1:9] at a flow rate of 1.5 mL min-1. Polyisoprenoids were detected by
absorbance at 210 nm and quantified relative to authentic standards. Yeast
polyisoprenoids were extracted from ~3 g of pelleted yeast cells harvested at log phase
(OD600=1), with 10 mL of a hydrolytic solution (25% KOH in 65% ethanol) for 1h at 95
°C, and analyzed as described above.
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2.9.2 Carotenoids
Tissue (~20 mg of fresh weight) from five-week-old tomato leaf was harvested,
flash frozen in liquid nitrogen and ground into a powder in a microcentrifuge tube using
a micropestle. Prenyllipids were extracted in acetone:ethyl acetate (250 μl, 3:2 (v/v))
followed by the addition of an additional 100 μl of ethyl acetate and 200 μl of water. The
mixtures were then vortexed for 5 seconds prior to being centrifuged (10 second burst)
to achieve phase separation. The upper ethyl acetate phase was recovered and 50 μL
was analyzed by HPLC on a 5 μm Spherisorb ODS-2 reversed-phase column (250 X
4.6 mm, Supelco) thermostated at 23°C. Samples were eluted with a linear gradient
from 0% to 100% ethyl acetate in acetonitrile:water:triethylamine (9:1:0.01) at a flow
rate of 1 mL min-1 over a 45 minute time period. Carotenoids were detected by visible
light absorbtion at 440 nm with a detection limit of 0.05 nmol and neoxanthin,
violaxanthin, lutein and β-carotene were quantified according to external calibration
standards.
2.10 Protein Separation and Probing
2.10.1 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE)
The mobilities of proteins were analyzed under the denaturing conditions of SDSPAGE using the Mini-PROTEAN system (BioRad). All SDS-PAGE gels were prepared
using a stock solution of 40% acrylamide with an acrylamide:bis-acrylamide ratio of 29:1
(BioRad). The separating gel was composed of Tris-HCl (0.375 M, pH 8.8), SDS (0.1%
(w/v)), acrylamide (12% (v/v)), ammonium persulfate (APS, 0.125% (v/v)) and
tetramethylethylenediamine (TEMED, 0.05% (v/v)). The stacking gel was composed of
Tris-HCl (0.1 M, pH 6.8), SDS (0.08% (w/v)), acrylamide (3.75% (v/v)), APS (0.05%
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(v/v)) and TEMED (0.1% (v/v)). The running buffer contained Tris-HCl (25 mM), glycine
(192 mM) and SDS (0.1% (w/v)). Samples were prepared for SDS-PAGE analysis by
adding sample buffer (0.3 M Tris-HCl pH 6.8, 10% (w/v) SDS, 50% (v/v) glycerol, and
0.125% (w/v) bromophenol blue) to each sample and incubating at 95°C for 7.5 minutes
and then resolved at 200 V for 48 minutes. Unless otherwise stated, SDS-PAGE gels
were loaded with 10 ug of E. coli crude extract and 3 ug of purified protein/protein
fractions. Dual Color Precision Plus Protein Standards (BioRad) was used as a
reference for all SDS-PAGE gels. Following resolution, gels were either fixed, stained
and destained to visualize protein or protein was transferred for Western blotting. In the
former scenario, proteins were fixed to the SDS-PAGE gel by being submerged in fixing
solution (10% acetic acid, 45% water, 45% methanol), stained using staining solution
(10% acetic acid, 40% water, 50% methanol and % Coomassie Brilliant Blue R250)
(Laemmli, 1970), and destained in staining solution lacking Coomassie Brilliant Blue
R250. In the latter scenario, proteins were transferred from SDS-PAGE gels to PVDF
(0.2 μm, BioRad) membranes as described in section 2.10.2.
2.10.2 Western Immunoblotting
PVDF membranes were activated by soaking in methanol before use and then
used in a wet transfer system to transfer protein from the SDS-PAGE gel onto the PVDF
membrane. Wet transfer of proteins occurred using transfer buffer (25 mM Tris-HCl, 192
mM glycine, 20% (v/v) methanol) and proceeded at 30 V overnight while on ice and in a
4°C cold room. After the transfer was completed, PVDF membranes were blocked with
blocking solution (10% skim milk powder (w/v) in Tris-Buffered Saline containing
Tween-20 (TBS-T) (50 mM Tris-HCl pH 7.6, 150 mM NaCl, 0.1% Tween-20)) at room
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temperature shaking at 100 rpm for 2 hour. Table 3 lists the primary antibodies,
corresponding secondary antibodies, and dilutions used in this study. Aside from
differences in antibodies used, all blots were carried out in the following procedure and
were carried out at room temperature and shaking at 100 rpm. Following blocking, the
membranes were rinsed with TBS-T and then incubated with primary antibody diluted in
TBS-T for 1.5 hours. After incubation with primary antibody occurred, the membranes
were washed three times for 10 minutes in TBS-T with the TBS-T being changed
between each wash. Membranes were then incubated in HRP-conjugated secondary
antibody diluted in 10% blocking solution for 1 hour. Residual and non-specifically
bound secondary antibody was removed by washing the membranes in TBS-T twice for
10 minutes and then four times for 5 minutes. The HRP-conjugated secondary antibody
was activated by applying 1 mL of Pierce™ ECL Western Blotting Substrate in a 1:1
ratio with its reageant (ThermoFisher) across the transfer surface of the membrane.
Chemiluminescence

was

then

visualized

by

exposure

to

CL-XPosure

Film

(Thermofisher) typically for 5-30 seconds followed by development of the film using a
Konica SRX-101A Medical Film Processor.
2.11 Radiolabelled Enzyme Assays
Assays for determining SlCPT5 enzyme activity were performed in a 50 µL
reaction volume by incubating ~1 µg of purified recombinant protein in 50 mM HEPES,
pH 8.0, 100 mM KCl, 7.5 mM MgCl2, 5 mM DTT, 10% glycerol [v/v] and 0.1% Triton-X100 [v/v] with 20 µM of trans-prenyl diphosphate acceptors (GPP, FPP, or GGPP), and
initiated by adding

14

C-IPP (50 µCi mmol-1) at a final concentration of 80 µM (200 nCi).

The cis-isomer of GPP, NPP, was also tested as a potential substrate to determine if
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Table 3 Primary and Corresponding Secondary Antibodies Used for
Immunoblotting. Dilutions used for each antibody are listed along with the source from
which the antibodies were obtained.
Primary Antibody

Dilution

Secondary Antibody

Dilution

Source

Mouse-anti-His

1:5000

Anti-mouse

1:3000

Invitrogen

Rabbit-anti SlCPT5

1:1000

Anti-rabbit

1:5000

Cedarlane

Rabbit-anti-CPY

1:5000

n.a.

n.a.

Invitrogen

1:20000

Anti-mouse

1:5000

Invitrogen

(HRP conjugated)
Mouse-anti-PGK1
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cis-initiators would work as better substrates. After 30 minutes at room temperature,
reactions were terminated by the addition of HCl at a final concentration of 0.6 M and
incubated for 30 minutes at 37°C. The hydrolyzed products were extracted with three
volumes of ethyl acetate and quantified by scintillation counting. The remaining extract
was analyzed by reversed-phase thin-layer chromatography (RP-TLC).
2.12 RP-TLC
The hydrolyzed reaction products from the radiolabelled enzyme assays were
applied to a reversed phased silica gel 60-Å thin-layer chromatography plate (Mandel
Scientific) which

was developed

in

acetone:water [39:1]

and

visualized

by

autoradiography. Enzymatic product size was determined with co-chromatographed
authentic standards and visualized by iodine-vapour staining (Akhtar et al., 2013).
2.13 Enzyme Kinetics
For determining kinetic constants, assays were performed as in section 2.11 with
varying concentrations of trans-prenyl diphosphate substrates and a fixed concentration
of

14

C-IPP of 80 µM over a period of five minutes. Apparent Km and Vmax values were

determined by non-linear regression analysis using the Michaelis-Menten kinetics model
of the SigmaPlot 13.0 software.
2.14 Homology Modeling
SlCPT5 was modeled to the crystal structure of lavandulyl diphosphate synthase
from L. x intermedia using SWISS-MODEL ((Arnold et al., 2006; Biasini et al., 2014;
Bordoli et al., 2008) and visualized using the PyMOL Molecular Graphics System,
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version 1.3 (Schrödinger, LLC). The quality of the model was assessed using
PROCHECK (Laskowski et al., 1993) and ERRAT(Colovos and Yeates, 1993).
2.15 Mutagenesis and Serial Dilution Assay
Mutagenesis was performed using the primers listed in Table 4 and the
QuikChange II Site-Directed Mutagenesis Kit (Agilent). Reactions mixtures included 1X
reaction buffer, 50 ng template DNA, 125 ng of forward and reverse primer, 1 μL dNTP
mixture and ddH2O to a final volume of 50 ul. 1 μL of PfuUltra HF DNA polymerase
(2.5U/ul) was added to each PCR tube and amplification was carried out using a
T100™ Thermal Cycler (Bio-Rad) using the parameters outlined in Table 5. Following
DNA amplification, the reaction mixtures were incubated with DpnI at 37°C for one hour
and then placed on ice. 5 μL of each reaction mixture was then transformed into 50 μL
of chemically competent TOP10 E. coli cells as described above and cultured overnight.
The following day plasmid DNA was purified as above and PCR amplified using the
primers in Table 6 which introduce SmaI and BamHI restriction digest sites. Amplified
DNA was double digested with SmaI and BamHI, ligated into SmaI and BamHI digested
pRS-423 using the Rapid DNA Ligation Kit (ThermoScientific) and then transformed into
the rer2Δ mutant as outlined above. For serial-dilution assays, yeast transformations
were grown as above in DOH-G media. The following day the OD600 was determined
spectrophotometrically and each culture was diluted to a starting OD 600 of 0.05, 200 μL
of which was pipetted into the first well of each row of a 96-well plate. This was then
diluted 2-fold, four times, and 3 μL of the initial concentration and each dilution were
plated onto a DOH-G plate in duplicate with the first plate and second plate being
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Table 4 Primers Used for Site-Directed Mutagenesis. Direction and sequence of
primers are listed with mutated codons bolded. Primer names indicated the mutation
created.
Primer Name

Direction

Sequence (5’-3’)

pCPT5d89a

Forward

TATCGCGGTGATAATGGCTGGGAATAGAAGGTGGG

pCPT5d89a

Reverse

CCCACCTTCTATTCCCAGCCATTATCACCGCGATA

pCPT5f133a

Forward

GACGGAACCAATTTTCAGAGGAAGCAGCAAATAGA
GTAAGAGCAGAAA

pCPT5f133a

Reverse

TTTCTGCTCTTACTCTATTTGCTGCTTCCTCTGAA
AATTGGTTCCGTC

pCPT5r259s

Forward

CAAGTCCTGATTTACTTATAAGCACTAGCGGAGAGTTG

pCPT5r259s

Reverse

CAACTCTCCGCTAGTGCTTATAAGTAAATCAGGACTTG

pCPT5r265s

Forward

GGACTAGCGGAGAGTTGAGCCTTAGCAATTTCTTACTTT

pCPT5r265s

Reverse

AAAGTAAGAAATTGCTAAGGCTCAACTCTCCGCTAGTCC

Table 5 Thermocycler Conditions Used for Site-Directed Mutagenesis. Number of
cycles, temperature and time used during each segment by a thermocycler during PCRmediated site-directed mutagenesis.
Segment

Cycles

Temperature

Time

1

1

95°C

30 seconds

2

25

95°C

30 seconds

55°C

1 minute

68°C

3.5 minutes

Table 6 Primers Used for Inserting Restriction Sites into the SlCPT5 Constructs
for Digestion and Ligation into the pRS-423 Vector. Direction and sequence of
primers are listed with SmaI and BamHI restriction sites underlined.
Primer Name

Direction

Sequence (5’-3’)

RERCPT5F

Forward

TTCACCCCGGGATGTCTGCGCAAAACAACGCCACCAGC

RERCPT5R

Reverse

TTCACGGATCCCTAGGAACTCTGTCCGCCATAGCGCCTC
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incubated at 23°C and 37°C, respectively, and growth was monitored over a period of
four days.
2.16 Chimera Construction
Previously the open reading frame of mature NDPS1 minus the N-terminal
targeting peptide had been amplified from cDNA, inserted into the pEXP-CT-TOPO
expression vector, expressed in E. coli BL21, and purified (Akhtar et al., unpublished).
Insertion and deletion of regions predicted to be involved in product chain length was
performed following a published protocol (Heckman and Pease, 2007). Deletion of
residues LART (amino acids 163-166) from SlCPT5 and insertion of these residues
between amino acids 159/160 of NDPS1 occurred in two steps using the primers listed
in Table 7. In the first step, two separate PCR reactions were carried out using primers
A/C and primers B/D, respectively, to amplify two products with 5’ complementary
overhangs. Reactions mixtures included 1X reaction buffer, 50 ng template DNA, 250
ng of forward and reverse primer, 5 μL dNTP mixture, 1 μL of KOD hotstart DNA
polymerase (1 U/μl) and ddH2O to a final volume of 50 ul. Thermal cycler conditions are
listed in Table 8. Each PCR reaction was purified using a PCR purification kit (Qiagen),
quantified using a NanoDrop 2000 Spectrophotometer, and resolved on a 1.2% agarose
gel to confirm DNA amplification occurred. The second step involved another PCR
cycle, using the same thermocycler and reaction conditions, this time with the template
DNA being 25 ng from both PCR purified products (amplified with primers A/C and B/D)
to achieve 50 ng of template DNA, and using primers A and D. Following the second
round of DNA amplification, products from each PCR reaction were purified, quantified
and run on a 1.2% agarose gel as above. PCR purified products were sequenced to
41

Table 7 Primers Used for Chimera Construction. Direction and sequence of primers
are listed. Primers suffixed with “a” and “c” were used in one reaction and primers
suffixed with “b” and “d” were used in a separate reaction. The products from each
reaction were purified, combined, and then amplified using primers “a” and “d” to
complete insertion or deletion of the LART domain.
Primer Name

Direction Primer Sequence (5’-3’)

pNDPS1+LARTaf

Forward

ATGTCTGCTCGTGGACTCAACAAGA

pNDPS1+LARTbf

Forward

TCTTACTCCTGTTCTGGCAAGAGACCTCGA

pNDPS1+LARTcr

Reverse

ATATGTGTGTCCACCAAAACGTCTATGCCTTTGT

pNDPS1+LARTdr

Reverse

TCGAGGTCTCTTGCCAGAACAGGAGTAAGA

pSlCPT5ΔLARTaf Forward

ATGTCTGCGCAAAACAACGCC

pSlCPT5ΔLARTbf Forward

AAAGATGAACTTGAAAATGGGATTCGATTGTCTATA

pSlCPT5ΔLARTcr Reverse

TATAGACAATCGAATCCCATTTTCAAGTTCATCTTT

pSlCPT5ΔLARTdr Reverse

GGAACTCTGTCCGCCATAGCG

Table 8 Thermocycler Conditions Used for Chimera Construction. Number of
cycles, temperature and time used during each segment by a thermocycler during PCRmediated chimera construction.
Segment

Cycles

Temperature

Time

1

1

98°C

2 minutes

2

25

98°C

10 seconds

55°C

15 minute

72°C

1 minutes

72°C

1 minute

3

1
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confirm that no unwanted mutations occurred. Sequence confirmed DNA was
reamplified using the cycling conditions in Table 5 and Taq polymerase to A-tail the
PCR product. A-tailed PCR products were then ligated with the pEXP5-CT/TOPO®
vector system (ThermoFisher), transformed into E. coli BL21, and purified for use in
comparative enzyme assays. Comparative enzyme assays were carried out using
GGPP as a substrate for SlCPT5, SlCPT5ΔLART, NDPS1, and NDPS1+LART following
the reactions conditions in section 2.11. Reaction products were then separated as in
section 2.12.
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Chapter 3: Results
Statement of Work:
SlCPT5 and NDPS1 were cloned from cDNA and inserted into the pEXP-CTTOPO vector system by Dr. Tariq Akhtar.
3.1 Functional Complementation of the Yeast rer2Δ Mutant by SlCPT5
The yeast rer2Δ mutant shows a striking growth defect phenotype at elevated
temperatures resulting from aberrant N-glycosylation. In yeast, RER2 is responsible for
the production of dolichols upon which oligosaccharides are assembled and then
ultimately transferred to nascent polypeptides during N-glycosylation (Sato et al., 1999).
Interestingly, previous research has demonstrated that medium-chain polyisoprenoids
(Pren-11) synthesized from a bacterial CPT can restore this growth defect thereby
functionally substituting for dolichols in this mutant (Rush et al., 2010). As such, the
rer2Δ mutant presents a unique system for testing the in vivo enzyme activity of other
suspected medium-chain polyisoprenoid producing CPTs through complementation
assays. To determine whether SlCPT5 is a functional enzyme that produces mediumchain polyisoprenoids, SlCPT5 and the native RER2 (as a positive control) were
introduced into the rer2Δ mutant and growth was monitored. Empty vector without any
insert was also transformed into the rer2Δ mutant as a negative control. Transformants
were streak-plated onto DOH-G agar plates and growth was observed after three days
at 23°C and 37°C (Figure 7). Introduction of the native RER2 protein or SlCPT5 rescued
the growth defects of the rer2Δ mutant while the empty vector failed to restore growth at
the non-permissive temperature (Figure 7).
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Figure7 Functional Complementation of the Dolichol-Deficient Yeast Mutant
(rer2Δ) by SlCPT5. The SlCPT5 open reading minus the predicted N-terminal transit
peptide was introduced into the yeast rer2∆ mutant under control of the native RER2
promoter and transformed cells were grown at the indicated temperatures. As positive
and negative controls the mutant was also transformed with the native RER2 gene and
the expression vector alone, respectively.
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3.2 Restoration of N-glycosylation in Yeast rer2Δ Mutant
To explore whether the rescue of rer2Δ growth by SlCPT5 was due to the
restoration of N-glycosylation, the glycosylation status of yeast lysosomal CPY was
assessed. Blotting of the crude extracts against anti-CPY showed that, in rer2Δ mutant
cells expressing RER2 or SlCPT5, the fully glycosylated, mature, form of CPY (mCPY)
containing four N-glycan chains predominated, whereas in cells expressing the empty
vector the mature and hypoglycosylated (mono-, di-, and tri-) forms of CPY were
detected (Figure 8).
3.3 Polyisoprenoid Profile of rer2Δ Transformants
The dolichol synthase, RER2, from S. cerevisiae has been characterized as
producing dolichols composed of 15 and 16 isoprene units (D-15 and D-16) which are
critical for protein glycosylation in yeast (Liang, 2009; Sato et al., 1999). SlCPT5 is
suspected of producing medium-chain polyisoprenoids (C50-C60) which could be
converted to medium-chain dolichols in yeast cells and functionally substitute for the
dolichols produced by RER2. To determine what polyisoprenoids are being produced by
SlCPT5 when being recombinantly expressed in yeast cells, the total polyisoprenoid
content was measured in the various rer2Δ mutant strains. In rer2Δ mutant cells
expressing SlCPT5, accumulation of predominantly medium-chain dolichols (D-10 and
D-11) was observed (Figure 9). These dolichols were not found in the rer2Δ mutant
cells expressing the empty vector and, as expected, expression of the native RER2
gene restored the synthesis of D-15 and D-16 in the rer2Δ mutant (Figure 9).
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Figure 8 Immunoblot Against Carboxypeptidase Y (CPY) Using Crude Extracts
from Yeast rer2Δ Transformants. Soluble crude protein extracts from the various
rer2∆ transformants were analyzed by immunoblotting using antibodies specific for
CPY. The positions and molecular weight (kDa) of mature CPY (mCPY) and its
hypoglycosylated forms missing between one and four (-1 to -4) N-linked
oligosaccharides are indicated. Adjacent this is an immunoblot against PGK1 to show
that equivalent protein amounts were probed against.
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Figure 9 Representative Chromatograms from High-Pressure Liquid
Chromatography Separation of Polyisoprenoids from Yeast Strains.
Polyisoprenoid analysis of yeast cells from the indicated strains were analyzed for total
isoprenoid content. Note the accumulation of medium chain dolichols (D-11) in the rer2∆
mutant cells containing SlCPT5 and long chain dolichols (D-15 to D-17) in mutant cells
containing the native RER2 gene.
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3.4 Recombinant Expression and Purification of SlCPT5
In order to characterize SlCPT5, SlCPT5, minus the predicted N-terminal
targeting sequence (SlCPT5Δ44N), was recombinantly expressed in E. coli. Previous
attempts to recombinantly express and purify plant CPTs from E. coli without removing
the predicted targeting peptides resulted in insoluble proteins that could not be purified
or that lacked enzyme activity. Cells from three litres of induced culture were disrupted
by an Emulsiflex and the supernatant was subjected to Ni2+-affinity chromatography.
Crude extract and eluted fraction at 400 mM imidazole from the purification were
analyzed on SDS-PAGE which showed purification of SlCPT5 (30.8 kDa) to near
homogeneity (Figure 10). Western blot analysis using a peptide specific antibody to
probe for SlCPT5 (α-SlCPT5) confirmed that the purified protein observed by SDSPAGE was indeed SlCPT5 (Figure 10).
3.5 SlCPT5 Enzyme Activity and Substrate Specificity
Recombinant SlCPT5 was assayed for CPT activity using

14

C-IPP together with

one of three trans-prenyldiphosphates (GPP, FPP, or GGPP) that are known to serve
as initiator substrates in polyisoprenoid synthesis. To determine whether SlCPT5 has
specificity for precursors with trans-bonds over cis-bonds, the cis-isomer of GPP, NPP,
was also tested as an initiator substrate in polyisoprenoid synthesis. The enzymatic
products from these in vitro assays were resolved by RP-TLC and imaged through
autoradiography, and this analysis revealed that SlCPT5 could extend the length of
each prenyldiphosphate initiator to ~50-55 carbons in length (Figure 11). Substrate
specificity for SlCPT5 was tested using an end point assay and Km and Vmax values
were derived by fitting of the kinetics data to the Michaelis-Menten equation. Substrate
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A

B

Figure 10 Coomassie Blue-Stained SDS-PAGE of Purified SlCPT5 from Ni2+-NTA
Purification and Corresponding Immunoblot Against anti-SlCPT5. (A) Purification
of His6-tagged SlCPT5 by Ni2+-affinity chromatography. Proteins were separated by
SDS-PAGE and stained with Coomassie Blue. Lanes 1 and 2 contain E. coli extract and
purified protein, respectively. (B) Immunoblot probing for SlCPT5 using a peptide
specific antibody for SlCPT5 (α-SlCPT5) to confirm SlCPT5 was successfully purified.
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Figure 11 Thin-layer Chromatography Separation and Analysis of SlCPT5
Enzymatic Reaction Products. De-phosphorylated reaction products were resolved on
reversed-phase silica gel 60 Å plates using an acetone/water (39:1) solvent system and
developed by autoradiography. The position of C55, the major product, was determined
based on the migration of authentic polyprenol standards
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kinetics data are listed in Table 9 while corresponding Michaelis-Menten plots are
shown in Figures 12, 13, 14 and 15. NPP, GPP, FPP, as well as GGPP all proved to
serve as substrates for SlCPT5 and exhibited Michaelian kinetics at saturating
concentrations of

14

C-IPP (Table 9). However, steady-state kinetic analysis revealed

that the enzyme had an 11-fold and 10-fold preference for FPP and GGPP,
respectively, compared with GPP (Table 9), with kinetic constants that fell within the
range reported for other plant and bacterial CPTs (Akhtar et al., 2017; Demissie et al.,
2013; Guo et al., 2005; Kera et al., 2012; Kharel et al., 2001; Schilmiller et al., 2009;
Schulbach et al., 2001).
3.6 Homology Modeling of SlCPT5 and Substrate Docking
Crystal screens were performed on purified SlCPT5 however, no crystals were
obtained; In the absence of a crystal structure, SlCPT5 was homology modelled using
SWISS-MODEL to the crystal structure of LPPS because both enzymes are plant CPTs
and have sequence identities comparable to other available CPT crystal structures
(43.59% identity between SlCPT5 and LPPS, 45% identity between SlCPT5 and UPPS)
(Figure 16). The purpose of modelling SlCPT5 was (1) to visualize what the global
structure might look like; (2) to observe what spatial position the side chains of highly
conserved amino acids near the active site might occupy; and (3) to determine how the
predicted substrates might bind in the active site. SlCPT5 was able to be modelled to
LPPS using SWISS-MODEL with all major conserved regions (I-V) intact and the
predicted substrates GGPP, IPP, and Mg2+ were docked using AutoDock Vina with
binding affinities of 1.0, -5.2, and -1.4 kcal mol-1, respectively. The overall quality of the
model was evaluated using PROCHECK and ERRAT. The Ramachandran plot
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Table 9 Recombinant SlCPT5 Kinetic Parameters. Measurements were made at
room temperature in 50 mM HEPES buffer, pH 8.0, containing, 5 mM DTT, 7.5 mM
MgCl2, 100 mM KCl, 10% (v/v) glycerol 0.1% (v/v) Triton-X-100. Reactions were started
by adding 14C-IPP substrate. Data are the means of three independent determinations ±
standard error.
Substrate
NPP
GPP
FPP
GGPP

Kcat (s-1)
0.106 ± 0.007
0.040 ± 0.002
0.119 ± 0.004
0.079 ± 0.004

Km (µM)
29.82 ± 6.80
19.27 ± 4.03
4.85 ± 0.84
3.48 ± 0.96

Kcat/Km (s-1 M-1)
3.55 × 103
2.11 × 103
2.45 × 104
2.27 × 104

Figure 12 Initial Velocity of SlCPT5 Versus Concentration of NPP. The enzyme
assay was initiated at 25 ºC and contained 80 μM IPP, 1 μg SlCPT5, and varying
concentrations of NPP. Following a five minute reaction period, the reaction products
were hydrolyzed, extracted, and enzyme activity was determined by scintillation
counting. Experiments were performed in triplicate and the data was fit to the MichaelisMenten equation following non-linear regression using SigmaPlot 13.0. Error bars
represent the standard error for each data point.
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Figure 13 Initial Velocity of SlCPT5 Versus Concentration of GPP. The enzyme
assay was initiated at 25 ºC and contained 80 μM IPP, 1 μg SlCPT5, and varying
concentrations of GPP. Following a five minute reaction period, the reaction products
were hydrolyzed, extracted, and enzyme activity was determined by scintillation
counting. Experiments were performed in triplicate and the data was fit to the MichaelisMenten equation following non-linear regression using SigmaPlot 13.0. Error bars
represent the standard error for each data point.
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Figure 14 Initial Velocity of SlCPT5 Versus Concentration of FPP. The enzyme
assay was initiated at 25 ºC and contained 80 μM IPP, 1 μg SlCPT5, and varying
concentrations of FPP. Following a five minute reaction period, the reaction products
were hydrolyzed, extracted, and enzyme activity was determined by scintillation
counting. Experiments were performed in triplicate and the data was fit to the MichaelisMenten equation following non-linear regression using SigmaPlot 13.0. Error bars
represent the standard error for each data point.
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Figure 15 Initial Velocity of SlCPT5 Versus Concentration of GGPP. The enzyme
assay was initiated at 25 ºC and contained 80 μM IPP, 1 μg SlCPT5, and varying
concentrations of GGPP. Following a five minute reaction period, the reaction products
were hydrolyzed, extracted, and enzyme activity was determined by scintillation
counting. Experiments were performed in triplicate and the data was fit to the MichaelisMenten equation following non-linear regression using SigmaPlot 13.0. Error bars
represent the standard error for each data point.
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Figure 16 Homology Modeling of SlCPT5 and Substrate Docking. SlCPT5 was
homology modelled to LPPS of L x. intermedia (PDB ID: 5hc6) using the SWISSMODEL workspace. The relative position of residues important for substrate
coordination and catalysis previously identified in bacteria are labeled and shown as
yellow sticks with nitrogens coloured blue and oxygens coloured red. Magnesium is
shown as a purple sphere and GGPP and IPP are shown as cyan sticks and labeled.
Magnesium, GGPP and IPP were docked using AutoDock Vina. Figure was created
using the PyMOL Molecular Graphics System, Version 1.3 Schrödinger, LLC.
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obtained from PROCHECK showed no amino acid residues were located in the
disallowed region and 93.7% were in the most favoured regions (Figure 17) while
ERRAT analysis of the model gave an overall quality factor of 97.26 (Figure 18). In the
SlCPT5 model, a suite of conserved catalytic residues had side chains spatially located
in the active site similar to what is observed in characterized CPTs from bacteria
(corresponding residues in SlCPT5: D89, F133, R259, R265). The side chains of these
residues have been implicated in substrate coordination and catalysis through
stabilizing the hydrocarbon and pyrophosphate moieties of IPP, allowing transfer of
magnesium from IPP to the allylic diphosphate, and positioning the hydrocarbon tail of
IPP within range of the allylic diphosphate for bond formation. The effect of these
residues on enzyme functionality have been investigated in bacterial CPTs but have yet
to be confirmed as critical catalytic residues in a plant CPT, making them interesting
targets for site-directed mutagenesis studies.
3.7 Cloning, Expression and Serial-Diluted Complementation Assay of SlCPT5
Mutants in rer2Δ Yeast.
For nearly two decades, the catalytic mechanisms of CPTs have been of great
interest and site-directed mutagenesis studies have looked at which residues are
responsible for catalysis and substrate binding. In the CPT UPPS from E. coli, sitedirected mutagenesis of a conserved aspartate residue to alanine, D26A, showed that
this residue is crucial for enzyme catalysis and substrate binding whereby the carboxyl
group binds to Mg2+ and coordinates its transfer from IPP to the allylic diphosphate. The
carboxyl group of D26 has also been posited to act as a general base to activate IPP by
proton removal (Chang et al., 2003); however, other research suggests this
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Figure 17 Quality of Homology Model Analysis Using Procheck. Ramachandran
plot analysis of overall protein structure conformation generated using ProCheck.
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Figure 18 Quality of Homology Model Analysis Using ERRAT. The overall quality of
the SlCPT5 homology model was evaluated using the ERRAT program and was given a
quality factor of 97.26.
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role is assumed by a neighbouring asparagine or serine residue instead (Liang, 2009).
In the homologous UPPs from M. luteus B-P 26, site-directed mutagenesis studies were
carried out to mutate a conserved phenylalanine residue to alanine, F73A, and
conserved arginine residues to serine, R197S and R203S. It was determined that all
three residues are involved in substrate binding and catalysis whereby the benzyl group
of F73 stabilizes the hydrocarbon backbone of IPP and orientates C4 of IPP towards
C1’ of the allylic diphosphate and the positively charged guanidinium groups of R197
and R203 act to stabilize the pyrophosphate moiety of IPP (Kharel et al., 2001). To
determine whether corresponding residues in SlCPT5 (D89, F133, R259 and R265)
were critical for SlCPT5 activity, site-directed mutagenesis was carried out to replace
these residues as in the previously mentioned studies. The mutated genes were then
transformed into the rer2Δ yeast mutant. The mutants, along with rer2Δ containing
RER2 or SlCPT5, as positive controls, were serial-diluted and then spot-plated onto
DOH-G agar in duplicate and incubated. Serial-dilution showed growth of the mutants
containing RER2 and SlCPT5 at the non-permissive temperature and severely
attenuated, or entirely lacking, growth of the mutants containing mutated codons of
SlCPT5 (Figure 19).
3.8 Chimera Construction and Effects on Product Chain Length
In the S. lycopersicum gene family NDPS1 has been characterized to produce
NPP (C10) while SlCPT5 has been shown to produce medium-chain polyisoprenoids.
Interestingly, a multiple sequence alignment including these two protein sequences
shows that SlCPT5 contains additional residues, LART specifically (amino acids 163166), in the predicted third α-helix whereas NDPS1 lacks these residues (Figure 20).
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Figure 19 Serial Dilution Assays of Mutated Codons of SlCPT5 in rer2Δ Yeast
Strain. Yeast cells were grown-up overnight and diluted to a starting OD600 of 0.05
before being serial diluted 2-fold to achieve an OD600 of 0.003125 in the last lane.
Temperature of growth is indicated at the top and the specific mutation investigated is
shown on the right.
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Figure 20 Homology Model and Sequence Alignment Showing Difference in Third
α-Helix Length. Homology models of SlCPT5 (left) and NDPS1 (right) were made using
SWISS-MODEL against the crystal structure of E. coli UPPS (PDB ID: 1v7u). Multiple
sequence alignment of scCPTs (NDPS1 and ShFPS), mcCPTs (SlCPT5 and EcUPS),
and an lcCPT (AtCPT1) show a region of additional amino acids in mcCPTs and lcCPTs
at the C-terminal end of the third α-helix (Helix-3). Homology modelling of SlCPT5 and
NDPS1 shows the affect of these additional four amino acids on the overall structure
and shape of helix-3. Sequences used in the multiple sequence alignment are as
follows: NDPS1 – S. lycopersicum CPT1; ShFPS – S. habrochaites cis, cis, farnesyl
diphosphate synthase; SlCPT5 – S. lycopersicum CPT5; EcUPS – E. coli undecaprenyl
diphosphate synthase; AtCPT1 – A. thaliana CPT1.
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Thus, I investigated the effect of these residues on product chain length in these two
proteins via chimera construction experiments whereby the codons for LART of SlCPT5
were inserted into the corresponding region of NDPS1 (between amino acids 159/160)
and these same codons were removed from SlCPT5. Recombinant purified
SlCPT5ΔLART and NDPS1+LART were assayed for CPT activity using

14

C-IPP with

GGPP alongside purified SlCPT5 and NDPS1 to act as positive controls. Enzymatic
products were then resolved by RP-TLC revealing that SlCPT5ΔLART was able to
produce larger polyisoprenoids and lost specificity for producing medium chain
polyisoprenoids (C45-C55) in comparison to SlCPT5 (Figure 21). Interestingly,
NDPS1+LART was able to produce polyisoprenoids ~C40-C45 whereas NDPS1
produced no identifiable polyisoprenoids as expected because NDPS1 is unable to use
GGPP as its allylic substrate (Figure 21).
3.9 Polyisoprenoid Analysis of Wild-Type and SlCPT5 RNAi Lines
Studies attempting to characterize plant CPTs have typically used in vitro
methods to determine what polyisoprenoids are synthesized. A small subset of plant
CPT characterization studies have isolated and analyzed polyisoprenoid contents from
plant biomass thereby determining what polyisoprenoids are biosynthesized in vivo. A
recent publication characterized CPT7 from A. thaliana and showed a difference in
polyisoprenoid products between in vitro and in vivo analyses (Akhtar et al., 2017). The
difference between the products produced by CPT7 in vitro versus in vivo showed the
necessity for in vivo polyisoprenoid analysis to determine product chain length of a plant
CPT. For an in vivo analysis of polyisoprenoids attributable to SlCPT5, polyisoprenoids
profiles from wild-type and SlCPT5 RNAi line tomato leaves was carried out. Wild-type
64

Figure 21 Thin-layer Chromatography Separation and Analysis of Enzymatic
Reaction Products from Chimera Construction Experiments. De-phosphorylated
reaction products were resolved on reversed-phase silica gel 60 Å plates using an
acetone/water (39:1) solvent system and developed by autoradiography. Each lane
corresponds to the reaction products created by different enzymes and the enzyme
used is listed above. The position of C55, the major product of SlCPT5 was determined
based on the migration of authentic polyprenol standards of known size (C10-C120). SF
– solvent front; O – origin; Rf – retention factor.
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leaves were shown to accumulate polyisoprenoids composed of polyprenols containing
9-11 isoprene units (C45-C55, P9-P11) (Figure 22). These polyprenol alcohols were
decreased by an average of ~70% in the RNAi lines.
3.10 Isoprenoid Analysis of Wild-Type and SlCPT5 RNAi Lines
Isoprenoids, much like polyisoprenoids, are typically composed of one of the
isoprene pathway trans-prenyl precursors GPP, FPP or GGPP. With polyisoprenoids
and isoprenoids using the same precursors, an issue could arise with depletion of one
of these precursors in production of either polyisoprenoids or isoprenoids. In plant
chloroplasts GGPP is used in the production of carotenoids and is also a potential
substrate for SlCPT5 in the production of polyisoprenoids. Changes in the amount of
carotenoids from wild-type and SlCPT5 RNAi lines were investigated to determine if
changes in SlCPT5 expression had any significant impact on the biosynthesis of
isoprenoid compounds. Comparison between these lines showed no significant
differences in the production of carotenoids (Figure 23).
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Figure 22 High-Pressure Liquid Chromatography Separation of Polyisoprenoids
from Wild-Type and SlCPT5 RNAi Line Tomato Leaves. Polyisoprenoid analysis was
carried out on ~3 g of leaf tissue from wild-type and SlCPT5 RNAi S. lycopersicum.
Total extracted polyisoprenoids were separated on a Zorbax Eclipse XDB 80Å C18
column 4.6x75 mm with an internal diameter of 3.5 μm. The UV absorbtion of the
samples was measured at 254 nm and the retention times of peaks were compared to
polyisoprenoid standards obtained from the Collection of Polyprenols, Institute of
Biochemistry and Biophysics, Polish Academy of Sciences. Identified polyprenols (P-9,
P-10, and P11) are indicated.
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Figure 23 Representative Chromatograms from High-Pressure Liquid
Chromatography Separation of Carotenoids from Wild-Type and RNAi Mediated
Knockdown of SlCPT5 Tomato Leaves. Carotenoid analysis was carried out on ~50
mg of leaf tissue from wild-type and RNAi S. lycopersicum. Total extracted carotenoids
were separated on a Spherisorb ODS2 4.6x250 mm HPLC column, with a 5 μm internal
diameter, and retention times were compared to purchased carotenoid standards by
absorbance at 296 nm. Identified carotenoids are indicated: neoxanthin (N), violaxanthin
(V), lutein (L), β-carotene (β).
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Chapter 4: Discussion
In the literature, medium-chain polyprenols have been observed to functionally
substitute for longer dolichols missing in the yeast rer2Δ mutant suggesting that these
smaller compounds can sufficiently restore N-glycosylation (Akhtar et al., 2017; Rush et
al., 2010). Interestingly the C35 polyprenol produced by AtCPT6 is unable to rescue this
defect in N-glycosylation when expressed in the rer2Δ mutant, suggesting that a
minimum chain-length of polyprenol is required to substitute for dolichol (Surmacz et al.,
2014). Functional complementation of the yeast rer2Δ mutant was successfully
achieved with introduction of SlCPT5 and western blotting against the lysosomal
glycoprotein CPY showed only the fully glycosylated form thereby confirming Nglycosylation restoration by SlCPT5. As such, SlCPT5 must produce polyprenols of
medium-chain length, specifically greater than C35, to achieve this affect. To determine
what length of polyprenols SlCPT5 produces, saponifiable lipids from the rer2Δ mutants
were hydrolyzed and separated using HPLC. The rer2Δ mutant transformed with
SlCPT5 accumulated polyprenols C50-C60 and was missing all traces of dolichols, C75
and C80, which were present in the rer2Δ mutant transformed with rer2. Taken together
these results showed that recombinantly expressed SlCPT5 was responsible for the
production of medium-chain polyisoprenoids in the yeast rer2Δ mutant and these
compounds were able to functionally substitute for dolichol in this mutant line to restore
N-glycosylation.
From the previous experiments it could be gleaned that SlCPT5 can produce
medium-chain polyisoprenoids in yeast cells, but no information was gathered regarding
substrate specificity. As such, SlCPT5 was introduced into E. coli for purification and
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assay purposes. SlCPT5 was successfully expressed in E. coli BL21-CodonPlus(DE3)
RIPL as a soluble protein containing a C-terminal histidine tag and purified to near
homogeneity using affinity chromatography to a concentration of 10.6 mg mL-1.
Recombinant enzyme assays and kinetics analyses showed approximately a 10-fold
increase in SlCPT5 enzyme efficiency (kcat Km-1) for FPP and GGPP over NPP and
GPP. The enzyme efficiency was slightly greater for FPP than GGPP and separation of
hydrolyzed polyisoprenoid products by RP-TLC showed C55-C70 and C50-C60 being
the predominant polyisoprenoids when FPP and GGPP were used as substrates,
respectively. These findings are consistent with the previously reported substrate
specificity for SlCPT5 and would suggest that SlCPT5 uses FPP as its substrate in the
production of medium-chain polyisoprenoids in vitro (Akhtar et al., 2013). Previous
research has shown that SlCPT5 contains a chloroplastic N-terminal targeting peptide
(Akhtar et al., 2013) and has demonstrated that FPP is mostly absent from the
chloroplast where instead GPP and GGPP predominate (Burke et al., 1999; Cheniclet et
al., 1992; Sanmiya et al., 1999). Taken together these data suggest that GGPP acts as
the bona fide substrate for SlCPT5 instead of FPP, however this claim requires further
corroboration such as would be obtained through NMR analysis of the number of transbonds found in the polyisoprenoid backbone.
Amongst CPTs, a conserved aspartate, phenylalanine, and two arginine residues
located near the substrate binding sites have been implemented in substratecoordination and catalytic activity (Chang et al., 2003; Kharel et al., 2001). To date, no
literature has been published on whether these residues are as critical in plant CPTs as
they are in bacterial CPTs. Single site-directed mutagenesis of the corresponding
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residues D89A, F133A, R259S and R265S in SlCPT5 was carried out and these
mutants were transformed into the yeast rer2Δ mutant. Serial-dilution growth plates
showed reduced or abolished growth of the SlCPT5 mutants, thus confirming these
residues are critical for proper SlCPT5 activity. While these experiments are unable to
attribute changes in the efficiency of SlCPT5 for specific substrates, or changes in
substrate turnover, in response to these mutations, they ultimately show that these
residues are critical for proper SlCPT5 function and are necessary conserved CPT
specific residues.
Homology modeling of SlCPT5 to the crystal structure of lavandulyl diphosphate
synthase (PDB ID: 5HC6) using SWISS-MODEL was able to demonstrate that the
location of these residue’s side-chains remain orientated towards the active sites and
would be involved in substrate interactions. Docking of the predicted substrates, GGPP
and IPP, demonstrated that these molecules were able to be set in the active sites and
sit close enough to one another for the condensation reaction to occur (< 5 Å apart)
(Figure 24). The bond distances between the guanidinium groups of R259 and R265
and the pyrophosphate group of IPP were 3.0 and 2.9 Å, respectively, which are
consistent with the bond distances found between these residues in crystal structures in
complex with substrates (Figure 24). Additionally, the bond distance between the
carboxylate group of D89 and Mg2+ is 3.2 Å which is also consistent with the bond
distance found in crystal structures (Figure 24). IPP was docked with a binding affinity of
-5.2 kcal mol-1 which is representative of favourable binding conditions suggesting that
IPP would bind as modelled. In contrast, GGPP was docked with a binding affinity of 1.0
kcal mol-1 indicating an unfavourable interaction and that GGPP would not bind as
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Figure 24 Bond Distances Between GGPP and IPP and Conserved Catalytic
Residues with Docked Substrates. Dashed lines represent bonds between two atoms
and the numbers beside the bonds are listed in Angstroms (Å). The bonds shown are
between the substrates GGPP and IPP, the two conserved arginine residues and the
pyrophosphate moiety of IPP and the carboxyl group of the conserved aspartate and
the docked magnesium ion. Conserved residues are represented as yellow sticks with
nitrogens coloured blue and oxygens coloured red. Magnesium is shown as a purple
sphere and GGPP and IPP are shown as cyan sticks and labeled. Magnesium, GGPP
and IPP were docked using AutoDock Vina. The structure is the same as was modeled
in Figure 16 and was created using the PyMOL Molecular Graphics System, Version 1.3
Schrödinger, LLC.

72

modeled. It is important to note however, that the crystal structure of LPPS is in apo
form and that binding of substrates to CPTs has been shown to cause conformational
changes (Guo et al., 2005). Located in close proximity to the allylic diphosphate binding
site of CPTs is a conserved short α-helix flanked by loops. Some CPT crystal structures
have been solved that lack electron density in this exact region, indicating that this
region is highly flexible and most likely interacts with and stabilizes the binding of the
allylic diphosphate (Chang et al., 2003; Liang, 2009). Although the binding affinity of
GGPP docked to the model of SlCPT5 is unfavourable, it is likely that the loop and short
α-helix will bind to the substrate and stabilize its interaction with the protein, resulting in
a favourable interaction.
Previous studies investigating the third α-helix of CPTs have identified that
lcCPTs and mcCPTs have additional residues in this helix that are missing in scCPTs
(Kharel et al., 2006; Noike et al., 2008). The additional residues have been attributed
with increasing the overall size of the hydrophobic pocket present in CPTs thereby
allowing for the production of longer polyisoprenoids. In these studies the residues
involved in the “kinked” region of the third α-helix were substituted from lcCPTs into a
mcCPT and shown to increase product chain length (Kharel et al., 2006). Interestingly,
insertion of the additional residues into the corresponding region in a scCPT did not
increase the length of polyisoprenoids produced (Noike et al., 2008). Analysis of the
crystal structure of E. coli UPPS (PDB ID: 1V7U) shows a kinked third α-helix
suggesting that mcCPTs already contain this kinked region and therefore improper
residues/regions were chosen for substitution from lcCPTs into scCPTs (Figure 25).
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Figure 25 Monomeric Representation of the Third α-Helix Structure of CPTs.
mcCPTs and lcCPTs contain additional residues downstream of conserved region III in
the third α-helix which gives the helix a characteristic “kink” which is highlighted by the
red bracket. This structure is of the crystal structure for E. coli UPPS (PDB ID: 1v7u)
and the figure was created using the PyMOL Molecular Graphics System, Version 1.3
Schrödinger, LLC.

74

Sequence alignment and homology modeling of NDPS1 and SlCPT5 with EcUPPS
suggested instead that NDPS1 was lacking residues from the C-terminal end of the third
α-helix (Figure 20). Addition of residues making up the end of the third α-helix from
mcCPTs to the terminal end of this helix in scCPTs could extend it and result in the
typically observed “kink” thus leading to an increase in product chain length. The third αhelix of SlCPT5 contains four additional residues than are not found in NDPS1 and
LART make up the last four residues of the helix in SlCPT5. Deletion of codons
encoding for LART in the third α-helix of SlCPT5 allowed SlCPT5 to produce larger
polyisoprenoid (~C80) but also reduced product chain length specificity from
predominantly C50-C60 to a similar profile with no predominating species. Insertion of
these residues into NDPS1 caused an increase in product chain length from C10 to
~C45. If residues LART were directly responsible for the difference in product size
between SlCPT5 and NDPS1, then it would be expected that insertion of these residues
into NDPS1 would change the product size of NDPS1 from C10 to C50 and deletion of
these residues from SlCPT5 would change its product size to C10. This observation
was not seen however, indicating that these residues, and perhaps the size of the third
α-helix, are sufficient in increasing product chain length but are not the only regulatory
factor in chain length determination. However, the increase in product chain length seen
in SlCPT5ΔLART conflicts with the idea that a smaller third α-helix, and by extension a
smaller hydrophobic pocket, results in the production of smaller polyisoprenoids. In
literature, leucine and isoleucine residues with side chains orientated towards the
hydrophobic pocket have been determined to affect product-chain length of CPTs by
restricting how the growing polyisoprenoid folds into the pocket and have been
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characterized as “molecular rulers” (Liang, 2009). In the SlCPT5ΔLART mutant, the
leucine that was removed could have been acting in a similar manner to restrict folding
of the growing polyisoprenoid into the hydrophobic pocket to the C50-C60 preference
that it normally exhibits. Alternatively, removal of LART could have caused a local
restructuring of SlCPT5ΔLART such that the side chains of other leucine or isoleucine
residues no longer occupy the hydrophobic pocket, thereby removing their ability to
restrict the final product size and allowing for the production of a larger polyisoprenoids.
Data from these experiments suggests that, in addition to the length, residues upstream
from the third α-helix are involved in determining product chain length, potentially by
obstructing access of the allylic diphosphate into the hydrophobic cleft of the CPT.
In vivo analysis of SlCPT5 polyisoprenoid production was compared against the
polyisoprenoid profile in S. lycopersicum with RNAi mediated knockdown of SlCPT5 to
determine polyisoprenoid synthesis attributable to SlCPT5. Interestingly, in vivo,
SlCPT5 creates a profile of C45-C55 polyprenols in the leaves of S. lycopersicum where
it likely uses GGPP as a substrate. In the yeast rer2Δ mutant however, recombinant
SlCPT5 was observed to produce a polyisoprenoid profile of C50-C60 which is C5
greater than what is seen in tomato leaves. In planta, GGPP predominates in the
chloroplast whereas FPP is predominantly found in the cytosol. In yeast cells however,
FPP and GGPP are both produced in the cytosol where they would be accessible to
recombinantly expressed SlCPT5. With GGPP being C5 larger than FPP, it would stand
to reason that SlCPT5 would make C5 larger products when using GGPP as its
substrate. A potential issue with this idea is that GGPP contains an additional transbonded isoprene unit that will have different spatial restraints than the smaller FPP. Due
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to these spatial restraints GGPP might have issues being compacted into the
hydrophobic pocket and encounter unfavourable interactions such that product chainlength is terminated before a fully extended polyisoprenoid is produced. In contrast, the
smaller FPP could fold better into the hydrophobic pocket and have more IPP units
added onto it before encountering the same unfavourable interactions as would be
experienced by GGPP. As such, this C5 shift in product chain length is likely attributable
to differential access of substrates where, in the yeast cytosol, SlCPT5 is extending
FPP to C50-C60 polyprenols and, in the chloroplast of S. lycopersicum leaves, GGPP is
extended to C45-C55 polyprenols.
The pool of GGPP located in the chloroplast is typically associated with the
production of critical isoprenoid compounds such as carotenoids, tocopherols and
chlorophyll. If SlCPT5 is using GGPP located in the chloroplast, it could potentially be
diverting some of this pool for the production of polyisoprenoids that would otherwise be
used to produce isoprenoids. This could ultimately lead to a decrease in the production
of these indispensible isoprenoids, which could be detrimental to the cell. To determine
if SlCPT5 is utilizing a significant proportion of the GGPP pool, such that the synthesis
of other isoprenoids is being affected, the production of carotenoids in S. lycopersicum
leaves in wild-type versus SlCPT5 RNAi lines was measured. No significant change in
carotenoid levels was observed between the wild-type and RNAi lines suggesting that
SlCPT5 is not redirecting a large enough portion of the GGPP pool in the chloroplast to
affect the biosynthesis of these compounds. These results are consistent with those
recently published regarding the effect of the homologous protein AtCPT7 on carotenoid
biosynthesis (Akhtar et al., 2017).
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In conclusion, the works presented in this thesis have demonstrated that SlCPT5
is responsible for the production of medium-chain polyprenols, specifically C45-C55 with
C50 predominating, using GGPP as its preferred substrate. Additionally, the conserved
residues D89, F135, R265, and R269 were determined to be critical for SlCPT5
functionality and residues LART in the third α-helix were shown to be sufficient, but not
necessary, in extending the product chain length of polyprenols produced by SlCPT5. In
addition to the work presented in this thesis, additional experiments could be utilized to
better characterize SlCPT5. Purification of the dominant polyprenols (P-9, P-10) from
tomato leaf tissue and structural analysis using 1H NMR could be implemented to
determine the number of internal trans-bonded isoprene units contained within each
polyprenol. The number of internal trans-bonded isoprene units, as determined by the
1

H NMR chemical shifts, would then provide information regarding which trans-prenyl

diphosphate precursor was used as the allylic substrate. If a chemical shift is
determined that identifies 1, 2, or 3 internal trans-bonds then GPP, FPP, or GGPP was
used as the allylic substrate, respectively. It would also be of interest to determine what
affect the polyisoprenoids produced by SlCPT5 have on membrane dynamics through
comparison of plastidial membranes from wild-type and SlCPT5 RNAi lines. Such
experiments could include investigating differences in CO2 assimilation, membrane
fluidity (through insertion of a lipophilic fluorophore and measuring its stability within the
membrane), and electron transport (through insertion of an artificial electron acceptor).
Finally, the difference in the number of polyisoprenoids produced in vitro versus in vivo
requires further explanation.
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