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Abstract

POLYISOPRENOID ALCOHOLS INFLUENCE PLASTIDIAL MEMBRANE DYNAMICS
AND PHOTOSYNTHETIC PERFORMANCE IN SOLANUM LYCOPERSICUM AND
ARABIDOPSIS THALIANA

Lilia Kathleen Ann Virta

Advisor:

University of Guelph, 2018

Dr. Tariq A. Akhtar

Polyisoprenoid alcohols (polyprenols and dolichols) are a class of natural
products whose distribution throughout the plant kingdom is well known, yet their
functional role is poorly understood. These compounds are assembled by a class of
enzymes known as cis-prenyltransferases (CPTs), which are encoded by small gene
families in plants. In this study, RNAi-mediated knockdown of members of the tomato
(Solanum lycopersicum) and Arabidopsis thaliana CPT families (SlCPT5 and AtCPT7)
reduced polyprenols in leaves by ~60%. Subcellular fractionation studies and in vivo
localization of CPT fluorescent protein fusions demonstrated that both CPTs reside in
the chloroplast stroma and their products accumulate into chloroplast membranes.
Fluorescence anisotropy measurements revealed that polyprenol-deficient chloroplast
membranes were more disordered than wildtype membranes. These ‘disordered’
membranes exhibited lower phase transition temperatures and calorimetric enthalpies
relative to wildtype, indicating alterations in integral membrane protein stability. These
results uncover a role for polyprenols in governing chloroplast membrane dynamics.
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Chapter 1: Introduction
1.1. Polyisoprenoid Alcohols: Significance, structure and synthesis
Isoprenoids constitute a large and diverse group of natural products that are found
in all kingdoms of life. The diverse functional nature of this group is particularly evident
in plants, where they participate in a variety of biological processes such as
photosynthetic pigment synthesis, plant defence, and hormone synthesis (Kirby and
Keasling, 2009).
All isoprenoids are derived from the universal five-carbon (C5) isoprene units
referred to as isopentenyl diphosphate (IPP) and its isomer dimethylallyl diphosphate
(DMAPP) (Figure 1) (Tholl and Lee, 2011). In plants, these isoprene units are
synthesized via two distinct biosynthetic pathways that are spatially separated within
plant cells; the mevalonic acid pathway (MVA) in the cytosol, and the methylerythritol
phosphate pathway (MEP) in plant plastids (Figure 2) (Tholl and Lee, 2011). The MVA
pathway begins with the condensation of three molecules of acetyl-coenzyme A (acetylCoA) to form the intermediate 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA),
which then undergoes reductions, phosphorylations and a decarboxylation to form IPP
(Tholl and Lee, 2011). IPP isomerase present in the cytosol converts IPP that is
generated by the MVA pathway into DMAPP (Tholl and Lee, 2011). The MEP pathway,
on the other hand, begins with pyruvate and one molecule of glyceraldehyde-3phosphate, which undergo a condensation reaction to form the intermediate 1-deoxy-Dxylulose 5-phosphate (DXP) (Tholl and Lee, 2011). This intermediate then undergoes
an intramolecular re-arrangement, reductions and phosphorylations to form a mixture of
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Isopentenyl Diphosphate (IPP)

Dimethylallyl Diphosphate (DMAPP)

Figure 1 Structural Units of Isoprenoid Molecules. The two five-carbon units that
comprise all isoprenoid molecules; isopentenyl diphosphate (IPP) and dimethylallyl
diphosphate (DMAPP) with the pyrophosphate (OPP) groups illustrated according to
their point of attachment and orientation on the molecule (PPO). These two units are
structural isomers and are joined in a ‘head to tail’ fashion to form isoprenoids.

2

Figure 2 Model for the Biosynthesis of Isopentenyl Diphosphate (IPP) and
Dimethylallyl Diphosphate (DMAPP) in Plant Mesophyll Cells. Biosynthesis of
isoprene units isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) is
spatially separated in the cytosol and plastids of mesophyll cells. The cytosolic
mevalonic acid pathway (MVA) produces IPP, and the methylerythritol phosphate
pathway (MEP) produces IPP and some DMAPP. In both pathways an isomerase is
used to interconvert the two isoprene units as needed for isoprenoid biosynthesis
(Image reproduced from Akhtar et al., 2017, Copyright American Society of Plant
Biologists, www.plantcell.org).
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both IPP and DMAPP in a ratio of approximately 6:1 (Tholl and Lee, 2011). Since more
IPP than DMAPP is being made via the MEP pathway in the plastid, IPP isomerase in
the plastid converts excess IPP to DMAPP (and vice versa) as required (Tholl and Lee,
2011).
During the next step of isoprenoid synthesis, up to three IPP units are added to a
single unit of DMAPP in a trans-orientation to make one of three trans-prenyl
diphosphate scaffolds: geranyl diphosphate (GPP) contains one added unit of IPP,
farnesyl diphosphate (FPP) contains two, and geranylgeranyl diphosphate (GGPP)
contains three (Figure 3) (Tholl and Lee, 2011). Following the formation of any one of
these scaffolds, the carbon skeleton can be further modified by synthase/cyclase
enzymes to produce a vast array of compounds (Akhtar et al., 2017; Reiling et al., 2004;
Martin et al., 2003). For example, GPP is used as the precursor for most monoterpenes
(volatile compounds that contribute towards the fragrance of plants, typically ten
carbons in length, C10), FPP serves as the precursor for plant brassinosteroid
hormones, and GGPP is required for carotenoids (for example, Vitamin A),
plastoquinones (required for photosynthesis) and gibberellin (another plant hormone)
biosynthesis (Tholl and Lee, 2011). In addition, a widespread class of isoprenoids,
termed polyisoprenoids, are formed when additional units of IPP are added to a transprenyl diphosphate scaffold in a cis- or trans-orientation to produce a carbon skeleton of
an even greater chain length, sometimes up to many thousands of isoprene units long
(Figure 4) (Świeżewska and Danikiewicz, 2005). Typically, the resulting polyisoprenoids
are conceptually sorted into three classes based on chain length: short-chain (ten to
forty carbons in length, C10-C40), medium-chain (forty-five to fifty-five carbons, C45-C55)
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Geranyl
diphosphate

DMAPP

+

IPP

DMAPP
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IPP (x2)

DMAPP
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IPP (x3)

Farnesyl
diphosphate

Geranylgeranyl
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Figure 3 Synthesis of the Three Trans-Oriented Isoprenoid Precursors. Up to three
units of isopentenyl diphosphate (IPP) can be added to dimethylallyl diphosphate
(DMAPP) in a trans-orientation to form trans-prenyl diphosphate scaffolds; Geranyl
diphosphate (10 carbons, C10) made with one unit of DMAPP and one added unit of IPP,
farnesyl diphosphate (C15) made with two added units of IPP, and geranylgeranyl
diphosphate (C20) made with three added units of IPP. Following their synthesis these
precursors can undergo further modification to produce an incredibly large range of
isoprenoid products. The diphosphate (OPP) groups are illustrated according to their
typical orientation and point of attachment on the molecules.
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Figure 4 Structure and Synthesis of Polyprenols and Dolichols. Polyisoprenoid
alcohols are comprised of two groups; polyprenols and dolichols. Following the addition
of n cis-oriented isopentenyl diphosphate (IPP) units to any one of the three trans-prenyl
diphosphate scaffolds, the resulting polyprenol phosphate is dephosphorylated via a
phosphatase to form a polyprenol, containing an unsaturated terminal α unit. The
polyprenol may be further modified via a polyprenol reductase to form a dolichol, now
containing a saturated terminal α unit (Image altered from Surmacz and Świeżewska,
2011).
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and long-chain (sixty carbons and above, ≥C60).
The enzymes that catalyze the addition of various IPP units to a trans-prenyl
diphosphate scaffold are divided into two groups according to the orientation in which
the IPP units are added; cis- and trans-prenyltransferases (CPTs and TPTs,
respectively) (Ogura and Koyama, 1998). Comparatively little is known about cisprenyltransferases relative to trans-prenyltransferases (particularly in plants) - several
TPTs having been characterized in both plants and animals, but only a handful of plant
CPTs having received the same level of study (Akhtar et al., 2013).
Once the chain elongation of a polyisoprenoid is complete and the polyprenyl
diphosphate is formed, subsequent dephosphorylation results in its conversion to a
polyprenol (Grabińska et al., 2016). A portion of the polyprenols that accumulate can
undergo a reduction of the terminal isoprene unit which results in the conversion of the
polyprenol to dolichol (Figure 4) (Grabińska et al., 2016). Together, polyprenols and
dolichols represent a linear, hydrophobic class of polyisoprenoids referred to as
polyisoprenoid alcohols (Surmacz and Świeżewska, 2011). Aside from their functional
roles (dolichols are well known for their role in eukaryotic protein N-glycosylation, Omannosylation and glycosylphosphatidylinositol-anchor (GPI-anchor) biosynthesis, and
polyprenols for their role in bacterial peptidoglycan cell wall biosynthesis, polyprenols
and dolichols only differ structurally in their terminal isoprene units: dolichols possess an
α-saturated terminal isoprene unit while polyprenols remain unsaturated at this point
(Figure 4) (Cantagrel and Lefeber, 2011; Surmacz and Świeżewska, 2011). However,
while functional roles of both dolichols and polyprenols have been confirmed in yeast,
mammals and bacteria, the role of polyprenols in plants remains much less clear.
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1.2. Relationship with membranes and roles in plant metabolism
The acknowledged integration of dolichols into biological membranes during
protein N-glycosylation, O-mannosylation and GPI-anchor biosynthesis (Cantagrel and
Lefeber, 2011) sets the stage for possible roles that polyprenols may play in other
membrane systems. During N-glycosylation, dolichol monophosphate serves as an
endoplasmic reticulum (ER) membrane-bound lipid carrier onto which 14 sugar residues
(donated from N-acetylglucosamine (GlcNAc), mannose and glucose) are added
through pyrophosphate linkages to form an oligosaccharide precursor molecule
(Harrison et al., 2011). This molecule is subsequently added onto a nascent protein
(Figure 5 A) (Harrison et al., 2011). Dolichol is known to serve similar membrane-bound
roles during O-mannosylation and GPI-anchor biosynthesis (Cantagrel and Lefeber,
2011). In bacteria, the polyprenol phosphate undecaprenyl phosphate serves a similar
role as a plasma membrane lipid carrier in the biosynthesis of peptidoglycan, which is
used in the formation of bacterial cell walls (Liu and Breukink, 2016). During this
process undecaprenyl phosphate binds to polysaccharides cross-linked to peptides,
before the resulting oligosaccharide complex is flipped to the outside of the plasma
membrane (via the action of a flippase enzyme) to eventually form part of the cell wall
(Figure 5) (Liu and Breukink, 2016).
Due to the similar roles that polyprenols and dolichols play in animals and bacteria,
one would expect that polyprenols serve a similar function in plants. Surprisingly, they
have thus far been considered just “secondary metabolites”, and therefore the subject of
little attention. Secondary metabolites are generally classified as compounds that may
serve beneficial roles over the course of the plant’s life but are not essential for a normal
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A

Dolichol
Phosphate

B

Undecaprenyl
Phosphate

Figure 5 The Roles of Dolichol- and Polyprenol Phosphates in Protein NGlycosylation and Bacterial Peptidoglycan Biosynthesis. (A) Dolichol phosphates in
protein glycosylation. Mannose (Man) and N-acetylglucosamine (GlcNAc) residues
donated from uridine diphosphate-N-acetylglucosamine (UDP-GlcNAc) and guanosine
diphosphate-mannose (GDP-Man), are bound to dolichol phosphate via the activity of
glycosyltransferase (GT) enzymes to form an oligosaccharide precursor complex. This
complex is subsequently flipped to the luminal side of the endoplasmic reticulum (ER)
membrane by flippase enzymes. The complex is then further elongated with additional
sugar residues before the sugars are transferred from dolichol phosphate onto the
9

nascent protein. (B) Polyprenol phosphates (undecaprenyl phosphate) in peptidoglycan
biosynthesis. Uridine diphosphate-N-acetylmuramyl-pentapeptide (UDP-MurNAcpentapeptide, UDP-Mpp) and undecaprenyl phosphate (C55-P) are the substrates with
which the enzyme phospho-MurNAc-pentapeptide translocase (MraY) produces uridinemonophosphate (UMP) and undecaprenyl-pyrophosphoryl-MurNAc-pentapeptide
(referred to as Lipid I). The MurG glycosyltransferase then utilizes UDP-GlcNAc (uridine
diphosphate-N-acetylglucosamine) to transfer a GlcNAc moiety to Lipid I, forming
undecaprenyl-pyrophosphoryl-MurNAc-pentapeptide-GlcNAc (referred to as Lipid II).
The entirety of Lipid II is then flipped to the cytosolic side of the membrane via flippase
enzymes, where polymerization takes place to eventually form the final peptidoglycan
layer. (Images altered from Wang et al., 2014; Liu and Breukink, 2016, associated
information from Harrison et al., 2011; Wang et al., 2014; Liu and Breukink, 2016).
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growth cycle (Lee et al., 2013). Primary metabolites on the other hand, are compounds
without which a plant cannot develop normally, if at all (Lee et al., 2013). In the case of
polyprenols, a study by Bajda et al. (2009) showed that a suite of polyprenols (Pren-14
to Pren-18, consisting of 14-18 isoprene units, C70-C90) accumulate in the infected
leaves of plants that are resistant to Tobacco Mosaic Virus, but not in the infected
leaves of plants susceptible to the same infectious agent. This finding suggests that
polyprenols may play a role in plant defence from disease, which, while important for
the plant’s survival, does not constitute classification of polyprenols as primary plant
metabolites. Nevertheless, polyprenols of medium chain length have been found in
photosynthesizing tissues throughout the plant kingdom (Świeżewska and Danikiewicz,
2005; Kurisaki et al., 1997; Świeżewska et al., 1993). This widespread occurrence of
polyprenols in such metabolically significant tissues suggests that they may serve a
more primary role in plant metabolism than previously thought.
1.2.1. Conformation and activity within membranes
Given the hydrophobic nature of their long carbon chains, it is understandable that
dolichol- and polyprenol phosphates involved in protein glycosylation and peptidoglycan
biosynthesis perform their respective functions following their insertion into membranes.
Interestingly, studies via small-angle X-ray scattering and nuclear magnetic resonance
spectroscopy (NMR) have suggested that these molecules are not linear upon insertion,
but that they adopt a collapsed conformation (Hartley and Imperali, 2012). The authors
suggest that this conformation is due to the many double-bonded cis- isoprene units
present in their structure and gives these molecules a coiled region in the centre of the
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carbon tail (Figure 6). It is unclear what functional purpose this structure may serve
(Zhou and Troy, 2003).
Generally speaking, polyprenols have been found to accumulate most highly in
two different derivatized forms; as free alcohols and carboxylic acid esters, with only a
fraction occurring as polyprenyl phosphates (Świeżewska and Danikiewicz, 2005).
Polyprenyl phosphates appear to be fully anchored to one side of the lipid bilayer due to
their hydrophilic phosphate groups, with their carbon tails extending into the centre of
the bilayer (still in a coiled formation, Zhou and Troy, 2005). Polyprenol alcohols and
esters however appear to reside in the centre of a lipid bilayer, with their alcohol and
ester functional groups (hydrophilic and hydroneutral, respectively) oriented near the
surface of the lipid bilayer, though not anchored in the same way as polyprenol
phosphates (Shikata and Okuzono, 2013; Zhou and Troy, 2005). In any case, the
collapsed conformation of a polyprenol appears to shorten its overall length enough to
fit within the width of the bilayer upon insertion (for a C 95 polyprenol changing from a
total length of approximately 100 Å to 33 Å upon coiling, with most bilayers being 40-60
Å in width (Zhou and Troy, 2003; Zhou and Troy, 2005)).
Given that polyprenol phosphates are the compounds known to function as lipid
carriers in other organisms, and that they are found in significantly lesser quantities than
their alcohol and carboxylic ester counterparts (Świeżewska and Danikiewicz, 2005), it
is possible that the other two polyprenol forms are functioning in a completely different
manner than the polyprenol phosphates. Polyprenol and dolichol phosphates function
through covalent conjugation of phosphate groups to other compounds during protein
glycosylation (Wang et al., 2014) and peptidoglycan biosynthesis (Liu and Breukink,
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Figure 6 Structural Models of a C55 Polyprenyl Phosphate (Left) and a C95
Polyprenyl Phosphate (Right). These 3D structural models were designed using a
combination of molecular dynamics simulations and nuclear magnetic resonance
spectroscopy. These models depict the same coiled conformation (circled in red) in the
central region of the hydrophobic tail of both isoprenoids, as well as the uncoiled ‘head’
and ‘tail’ regions at either end of the molecules (phosphate groups represented by the
red sphere on the lower end of the molecule). The coiled regions are proposed to be the
result of the many cis- double bonds present in polyisoprenoid structure and allow each
molecule to reside fully within the width of a lipid bilayer by reducing its overall length
(bilayers typically being 40-60Å in total width) (Image altered from Zhou and Troy,
2003).
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2016), using the phosphate group anchored to the outer side of the lipid bilayer at the
end of their carbon chain. Since polyprenol alcohols and esters do not possess this
group and appear to be inserted more fully into the bilayer, it could be that they instead
function through direct interactions with other components of the lipid bilayers into which
they insert, such as the hydrophobic tails of fatty acids, or integral membrane proteins.
1.2.2. Polyprenols in photosynthesizing tissues
Previous studies have shown that polyprenols of medium chain length
accumulate in the photosynthetic tissues of many plant species, with the highest
concentration of

polyprenols occurring in the chloroplasts (Świeżewska and

Danikiewicz, 2005; Kurisaki et al., 1997; Świeżewska et al., 1993). Given the likely
bacterial origins of these organelles, the fact that they accumulate polyprenols is not
surprising. However, bacteria use polyprenols primarily for cell wall peptidoglycan
biosynthesis, while chloroplasts have no cell walls. As such, it is unclear exactly for
what these membrane-bound polyprenols would be used. This relates back to section
1.2.1, suggesting that the high levels of plant polyprenol alcohols and esters
accumulating within the hydrophobic region of the bilayer may be operating differently
than their anchored phosphate counterparts do in mammals or bacteria. Given their
predisposition for membrane insertion, plant medium-chain polyprenols are most likely
found embedded in the hydrophobic regions of chloroplast membranes. Such
membranes form part of two main chloroplast sub-compartments; the inner and outer
envelope membranes (together forming the chloroplast envelope) and thylakoid
membranes (Figure 7 A), and it is within the two layers of the chloroplast envelope and
the thylakoid membranes that polyprenols are likely to accumulate.
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Figure 7 General Chloroplast Structure and Photosynthetic Electron Transport. A)
Chloroplast ultrastructure. Beginning with the outermost components, the first and
second membranes found at the chloroplast exterior together form the chloroplast
envelope, responsible primarily for passive and active transport of metabolites (Heber
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and Heldt, 1981). The stroma forms the aqueous solution that fills the interior
chloroplast space, and thylakoid membranes form granal stacks (appressed thylakoids),
connected by other non-appressed thylakoids. B) Thylakoid membranes house the
many protein complexes responsible for photosynthetic activity in plant mesophyll cells.
Light energy captured by Photosystem II is used to remove four electrons (e -) from two
water molecules (H2O), marking the beginning of the electron transport chain (and
leaving behind oxygen (O2) and protons (H+). Electrons are transferred from
Photosystem II to plastoquinone (PQ), to the cytochrome b6f complex (b6f), to
plastocyanin (PC), to Photosystem I, and finally to ferredoxin, where it is used to
generate nicotinamide adenine dinucleotide phosphate (NADPH) from NADP+. This
process generates a proton gradient between the thylakoid lumen and chloroplast
stroma. This proton gradient is eventually used for the generation of adenosine
triphosphate (ATP) from adenosine diphosphate (ADP) and a free phosphate molecule
(Pi) via the activity of ATP synthase. The generated ATP is then used alongside NADPH
in carbon fixation. (Associated information obtained from Youvan and Marrs, 1987;
Nelson and Yocum, 2006).
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Thylakoids in particular are of great importance to a plant’s survival, as these
membranes form stacks (referred to as ‘grana’), which house the photosynthetic
machinery of the plant (Murata and Siegenthaler, 1998) (Figure 7 B). It is within these
membranes that vital substrates required for carbon fixation are produced. If
polyprenols are accumulating here, it is possible that their presence may affect the light
reactions of photosynthesis, most noticeably the transfer of electrons between
photosystems and other protein complexes, as these components are located in
abundance within the thylakoid membranes. During the light reactions, light energy
captured by Photosystem II is used to remove four electrons (e -) from two water
molecules (H2O), leaving behind both oxygen (O2) and protons (H+). Electrons are then
transferred from Photosystem II to plastoquinone (PQ), to the cytochrome b6f complex
(b6f), to plastocyanin (PC), to Photosystem I, and finally to ferredoxin, where they are
transferred to nicotinamide adenine dinucleotide phosphate (NADP+) to generate its
reduced form, NADPH. This process generates a proton gradient between the thylakoid
lumen and chloroplast stroma which is eventually used for the generation of adenosine
triphosphate (ATP) from adenosine diphosphate (ADP) and a free phosphate molecule
(Pi) via the activity of ATP synthase. Both ATP and NADPH are then consumed during
carbon fixation.
1.2.3. Role of polyprenols in membrane dynamics
A few previous studies investigating the function of polyprenols have focused on
the insertion of long-chain polyprenols into model membranes and the resulting effect
on membrane fluidity. Janas et al. (2000) inserted an increasing percentage of C160
polyprenols from Sorbus suecica into dioleoylphosphatidylcholine (DOPC) model
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membranes. They observed a significant increase in electrical conductance and
membrane hydrophobic thickness, as well as a decrease in the breakdown voltage of
the model membranes with increasing polyprenol content.
The authors claim that these means of measuring membrane electromechanical
stability point to an increase in the formation of fluid microdomains. Their suggestion is
that such changes in membrane properties can be associated with the formation of
microdomains present as a direct result of polyprenol insertion. They base this claim on
the theory of lipid membrane electrical breakdown, described by Weaver and
Chizmadzhev (1996), which links changes in membrane breakdown voltage with the
presence of conductive pores. They claim that the disordered boundary regions of the
microdomains formed by polyprenols following their insertion into their model
membranes may result in large pores facilitating the transport of ions through the
membrane, and suggest that this results in an overall “fluidizing” effect on the model
membranes used (Janas et al., 2000).
A similar study by Walińska (2004) showed similar results by examining changes
in membrane thickness and breakdown voltage in DOPC membranes exposed to C 80,
C120 and C160 polyprenols from Picea abies and Sorbus suecica. In membranes
containing a higher quantity of long-chain polyprenols there was a decrease in
membrane thickness and a concomitant increase in membrane fluidity (Walińska,
2004). This contrasts the results of Janas et al. (2000), who reported increased
membrane thickness with higher C120 concentration, however these two different
observations still brought both research groups to the same conclusion; that the
insertion of long-chain polyprenols results in an increasingly fluid membrane.
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The means by which polyprenols are inducing an increasingly fluid state in the
membrane is still under question. A study by Valtersson et al. (1985), studying similar
effects of dolichol incorporation into model membrane systems, suggests that this effect
is due to the alteration of the actual structure of the lipid bilayer following polyisoprenoid
insertion, altering the bilayer phase from lamellar to hexagonal II (illustrated by a related
paper by Raney and Hope (2006), Figure 8). Valtersson et al. (1985) propose several
possibilities for polyisoprenoid orientation which may result in membrane destabilization,
which appear to be dependent on the functional groups present in the polyisoprenoid’s
structure, as well as the type of lipid membrane present (Figure 9). They also propose
that each orientation has different consequences on membrane phase and fluidity, and
that some polyisoprenoids appear to cluster upon insertion into lipid bilayers (Figure 9).
As discussed previously in section 1.2.2, there is the strong possibility that
polyprenols accumulate in the membranous components of plant chloroplasts. If
polyprenols insert into these membranes and alter fluidity as suggested by previous
research, this could significantly alter the functionality of these membranes, and
perhaps the health of the plant in general. For the chloroplast envelope, the biggest
changes seen as a result of alterations in membrane fluidity would most likely be related
to membrane transport (both passive diffusion and active transport) and the function of
proteins and other compounds found within the membrane layers, as these have been
shown to be tightly linked to changes in membrane dynamics (Lee et al., 1999;
Dawaliby et al., 2016). For thylakoid membranes, similar effects would be likely,
however these would now affect the process of photosynthesis, which relies on the

19

Unit
shape

Lipid
phase
structure

Figure 8 Lipid Phases and Associated Unit Molecular Shapes. The above image
depicts two examples of the various shapes that individual lipid bilayer units may adopt
and their resulting effects on lipid phase structure. The cylinder (top) represents the
units of typical bilayer-forming lipids (for example, phospholipids). The cone (bottom)
represents lipids such as phosphatidylethanolamine, which is capable of forming the
hexagonal II phase (Image altered from Raney and Hope, 2006, associated information
from Raney and Hope, 2006).
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Figure 9 Possible Orientations of Polyisoprenoids in Lipid Bilayers and Proposed
Consequences on Membrane Structure and Fluidity. The first three example
membranes (top, middle) illustrate different forms of dolichol incorporating into
phosphatidylethanolamine (PE) lipid bilayers; dolichol (Dol) distributes evenly in the
centre of the hydrophobic region, dolichol esters (Dol-FA) are present in the same
region in a more clustered form, and dolichyl phosphate (Dol-P) is anchored to one side
of the lipid bilayer by its phosphate group. The presence of any of these forms of
dolichol (excepting dolichol esters) in PE membranes is hypothesized to result in the
induction of the hexagonal II lipid phase (right). The last two examples (bottom, middle)
illustrate possible effects of the same polyisoprenoids upon insertion into
phosphatidylcholine (PC) lipid bilayers, where dolichol and dolichol esters aggregate in
clusters in the hydrophobic region with little effect on fluidity, and dolichyl phosphates
anchor to one side of the bilayer as before, bestowing an increase in membrane fluidity,
but no change in the phase state of the membrane (Image altered from © Valtersson et
al., 1985, associated information from Valtersson et al., 1985).
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stability and function of integral membrane photosynthetic protein complexes in order to
maintain productivity (Velitchkova et al. 2009). One study by Vigh et al. (1985)
demonstrated this through the hydrogenation of thylakoid membrane lipids with a Pd (II)
sulphonated alizarine complex (Pd(QS)2), which caused an increase in membrane
rigidity. They then measured changes in the rate of electron transport within these same
membranes and discovered that it had been significantly inhibited as a result of the
change in rigidity. Based on this information, if changes in polyprenol content
significantly affect the fluidity of these membranes, it could result in a dramatic change
in the overall photosynthetic efficiency of the plant.
1.2.4. Drawbacks of previous in vitro studies
Despite claims that polyprenol insertion into model membranes has a fluidizing
effect, there are several aspects of these experiments that must be taken into
consideration when assessing the validity of their conclusions as they relate to in vivo
systems. The first is that the concentrations of polyprenols used in these experiments
were much greater than those naturally found in eukaryotic membranes (polyprenols
comprising 1-20% of the phospholipids present in these model membrane studies as
compared to ~0.1% present in vivo (Hartley and Imperali, 2012)). Thus, while providing
intriguing insights into possible polyprenol functions in biological membranes, these
concentrations may be inaccurately representing, or at the very least exaggerating, the
effects that polyprenols may have on membrane stability.
Second, the lipid components of the model membranes used in these studies are
vastly different from those found in thylakoid membranes. The primary lipid components
of thylakoid membranes include 50% monogalactosyl diacylglycerol (MGDG), 30%
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digalactosyl diacylglycerol (DGDG) and 5-12% of both sulfoquinovosyl diacylglycerol
(SQDG) and phosphatidylglycerol (PG) (Murata and Siegenthaler, 1998). However, the
majority of the model membranes used in studies examining polyprenol effects on
membrane fluidity use only phospholipids for their studies (Murata and Siegenthaler,
1998), and these studies do not take into account the presence of membrane proteins
or a mixture of different lipid components. The diverse nature of in vivo membrane
components may affect the ways in which polyprenols function. Thus, these model
membrane systems may be providing inaccurate depictions of how polyprenols may
interact with the lipids and proteins in their surrounding membranes.
As discussed by Raney and Hope (2006) and Valtersson et al. (1985), the effect
of polyisoprenoid insertion on membrane fluidity and structural phase is expected to be
highly dependent on the form of polyisoprenoid being inserted (dolichol, dolichol
phosphate, dolichol ester, etc.) as well as the type of lipid present in the membrane
itself. In their work they show that all tested dolichol derivatives, with the exception of
dolichol esters, are capable of increasing fluidity and inducing the hexagonal II phase in
phosphatidylethanolamine (PE) lipid bilayers. However, in membranes comprised of
phosphatidylcholine (PC), increased fluidity was only apparent following insertion of
dolichol phosphates (Valtersson et al., 1985). The authors suggest that differences in
solubility of the two lipid bilayers, as well as the presence/absence of a phosphate
group in polyisoprenoid structure, is enough to cause either homogenous distribution of
polyisoprenoids, or clustering upon insertion into the bilayer (Valtersson et al., 1985).
The two derivatives that accumulate as clusters within PC membranes, dolichol-esters
in PE membranes and dolichol phosphates, appear to have little effect on fluidity,
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whereas the remaining dolichol/membrane combinations with homogenous distribution
seem to increase membrane fluidity (Valtersson et al., 1985). While providing some
interesting insights into how polyisoprenoids may be interacting with membrane lipid
components, this study again only focuses on polyisoprenoid effects on different
phospholipids. PE, the lipid more strongly predisposed to conversion to the hexagonal II
phase following polyisoprenoid insertion (Valtersson et al., 1985), is completely absent
from chloroplast membranes (Joyard et al., 1998). Thus, one cannot say with certainty
that polyprenols accumulating in chloroplast membranes will behave in the same way
as those in model membranes, especially given the apparent variation in the way
polyisoprenoid derivatives interact with different lipids.
Finally, the model membranes used in previous studies contain only lipid
components, and thus do not take into account any interactions between the inserted
polyprenols and the membrane proteins with which they may interact in vivo. Zhou and
Troy (2003) provide evidence that polyprenol phosphates are capable of binding to
specific motifs on some integral membrane proteins, and these interactions induce
conformational changes in both the peptide and the polyprenol phosphate. They further
suggest that this may ultimately affect the organization and stability in the functional
domains of these proteins. If this is indeed the case, then it is possible that any effects
polyprenols may have on biological membranes may be through the interactions that
they have with such proteins. This is of particular relevance for chloroplast membranes,
which have an especially high protein content (70-80% by area in thylakoids, for
example (Kirchhoff et al., 2008)).
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1.3. Research rationale
To reiterate, while previous research has demonstrated the importance of
polyprenols in bacteria, their functions in plants have either been left uninvestigated, or
ignored due to their perceived role as secondary metabolites in plant metabolism.
However, their widespread occurrence in the green tissues of most plant species
suggests that these compounds may serve a more primary role, possibly through their
relationship with lipid bilayers. While previous in vitro studies investigating this
relationship have suggested a fluidizing role for these compounds upon insertion into
lipid bilayers, the behaviour of such compounds may be quite different in biological
membranes. Clearly, a study of polyprenol function in vivo is necessary to gain a more
accurate sense of the role polyprenols play in plant membrane dynamics.
The goal of this study is to elucidate the function of medium-chain polyprenols on
membrane fluidity in the green tissues of two model plant species: Solanum
lycopersicum (cultivated tomato) and Arabidopsis thaliana. Previous findings have
indicated that long-chain polyprenols may increase membrane fluidity. Thus, it is
reasonable to postulate that medium-chain polyprenols have a similar effect, and that
decreasing their presence in chloroplast membranes will result in a rise in membrane
viscosity. As such, the two main objectives of this study are as follows:
1. Determine the effects of medium-chain polyprenol reduction on membrane
fluidity in Solanum lycopersicum and Arabidopsis thaliana.
2. Determine if there are any changes in membrane functionality due to
polyprenol reduction.
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These objectives will be met through the following experiments:
1. Obtain RNAi-mediated knockdown lines for CPTs responsible for medium-chain
polyprenol synthesis in the green tissues of Solanum lycopersicum and Arabidopsis
thaliana (SlCPT5 and AtCPT7, respectively), as well as a knockout line for AtCPT7
in Arabidopsis thaliana.
2. Determine the subcellular localization of each CPT (and thus the likely location of
polyprenol accumulation) by monitoring the location of CPT-green fluorescent
protein (GFP) fusion proteins via confocal microscopy and sub-compartment-specific
immunoblotting with antibodies against SlCPT5 and AtCPT7.
3. Quantify polyprenol (and other isoprenoid) accumulation in green tissue and
chloroplast fractions of wildtype and RNAi lines via reverse-phase high-performance
liquid chromatography (to determine whether changes in membrane dynamics are
due to alterations in polyprenol accumulation or other related isoprenoids),
investigate any alterations in the properties of polyprenol-deficient membranes,
(specifically changes in membrane fluidity via fluorescence anisotropy, and integral
membrane protein stability via differential scanning calorimetry), and investigate any
changes in photosynthetic performance in polyprenol-deficient thylakoid membranes
via measurements of photosynthetic electron transport and CO 2 assimilation rates.
1.4. Significance
Due to their similarity in structure to other isoprenoids involved in important
metabolic processes (such as dolichol), as well as the essential role that polyprenols
play in bacteria, it is reasonable to presume that polyprenols may also play an important
role in plants. This, coupled with the fact that medium-chain polyprenols widely occur in
26

the photosynthesizing tissues of many species, suggests that these compounds could
very well play an important role in the process of photosynthesis itself. Due to their
natural ability to accumulate within lipid bilayers, and the fact that chloroplast thylakoid
membranes house the photosynthetic machinery of the plant, it is possible that
polyprenols may have an effect on photosynthetic efficiency through alterations in
membrane dynamics. This may in turn have unpredictable effects on the overall rate or
quality of plant growth.
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Chapter 2: Materials and Methods
2.1 Plant material and growth conditions
Wildtype and transgenic Arabidopsis thaliana (Col-0) and Solanum lycopersicum
(MP-1) plants were grown in potting soil (Sunshine Mix LA4) and maintained in a growth
chamber at a relative humidity of 60%, and under a 16 hour photoperiod (150 µmol m-2
s-1, mixed cool white and incandescent bulbs). Arabidopsis was grown at 23ºC/18ºC
and Solanum at 26 ºC/18ºC (day/night).
2.2. RNAi-mediated knockdown and knockout of AtCPT7 in Arabidopsis thaliana
For RNAi-mediated knockdown of the gene encoded by At5g58770 (AtCPT7),
polymerase chain reaction (PCR) products corresponding to bases 23 to 778 and 23 to
572 of the open reading frame (see Table I for primers) were ligated in a
sense/antisense orientation between the SacI/BamHI sites within the pSAT4A vector to
form a hairpin construct under the control of the cauliflower mosaic virus 35S promoter
(Tzfira et al., 2005). The hairpin cassette was transferred into the pPZP200 binary
vector (Hajdukiewicz et al., 1994) and mobilized into Agrobacterium tumefaciens strain
GV3101, which was then used to transform Arabidopsis (Col-0) according to the floral
dip method (Clough and Bent, 1998). The At5g58770 transfer-DNA (T-DNA) insertion
mutant SALK_022111 (cpt7-/-) was obtained from the Nottingham Arabidopsis Stock
Center and genotyped by PCR (see Table I for primers). Seeds from T1 plants were
harvested and transgenic plants were selected on Murashige and Skoog (modified
basal medium with Gamborg vitamins, from PhytoTechnology Laboratories) agar plates
supplemented with kanamycin (50 mg/mL) and verified by PCR (see Table I for
primers). Total RNA was isolated from Arabidopsis
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Table I Synthetic Oligonucleotides Used in This Study.
RNAi-mediated knockdown of SlCPT5 in Solanum and AtCPT7 in Arabidopsis
Primer sequence (5’-3’)
SlCPT5LAF-5'

TTCACGAGCTCCCACTTGCCTCTGCG
CAAAACAACG

To create RNAi hairpin
targeting SlCPT5

SlCPT5LAR-3'

TTCACGAATTCCTGTCCGCCATAGCGC To create RNAi hairpin
CTCTGTC
targeting SlCPT5

SlCPT5SAF-5'

TTCACGGATCCCCACTTGCCTCTGCG
CAAAACAACG

To create RNAi hairpin
targeting SlCPT5

SlCPT5SAR-3'

TTCACGAATTCAATGTCTTCGGGTTCG
ATATTGCCATCC

To create RNAi hairpin
targeting SlCPT5

AtCPT7LAF-5'

TTCACGAGCTCCTCCCACTTCCTTCGA
TTTCC

To create RNAi hairpin
targeting AtCPT7

AtCPT7LAR-3'

TTCACCTGCAGCACCACTCGTTCTTAT
AAGTAAATCCG

To create RNAi hairpin
targeting AtCPT7

AtCPT7SAF-5'

TTCACGGATCCCTCCCACTTCCTTCGA
TTTCC

To create RNAi hairpin
targeting AtCPT7

AtCPT7SAR-3'

TTCACCTGCAGGTAACTTCCTCAACTT
CGTTAATCACTC

To create RNAi hairpin
targeting AtCPT7

Subcellular localization (GFP visualization)
Primer sequence (5’-3’)
SlCPT5GFPF-5'

TTCACCTCGAGATGGCGTTTTCATTTC
AGCTCCAAC

5' primer for SlCPT5GFP fusion

SlCPT5GFPR-3'

TTCACGGATCCAGGAACTCTGTCCGC
CATAGCGCCTC

3' primer for SlCPT5GFP fusion

AtCPT7GFPF-5'

TTCACCTCGAGATGTTATCTCTACGAG
TTCCTACTCC

5' primer for AtCPT7GFP fusion

AtCPT7GFPR-3'

TTCACGGATCCAAGATTTACGACCACC
AAAGCGTC

3' primer for AtCPT7GFP fusion

29

Subcellular localization (AtCPT7-myc)
Primer name

Primer sequence (5’-3’)

Description

AtCPT7mycF-5'

TTCACCTCGAGATGTTATCTCTACGAGT
TCCTACTCC

5' primer for myctagged AtCPT7

AtCPT7mycR-3'

TTCACGGATCCCAGATCCTCTTCTGAG
ATGAGTTTTTGTTCAGATTTACGACCAC
CAAAGCGTC

3' primer for myctagged AtCPT7

Real-Time PCR Analysis of SlCPT5 and AtCPT7
Primer name

Primer sequence (5’-3’)

SlCPT5F-5ꞌ

CAGCTCCAACAAGTCTTCCCTTTCC

SlCPT5R-3ꞌ

CAAGTGGATGAATTGGCAGTCTTTTCG

AtCPT7QF-5'

AGTGAGTAACTTCTTGTTGTGG

AtCPT7QR-3'

CCACCAAAGCGTCGTTGTCTCTGCTG

Description
5' primer for SlCPT5
expression
3' primer for SlCPT5
expression
5' primer for AtCPT7
expression
3' primer for AtCPT7
expression

Genotyping of transgenic Arabidopsis plants
Primer name

Primer sequence (5’-3’)

cpt7F-5’

ATAAGTAATGGGCTATGGCCC

cpt7R-3’

AAATCAATCTCAATCTGCAGAGG

LBb1.3

ATTTTGCCGATTTCGGAAC

Description
5’ primer for AtCPT7
cpt7-/- mutant
genotyping
3’ primer
for AtCPT7
cpt7-/- mutant
genotyping
3’ primer
for T-DNA
insert for cpt7-/mutant genotyping

Primer overhangs are underlined and restriction sites are italicized, start codons are in
green, and a description of what each primer was used for is provided. All synthetic
oligonucleotides were synthesized by Sigma-Aldrich.
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leaf tissue using the RNeasy Plant Mini Kit (Qiagen), according to the manufacturer’s
protocols.

The

mRNA

(messenger

RNA)

was

reverse-transcribed

to

cDNA

(complementary DNA) using RevertAid First Strand cDNA synthesis kit (Thermo Fisher
Scientific), and sequences encoding AtCPT7 were generated by PCR and cloned into
the pENTR D-TOPO vector system, according to manufacturer’s protocols (Invitrogen).
Quantitative real-time PCR (RT-PCR) analysis was performed in a Step One-Plus RealTime PCR System (Applied Biosystems) using SYBR GREEN Master Mix (ABI) and the
ABI universal cycling conditions. All reactions were performed in triplicate along with a
no-template control, and the relative expression levels were determined according to
the 22DDCt method (Livak and Schmittgen, 2001) normalized against the PP2AA3
gene (At1g13320) or theUBQ10 (At4g05320) gene. All primers that were used in PCR
analysis and their sequences are listed in Table I.
2.3. RNAi-mediated knockdown of SlCPT5 in Solanum lycopersicum
For RNAi-mediated knockdown of SlCPT5, two fragments corresponding to base
pairs 118-933 and 118-705 of the open reading frame were ligated in a sense/antisense
orientation between the SacI/EcoRI and BamHI/EcoRI sites of the pSAT4A vector to
obtain a hairpin construct under the control of the 35S promoter sequence (Tzfira et al.,
2005). The hairpin cassette was transferred into the pPZP200 binary vector
(Hajdukiewicz et al., 1994) and introduced into the MP-1 Solanum cultivar by the
University of Nebraska Plant Transformation Facility (https://biotech.unl.edu/planttransformation). Transgenic plants were selected on Murashige and Skoog media
supplemented with 100 mg/mL kanamycin, and the degree of SlCPT5 mRNA
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knockdown in ten independent transformants was assessed by quantitative RT-PCR.
Total RNA was extracted from tomato leaf tissue using the RNeasy Plant Mini Kit
(Qiagen) and the mRNA was reverse-transcribed to cDNA using the High Capacity
cDNA Reverse Transcriptase Kit (Applied Biosystems). Quantitative RT-PCR analysis
was performed in a Step One-Plus Real-Time PCR System (Applied Biosystems) using
SYBR GREEN Master Mix (Quantabio) under the following cycling conditions: 95ºC for
10 minutes, 40 cycles of 95ºC for 15 seconds and 52ºC for 1 minute. Each run was
concluded with a melt curve analysis consisting of 95ºC for 15 sec and 52ºC increasing
to 95º by 0.3ºC per 1 minute. All reactions were performed in triplicate along with a notemplate control. The relative expression levels of each target were determined
according to the 2-ΔCt method (Livak and Schmittgen, 2001) and normalized against the
tomato elongation factor 1α (EF1A; Solyc06g009970).
2.4. Subcellular localization
2.4.1. AtCPT7-GFP and AtCPT7-myc fusion proteins
Transformation of Arabidopsis plants expressing AtCPT7 as a C-terminal GFP
fusion protein was achieved by ligating the full-length open reading frame of AtCPT7
between the XhoI/BamHI sites of pSAT6A (see Table I for primers), followed by
transference into the pPZP200 binary vector and Agrobacterium infiltration, as
described in section 2.2. Transformation of Arabidopsis to express AtCPT7-myc as a Cterminal fusion proteins was similarly achieved by ligating the full-length open reading
frame of AtCPT7 between the XhoI/BamHI sites of pSAT4A (see Table I for primers).
For intact leaves, fluorescence attributed to GFP (500-530 nm) and chlorophyll
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autofluorescence (650-700 nm) was visualized with a Leica SP5 confocal laser
scanning microscope equipped with a 488 nm argon laser for fluorophore excitation.
2.4.2. SlCPT5-GFP fusion protein
The open-reading frame of SlCPT5 was amplified by PCR and ligated between the
XhoI and BamHI sites of the pSAT6A vector which creates an in-frame C-terminal
fusion protein with GFP (Falara et al. 2011) (see Table I for primers). This construct was
mobilized into protoplasts that were prepared from Arabidopsis thaliana (Col-0) rosette
leaves via 'tape-sandwich' method (Wu et al., 2009), in which the lower epidermal
surface layer (abaxial) of a detached leaf was removed using a strip of tape and placed
directly into a petri dish containing 10 mL of filter-sterilized enzyme solution. Enzyme
solution consisted of 1% cellulase, 0.25% macerozyme, 0.4 M mannitol, 10 mM CaCl2,
20 mM MES, 20 mM KCl, and 0.1% BSA, at a pH of 5.7. Macerozyme R-10 and
Cellulose “Onozuka” R-10 enzymes were obtained from Yakult. Leaves were gently
shaken in enzyme solution for approximately fifteen minutes, or until protoplasts were
visibly released into the petri dish. Protoplasts were then visualized as described in
section 2.4.1.
2.5. Immunoblots against chloroplast sub-compartments
For Solanum, intact chloroplast, stroma, thylakoid and envelope fractions were
obtained according to the method described by Salvi et al. (2011). Approximately 20 g
of leaf tissue was chopped with scissors in leaf grinding buffer composed of 50 mM TrisHCl, pH 8.0 with KOH, 350 mM sorbitol, 5 mM ethylenediaminetetraacetic acid (EDTA),
0.1% (w/v) bovine serum albumin (BSA), and 15 mM β-mercaptoethanol. Leaf tissue
was further homogenized using a Kinematica Polytron (model PT 10/35), before the
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homogenate was filtered through cheesecloth into a flask on ice. Homogenate was
divided into 50 mL tubes and centrifuged at 2070 x g at 4°C for 3 minutes. Supernatant
was discarded, and remaining pellet was resuspended with 1 mL of a solution of wash
buffer (20 mM tricine, 0.4 M sorbitol, 5 mM MgCl2, and 2.5 mM EDTA, pH 7.8 with
KOH). Suspended pellet was then layered onto a 30 mL Percoll gradient (1:1
Percoll:Percoll buffer (40 mM tricine, 0.8 M sorbitol, 5 mM. MgCl2, 2.5 mM EDTA, pH
7.8 with KOH), centrifuged in another 50 mL tube in a JA-25.50 fixed-angle rotor for 40
minutes at 20000 rpm and 4°C, with deceleration at zero). The Percoll gradient with
suspended pellet was centrifuged at 2000 x g for 15 minutes at 4°C with deceleration at
zero. Intact chloroplasts were collected from the centrifuged Percoll gradient, diluted up
to 4-fold with wash buffer, and centrifuged at 1500 x g for 5 minutes at 4°C. Pellets were
resuspended in 10 mL of wash buffer (thylakoid aliquots were collected at this point)
and centrifuged again. Pellets were then resuspended in approximately 2.5 mL of
hypotonic medium (10 mM MOPS, 4 mM MgCl2, protease inhibitors at recommended
concentrations, pH 7.8 with NaOH). Aliquots of intact chloroplasts were collected at this
point, flash frozen in liquid nitrogen and stored at -80°C. Resuspended pellets were
loaded onto a 3-layer sucrose gradient (pH 7.8, 10 mM MOPS, 4 mM MgCl2, and 0.93
M, 0.6 M, or 0.3 M sucrose for three separate gradient buffers). Sucrose gradient was
centrifuged for 1 hour at 30000 rpm, 4°C with deceleration at zero in a Beckman SW41Ti rotor. Soluble stromal proteins were collected from the top 3 mL of the sucrose
gradient, flash frozen in liquid nitrogen and stored at -80°C, chloroplast envelope was
collected from the 0.93 M-0.6 M gradient interface. Envelope fractions were diluted up
to 4-fold with hypotonic medium and centrifuged again for 1 hour at 30000 rpm, 4°C with
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deceleration ON in a Beckman SW41-Ti rotor. Approximately 1 mL of membrane wash
buffer (10 mM MOPS, protease inhibitors at recommended concentrations) was used to
resuspend the final pellet before it was flash frozen in liquid nitrogen and stored at 80°C.
Protein concentration of chloroplast fractions was obtained via Bradford assay. A
standard curve was established using seven 1 mL cuvettes containing 1 ug, 2 ug, 4 ug,
6 ug, 8 ug and 10 ug of BSA (0.1 mg/mL stock solution), 500 µL Protein Assay Dye
(Reagent Concentrate from Bio-Rad, Cat. #5000006) and brought up to 1 mL total
volume with distilled water. Absorbance of each cuvette was measured at 595 nm with a
spectrophotometer, and the slope of the resulting curve was used to calculate the
protein concentration of the obtained chloroplast fractions. 20 µL of each fraction was
added to a 1 mL cuvette containing 500 µL of Protein Assay Dye and 480 µL of distilled
water before absorbance was measured at 595 nm and protein concentration was
calculated.
Approximately 5 µg of crude protein from intact chloroplasts, envelope, stroma
and thylakoid fractions were resolved by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and immunoblotted with peptide-specific antibodies
against SlCPT5 (N-RVKDGNIEPEDINC-C) (prepared by 514 Cedarlane laboratories),
or compartment-specific polyclonal antibodies (obtained from Agrisera) against RbcL
(Rubisco large subunit in stroma, anti-RbcL; ASO3037, lot no.1409), Tic40 (inner
envelope membrane protein, anti-Tic40; AS10709, lot no. 1005) and PsbA (D1 reaction
centre protein of thylakoid membranes, anti-PsbA; AS05084, lot no. 1412) to assess the
purity of each fraction, all were used at a 1:1000 dilution. Secondary antibody was the
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HRP-conjugated anti-rabbit (AS09602, lot no. 1406), also from Agrisera, used in a
1:25000 dilution. The Mini-PROTEAN system (BioRad) was used. SDS-PAGE gels
were prepared using 40% acrylamide with a ratio of 29:1 acrylamide:bis-acrylamide
(BioRad). The separating gel consisted of Tris-HCl (0.375 M, pH 8.8), acrylamide (12%
(v/v)), SDS (0.1% (w/v)), tetramethylethylenediamine (TEMED, 0.05% (v/v)) and
ammonium persulfate (APS, 0.125% (v/v)). The stacking gel consisted of Tris-HCl (0.1
M, pH 6.8), acrylamide (3.75% (v/v)), SDS (0.08% (w/v)), TEMED (0.1% (v/v)) and APS
(0.05% (v/v)). Running buffer contained Tris-HCl (25 mM), SDS (0.1% (w/v)) and
glycine (192 mM). Samples were prepared by adding sample buffer (0.3 M Tris-HCl pH
6.8, 10% (w/v) SDS, 0.125% (w/v) bromophenol blue and 50% (v/v) glycerol) to each
sample. Samples were then incubated at 95°C for 10 minutes and resolved at 200 V for
48 minutes. Dual Color Precision Plus Protein Standards (BioRad) was used as a
reference. PVDF (0.2 μm, BioRad) membranes were soaked in methanol, and then
used for the transfer of protein from the SDS-PAGE gel onto the membrane. Transfer
buffer consisted of 25 mM Tris-HCl, 20% (v/v) methanol and 192 mM glycine, transfer
was left to run at 30 V overnight in a 4°C cold room. Following the transfer, PVDF
membranes were rinsed with blocking buffer (10% skim milk powder (w/v), 50 mM TrisHCl pH 7.6, 150 mM NaCl, 0.1% Tween-20) for 2 hours at room temperature, on a
shaker at 100 rpm. Membranes were then briefly rinsed with a mixture of tris-buffered
saline and Tween 20 (TBS-T), and then rinsed with primary antibody in TBS-T for 1.5
hours. Following incubation with primary antibody, membranes were washed three
times, for 10 minutes each, in TBS-T. Membranes were then rinsed with secondary
antibody in blocking buffer for 1 hour. Residual secondary antibody was removed by
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washing membranes in TBS-T twice for 10 minutes, then four more times for 5 minutes
(each). Secondary antibody was activated by pipetting 1 mL of Pierce™ ECL Western
Blotting Substrate and its reagent (in a 1:1 mixture, ThermoFisher) onto the
membrane’s transfer surface. After 1-2 minutes of exposure to the enhanced
chemiluminescence (ECL) solution, the membrane was exposed to CL-XPosure Film
(Thermofisher) typically for 30 seconds (maximum 1 minute) followed by film
development using a Konica SRX-101A Medical Film Processor.
For Arabidopsis, chloroplast sub-compartments were prepared from intact
chloroplasts that were isolated from approximately 15 g of 3- to 5-week-old rosette leaf
tissue according to the method by Salvi et al. (2011). Crude protein extracts were
prepared, resolved by SDS-PAGE, and immunoblotted as above using compartmentspecific antibodies and epitope-specific antibodies against the myc tag of AtCPT7.
2.6. Polyprenols in chloroplast fractions- High-performance liquid
chromatography
For polyisoprenoid analysis, lipids from chloroplast fractions were extracted with a
chloroform:methanol mixture [1:1] for 2 hours at 37ºC (thylakoid fractions were briefly
centrifuged and supernatant was removed first). Following phase separation, the nonpolar extract was removed and the remaining tissue was re-extracted with
chloroform:methanol [2:1]. The non-polar extracts were combined, evaporated under
nitrogen and dissolved in a mixture containing (by volume, v/v/v) 8% KOH (17.8 M stock
solution), 50% toluene, and 42% ethanol including 5 mM pyrogallol. Following
hydrolysis for 1 hour at 95ºC, polyisoprenoids were extracted three times with hexane,
applied to a silica gel 60 (mesh, mixed with hexane, from Sigma-Aldrich) column (1 cm
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diameter, 4.9cm gel height, approximately 2.5 mL volume, packed with glass wool
(ThermoFisher)) and purified using isocratic elution with 15% diethyl ether in hexane, as
described by Gawarecka and Świeżewska (2014). Fractions containing polyisoprenoids
were pooled, evaporated under nitrogen, and dissolved in 2-propanol. Extracts were
separated by high-performance liquid chromatography (HPLC) (Agilent Technologies,
1260 Infinity system) using the Zorbax XDB-C18 (4.6 3 75 mm, 3.5 mm) reverse-phase
column (Agilent), and polyisoprenoids were eluted with a linear gradient (0%to 100%
methanol:isopropanol:hexane (2:1:1) in water:methanol (1:9)) at a flow rate of 1.5
mL/min for a total period of 30 minutes. Polyisoprenoids were detected by absorption at
210 nm, and were quantified relative to authentic standards.
For the analysis of carotenoids, thylakoids and envelope fractions (prepared as
described for Solanum in section 2.5) were extracted with a mixture of acetone:ethyl
acetate:water [1.5:2:2]. The mixtures were briefly vortexed and centrifuged (a short
burst, approximately 5 seconds) to achieve phase separation. The upper ethyl acetate
phase was stored, and 50 μL was analyzed by HPLC on a Spherisorb ODS-2 reversedphase column (5 µm, 250 X 4.6 mm, Supelco) thermostated at 23°C. Samples were
eluted via a linear gradient at a flow rate of 1 mL/min, from 0% to 100% ethyl acetate in
acetonitrile:water:triethylamine (9:1:0.01) for a 45 minute total time period. Carotenoids
were detected via visible light (absorbance at 440 nm), with a detection limit of 0.05
nmol. Neoxanthin, lutein, violaxanthin and β-carotene were quantified according to
external standards.
Tocopherols in the thylakoid and envelope fractions were extracted with a mixture
of chloroform:methanol:water [2:2:1.8] supplemented with 7.5 µM Tocol as an internal
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standard (thylakoid fractions were briefly centrifuged and supernatant was removed
prior to extraction). Samples were briefly vortexed (approximately 5 seconds), inverted,
then vortexed again. Samples were centrifuged at 9000 rpm for up to 20 seconds, then
the clear upper phase was aspirated and disposed of. The lower phase was transferred
to a clean microfuge tube, carefully avoiding any remaining traces of the upper phase.
The lower phase ((non-polar extract) was dried under nitrogen, dissolved in 100 µL
hexane (10 µL of each sample was taken and stored for chlorophyll quantification) and
analyzed by HPLC (Agilent Technologies, 1260 Infinity system) equipped with a
LiChrosorb Si60A normal phase column (250 X 4.6 mm, 5 μm, Supelco) thermostated
at 42°C. 50 µL of each sample was injected and analyzed using an isocratic elution
(hexane:diisopropyl ether (92:8, v/v)) with a flow rate of 2.1 ml/min for a total run period
of 40 minutes. Tocopherols were detected via fluorescence at 290 nm excitation, 325
nm emission with a detection limit of 125 pmol, and α-Toc (α-Tocopherol), β-Toc, γ-Toc
and δ-Toc were quantified according to external standards.
2.7. Membrane dynamics
2.7.1. Fluorescence anisotropy
2.7.1.1. Solanum lycopersicum envelope
Membrane fluidity was estimated by measuring the fluorescence anisotropy of
envelope membranes containing the hydrophobic fluorophore 1,6-diphenyl-1,3,5hexatriene (DPH). Envelope membranes were isolated as described in section 2.5,
except that MgCl2 was omitted from all buffers used in the isolation procedure.
Envelope membranes (0.1 mg/mL protein) were then incubated with 5 µM DPH (0.023 g
of DPH in 2 mL tetrahydrofuran to obtain 100 mM stock, diluted to 1 mM with 20 µL of
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stock solution and 1980 µL of tetrahydrofuran. 10 µL of 1 mM DPH solution added to
1mL of prepared envelope fraction for final 5 µM concentration) in the dark at room
temperature for 40 minutes and subsequently brought to a final concentration of 20
μg/mL protein and 1 μM DPH in DPH fluorescence buffer (25 mM Tricine, pH 7.8
containing 100 mM sorbitol and 10 mM NaCl). Final volume of labelled membranes was
2.5 mL, samples were place in 3 mL standard cuvettes. Anisotropy measurements were
obtained by exciting DPH-labelled membranes with vertically polarized light at a
wavelength of 360 nm and detecting emitted polarized light at 460 nm (slit widths 10
nm) using a Photon Technology International model 814 spectrofluorometer system.
The degree of fluorescence polarization (r) was calculated according to the following
equation:
𝑟=

𝑙𝑉𝑉 − 𝐺𝑙𝑉𝐻
𝑙𝑉𝑉 + 2𝐺𝑙𝑉𝐻

where Ivv and Ivh represent the components of emitted fluorescence that are polarized
parallel and perpendicular to the plane of the polarized excitation beam with the first and
second subscript representing the position of the excitation and emission polarizers
𝑙

(vertical and horizontal, respectively). The G factor (𝐺 = 𝑙𝐻𝑉 ) is a correction coefficient
𝐻𝐻

that compensates for any unequal transmission optics of the system and was
determined by scanning DPH (1 µM in fluorescence buffer (Ameloot et al., 2013). To
account for light scattering, the fluorimeter was blanked prior to scans with samples of
unlabeled envelope membranes in DPH fluorescence buffer.
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2.7.1.2. Arabidopsis thaliana thylakoids
Membrane fluidity was estimated by measuring the fluorescence anisotropy of
thylakoid membranes (~100 µg of chlorophyll) containing the hydrophobic fluorophore
DPH. Thylakoid membranes were isolated as described for Arabidopsis in section 2.5,
and incubated with 10 µM DPH at room temperature for 40 min in the dark, collected by
centrifugation at 2500 x g for 5 minutes, and then resuspended in DPH fluorescence
buffer (100 mM sorbitol, 25 mM Tricine, pH 7.8, and 10 mM NaCl) to a final
concentration of 20 µg/mL chlorophyll and 2 µM DPH. Fluorescence anisotropy
measurements were made according to section 2.7.1.1.
2.7.2. Differential scanning calorimetry
Measurements of thylakoid membrane protein integrity were determined using a
TA Instruments Q2000 differential scanning calorimeter. Thylakoids were prepared as
described according to Chen et al. (2016). 1 g of leaf tissue was chopped in 10 mL of
grinding buffer (25 mM tricine, 33 mM sorbitol, 10 mM EDTA, 5 mM NaCl, 5 mM MgCl 2,
5 mM sodium ascorbate, and 0.2% (w/v) bovine serum albumin, pH 7.8 with NaOH),
homogenized (as previously in section 2.5), and then filtered through cheesecloth into a
flask on ice. Homogenate was transferred to 50 mL tubes and centrifuged at 1000 x g
for 5 minutes, 4°C. Supernatant was discarded and pellets were resuspended in 6 mL of
grinding buffer, wash was repeated under the same conditions. Pellets were
resuspended in 1 mL of shock buffer (10 mM tricine, pH 7.8 with NaOH), and
centrifuged at 5000 x g for 5 minutes, 4°C. Pellets were resuspended in 6 mL of storage
buffer (25 mM tricine, 100 mM sorbitol, 10 mM NaCl, 5 mM MgCl2), pH 7.8 with NaOH)
and centrifuged twice more. Pellets were resuspended in 1 mL of shock buffer.
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Chlorophyll was quantified by adding 20 µL of prepared thylakoids to 980 µL of 80%
(v/v) acetone in a 1 mL cuvette and left to incubate on ice for 15 minutes, then
centrifuged for 15 minutes at max speed (14000 rpm) in a tabletop centrifuge.
Absorbance was measured for each cuvette at 646 nm and 663 nm using a
spectrophotometer. Chlorophyll concentration (in mg/mL) was calculated according to
the following equation:
(20.2𝐴646) + (8.65𝐴663)
20 µL − 980 µL
𝑥
1000
20 µL
Thylakoids were diluted to a chlorophyll concentration of 2 mg/mL, and 10 µL of the
suspension was transferred into an hermetic aluminum alodine pan (TA Instruments).
Samples were heated from 20 to 100°C at a ramping rate of 1°C min-1. After the initial
ramp, samples were immediately cooled to 20°C, and then heated again (as described
above) to examine the reversibility of the thermal transitions. The transition temperature
(Tm) was defined as the peak of the excess heat capacity curve, and the enthalpy
required for the thermal unfolding and denaturation of thylakoid membrane proteins
(ΔH) was determined from the area under the curve. Both values were automatically
generated by TA Universal Analysis software.
2.8. Photosynthetic performance
2.8.1. Electron transport assays
Thylakoid membranes were isolated from ~1 g of leaf tissue according to Chen et
al. (2016), as described in section 2.7.2. Linear photosynthetic electron transport rates
were measured according to the method of Dean and Miskiewicz (2003). Briefly,
isolated thylakoids (30 µg of chlorophyll, quantified as described in section 2.7.2) were
mixed with 8 mL of Hill Reaction Buffer (25 mM Tris-HCl, pH 7.4 containing 100 mM
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sorbitol, 10 mM NaCl, and 5 mM NH4Cl), and 2,6-dichlorophenolindophenol (DCPIP)
(4.0 mM in distilled water) was added to a final concentration of 30 µM. The DCPIPlabeled thylakoids were then transferred into 1 mL cuvettes, covered with parafilm to
prevent re-oxidation of DCPIP, and then illuminated with 20 µmol m-2s-1 of
photosynthetically active radiation generated by a desktop lamp (quantified using a
QSS-01 Quantum Meter). Sample absorbance was scanned spectrophotometrically at
600 nm every 2 minutes for 14 minutes to determine the rate of DCPIP reduction (slope
of the resulting curve), with absorbance at time 0 serving as the first time point.
2.8.2. CO2 assimilation
Fully expanded young leaves (~2.5 weeks old) were excised from Solanum
wildtype or RNAi lines and placed into a sealed chamber under a light-emitting diode,
and CO2 (400 parts per million, balanced in air) was pumped into the chamber at a rate
of ~200 mL/min. The photosynthetically active photon flux density (PPFD) was adjusted
from 100 to 1000 μmol m-2 s-1 and the concentration of CO2 gas leaving the chamber
was

analyzed

with

an

infrared

gas

analyzer

after

its

passing

through

a

humidity/temperature sensor and a drying column (containing drierite). Leaves were
analyzed under eight different PPFDs (100, 200, 300, 400, 500, 600, 800 and 1000
μmol m-2 s-1) for 5 min each at 25ºC. CO2 assimilation rates were calculated as the
change in CO2 concentration (ΔCO2) over the total leaf area (measured using ImageJ
software) per second using a Q-S151 CO2 analyzer (Quibit Systems) equipped with the
Logger Pro software package.
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Chapter 3: Results
Statement of Work:
Generation and expression analysis of RNAi and knockout lines, as well as generation
of plants expressing GFP or myc-tagged fusion proteins was performed by previous
members of the Akhtar lab.
3.1. Decreased expression of AtCPT7 and SlCPT5 in RNAi and knockdown lines
and resulting morphological phenotype
Quantitative RT-PCR analysis of AtCPT7 and SlCPT5 expression in the leaf tissue
from RNAi and knockout lines indicated that transcripts for both CPTs were significantly
reduced by approximately 85% in the three RNAi lines (for both species), and virtually
undetectable in the T-DNA knockout (cpt7-/-) relative to wildtype levels (Figure 10).
Additionally, F1 heterozygous plants derived from a cpt7-/- x Col-0 (wildtype) backcross
showed almost complete restoration of AtCPT7 expression (Figure 10 A). Visual
analysis of the RNAi, knockout and wildtype Arabidopsis lines at 5 weeks of growth
confirmed that there were no differences in growth pattern, morphology or overall health
between genotypes (Figure 11). Visual analysis of Solanum lycopersicum genotypes
yielded the same results.
3.2. Subcellular localization of AtCPT7 and SlCPT5
3.2.1. AtCPT7 and SlCPT5 localize to leaf chloroplasts
To assess the subcellular location of AtCPT7 and SlCPT5, the full-length SlCPT5
open reading frame was transiently introduced as a C-terminal fusion protein with GFP
into Arabidopsis protoplasts. AtCPT7-GFP fusion proteins were monitored from stablytransformed Arabidopsis lines. The subcellular residency of both fusion proteins was
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Figure 10 Cis-Prenyltransferase Expression in Wildtype, Knockout and RNAi
Lines. A) AtCPT7 gene expression in Arabidopsis leaf tissue from wildtype (WT, Col0), three independent RNAi lines targeting AtCPT7 for mRNA knockdown (RNAi-23, 24 and -31), a homozygous T-DNA AtCPT7 mutant (cpt7 -/-) and an F1 heterozygous
mutant generated from a backcross to wildtype (cpt7 -/- x Col-0). B) SlCPT5 gene
expression in Solanum leaves from wildtype and in three independent RNAi lines
(RNAi-10, -11 and -15). All mRNA abundance was quantified by real-time PCR and is
presented as a percentage of wildtype (100%). Data are the mean expression values
± SD from three biological replicates, asterisks indicates a significant difference (P <
0.05) when comparing values to wildtype.
45

A

B

C

D

E

Figure 11 Aerial growth phenotypes of 5-week old Arabidopsis. A) Wildtype.
B) RNAi-23. C) RNAi-24. D) RNAi-31. E) cpt7 -/-.
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tracked via confocal laser scanning microscopy. This analysis demonstrated that the
fluorescent signals attributed to GFP completely co-localize with the chlorophyll
autofluorescence of the protoplasts (Figure 12).
3.2.2. AtCPT7 and SlCPT5 reside in the chloroplast stroma
Next, leaf plastids were fractionated into their corresponding sub-compartments
(envelope, stroma and thylakoids). Accumulation of SlCPT5 and a stably-expressed Cterminal AtCPT7-myc fusion protein was assessed by immunoblot analysis using
epitope and peptide-specific antibodies (Figure 13). This analysis revealed that both
enzymes reside exclusively in the stroma; the purity of each sub-compartment was
confirmed by the presence/absence of compartment-specific marker proteins and
revealed that purified envelope, stroma and thylakoids were essentially uncontaminated
by other fractions (Figure 13).
3.3. Polyprenols accumulate in thylakoid membranes and chloroplast envelope
Next, the polyprenol content of the various sub-compartments of Solanum and
Arabidopsis plastids were analyzed to determine the precise destination of these
compounds (Figure 14). Absorbance (210 nm) was used as an indicator of polyprenol
content. In wildtype Solanum, this analysis revealed that intact chloroplasts contained
ultraviolet (UV)-absorbing medium-chain polyprenols with the retention times of
approximately 15.5, 17.4, and 19.3 minutes (Pren-9, Pren-10 and Pren-11, which are
C45, C50 and C55 respectively), and that these compounds largely accumulate into both
the thylakoid and envelope sub-compartments (Figure 15 A). Virtually no polyprenols
were detected in the stroma. When the total amount of Pren-9, Pren-10, and Pren-11 in
these fractions were normalized to protein content, it was determined that the envelope
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Figure 12 Subcellular Localization of AtCPT7 and SlCPT5. (A) Intact rosette leaves
from Arabidopsis plants stably expressing AtCPT7 fused to the N-terminus of the green
fluorescent (GFP) reporter protein as imaged by confocal microscopy (section 2.4.1).
(B) Arabidopsis protoplasts transiently expressing SlCPT5 fused at the C-terminus to
GFP (section 2.4.2). Fluorescence attributable to GFP, chlorophyll and their merged
signals were observed by confocal laser scanning microscopy (Chapter 2, section 4).
Note the overlap in fluorescence from the GFP and chlorophyll autofluorescence
signals. Scale bars = 5µm.
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Figure 13 Subcellular Localization of AtCPT7 and SlCPT5 via Chloroplast
Fractionation and Immunoblot. (A) Fractionation of chloroplasts from Arabidopsis
plants stably expressing AtCPT7-myc. Intact chloroplasts (Cp) were fractioned into
envelope (Ev), stroma (St), and thylakoid (Tk) compartments by sucrose gradient
centrifugation (section 2.5). Proteins were analyzed by immunoblotting using antibodies
specific for the myc tag of AtCPT7, or chloroplast sub-compartments such as the
Rubisco large subunit (RbcL), the Tic40 component of the inner envelope translocon, or
the D1 reaction center protein (PsbA) of photosystem II (section 2.5). (B) Fractionation
of chloroplasts from wildtype Solanum leaves. Intact chloroplasts (Cp) were fractioned
into envelope (Ev), stroma (St), and thylakoid (Tk) compartments by sucrose gradient
centrifugation (section 2.5). Protein samples from each fraction were analyzed by
immunoblotting using peptide-specific antibodies for SlCPT5, or antibodies specific for
chloroplast sub-compartments (section 2.5).
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Figure 14 Distribution of Medium-Chain Polyprenols in Chloroplast Subcompartments. Intact chloroplasts (Cp) were isolated from Arabidopsis and Solanum
leaves, fractionated into envelope (Ev), stroma (St), and thylakoid (Tk) compartments by
sucrose gradient centrifugation and analyzed for the presence of medium-chain
polyprenols (Pren-9, Pren-10 and Pren-11 (P-9, P-10, P-11)) (section 2.6). Vertical lines
indicate the retention times of the Pren-9 – Pren-11 standards. (A) Representative
HPLC/UV chromatograms illustrating the main polyprenols that are present in intact
chloroplasts (Cp) and their various sub-compartments (envelope, Ev; stroma, St; and
thylakoids, Tk) from wildtype Solanum leaves. (B) Representative HPLC/UV
chromatograms illustrating the main polyprenols in intact chloroplasts (Cp) and their
various sub-compartments (envelope, Ev; stroma, St; and thylakoids, Tk) from wildtype
Arabidopsis. Extracts were supplemented with an internal polyprenol (P-14) standard
prior to extraction (section 2.6).
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Figure 15 Quantification of Plastidial Polyprenols. (A) Quantification of polyprenols
in intact chloroplasts (Cp), envelope (Ev), stroma (St), and thylakoids (Tk) from the
leaves of wildtype and SlCPT5 RNAi lines (section 2.6). Data are the means ± SE from
at least four independent preparations of each plastidial fraction, and asterisks indicate
a significant difference (P<0.05) in polyprenol content when compared to wildtype
levels. (B) Polyprenol content of intact chloroplasts (Cp), envelope (Ev), stroma (St),
and thylakoid (Tk) compartments were measured in Arabidopsis wildtype (Col-0), and
three independent RNAi lines (RNAi). Note that polyprenols primarily accumulate in the
thylakoid (Tk) and envelope (Ev) sub-compartments. Values (± SD) represent the mean
of three independent experiments.
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contained approximately 2.5x more polyprenols in comparison to the thylakoid fraction
(Figure 15 A). Strikingly, intact chloroplasts and their various sub-compartments that
were isolated from the SlCPT5 RNAi-lines showed a ~65% decrease in polyprenols
(decreases of 57% in chloroplasts; 86% in envelope; and 50% in thylakoid fractions)
when compared to wildtype. The same analysis was repeated for intact chloroplasts
from wildtype Arabidopsis leaves, and their polyprenol content to those found in their
envelope, stroma, and thylakoid sub-compartments was compared. The intact
chloroplasts contained the same medium-chain polyprenols (Pren-9 to Pren-11)
corresponding to standards at 17.7, 19.1 and 20.2 minutes (Pren-9, -10 and -11,
respectively) and were mainly present in thylakoid membranes (Figure 14 B). When
polyprenol abundance was normalized to protein content, a fraction of these
compounds was also found in the envelope membranes, albeit to a lesser extent
(Figure 15 B). Compared with the wildtype, intact chloroplasts that were isolated from
the three independent RNAi lines accumulated on average 66% less polyprenols.
Strikingly, these changes in plastidial polyprenol abundance were proportionally
reflected in the thylakoid membranes isolated from the RNAi lines.
While it is well established that other plastidial isoprenoids also impact membrane
dynamics (Havaux, 1998; Gruszecki and Strzałka, 2005), there were no significant
differences in carotenoid or tocopherol levels between thylakoids and envelope
membranes that were isolated from wildtype and the polyprenol-deficient SlCPT5 RNAi
lines (Table II).
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Table II Tocopherol and Carotenoid Content in Solanum Wildtype and RNAi
Thylakoid and Envelope Membranes.
Thylakoids (µg mg Chl-1)
WT

Carotenoids
Tocopherols

101 ± 3
2±1

10

11

Envelope (µg mg protein-1)
15

117 ± 10 92 ± 10 78 ± 11
4±1

1

1

WT

10

11

15

7±3

5±2

7±3

8±3

5±2

9±3

12 ± 1

4±1

Thylakoid and envelope membranes were obtained via sucrose gradient fractionation
according to Salvi et al. (2011) (section 2.5). From these isolated wildtype (WT) and
RNAi (lines 10, 11 and 15) membranes carotenoids and tocopherols were separately
extracted, purified and analyzed via reverse- and normal-phase (respectively) highperformance liquid chromatography following the methods outlined by Pogson et al.
(1996), Norris et al. (1995) and Collakova and DellaPenna (2001; 2003) (section 2.6).
Data are the means of at least three independent replicates, ± SE.
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3.4. Membrane properties
3.4.1. Fluorescence anisotropy: Increased membrane fluidity in polyprenoldeficient Arabidopsis thaliana thylakoids and Solanum lycopersicum
envelope membranes
The accumulation of polyprenols in plastidial membranes prompted the examination
of the consequences of polyprenol deficiency in both the envelope and thylakoid
membranes. Chloroplast envelope membranes were prepared from the leaves of
wildtype and RNAi lines of Solanum, and thylakoid membranes from leaves of wildtype,
knockout (cpt7-/-) and RNAi lines from Arabidopsis, and were subsequently labelled
with the lipophilic fluorophore 1,6-diphenyl-1,3,5-hexatriene (DPH), which readily
partitions into the lipid matrix of a wide variety of biomembranes (Shinitzky and
Barenholz, 1978). DPH fluorescence anisotropy measurements were then taken on
these labelled membranes. In theory, the degree of depolarization of DPH fluorescence
emission (defined as fluorescence anisotropy, r) is determined by the rotational freedom
of the fluorophore within the biomembrane it occupies (Lentz, 1993). Any change in the
steady-state fluorescence emitted by DPH is caused by an alteration of its lipid
microenvironment and can therefore provide an indirect measure of membrane order
(Yamamoto et al., 1981; Ford and Barber, 1983; Kunst et al., 1989; Dobrikova et al.,
1997; Popova and Hincha, 2007; Akhtar et al., 2017). Significant decreases in the r
values for DPH-labeled RNAi envelope and RNAi/knockout thylakoid membranes were
observed relative to those for wildtype membranes, indicating that the rotational
freedom of DPH in polyprenol deficient membranes is enhanced. This is likely because
of an increasingly disordered or “fluid” state of the membrane (Figure 16).
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Figure 16 The Impact of Altered Polyprenol Levels on Thylakoid and Envelope
Membrane Fluidity. (A) Thylakoid membranes from Arabidopsis wildtype (Col-0),
knockout (cpt7-/-) and three independent RNAi lines (RNAi) were labeled with the
lipophillic fluorophore, 1,6-diphenyl-1,3,5-hexatriene (DPH) (section 2.7.1.2). The
steady-state DPH anisotropy (r) values of the samples were determined (section
2.7.1.2). Data are the means ± SD from at least six independent experiments and
asterisks (*) indicate a significant difference (P < 0.05) when comparing r values to
those obtained from wildtype samples. (B) Plastidial envelope membranes prepared
from wildtype Solanum and the three independent SlCPT5 RNAi lines were labeled with
1,6-diphenyl-1,3,5-hexatriene (DPH) and the degree of steady state DPH fluorescence
anisotropy (r) was determined (section 2.7.1.1). Data are the means ± standard error
from four independent envelope preparations from each plant line. Asterisks indicate
significant difference (Student’s t test, P < 0.05) when comparing r values to those
obtained from wildtype samples.
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3.5. Differential scanning calorimetry: Decreased integral membrane protein
stability in polyprenol-deficient membranes
Next, the integrity of thylakoid membranes from the leaves of Solanum wildtype and
RNAi lines was compared via differential scanning calorimetry (DSC). This analysis
permits detection of thermally induced conformational transitions of thylakoid membrane
constituents (defined as the phase transition temperature, Tm) and quantifies the
enthalpy change (ΔHc) that is associated with the unfolding of thylakoid membrane
proteins, thereby providing a measurement of thylakoid membrane protein stability
(Smith et al., 1989; Dobrikova et al., 2003; Krumova et al., 2010; Yang and Brouillette,
2016). The calorimetric signals (thermograms) obtained from wildtype thylakoids
exhibited a sharp endothermic peak with an average Tm value of 94.6 ± 0.6°C and a
calorimetric enthalpy of 1961 ± 36 Joules g-1 (Figure 17). In comparison, thylakoids from
the RNAi lines displayed thermograms with a noticeable shift towards lower phase
transition temperatures (93.0 ± 0.9°C) and enthalpies (1825 ± 76 Joules g-1). While the
difference in transition temperatures between wildtype and RNAi lines is not statistically
significant, the change in calorimetric enthalpy still suggests that constituents of
polyprenol-deficient thylakoid membranes are destabilized relative to their wildtype
counterparts (Figure 17). Upon consecutive heating and cooling cycles, the sharp
calorimetric signals obtained disappeared, implying that the irreversible phase
transitions observed were due to membrane protein denaturation/unfolding, and not to
the lipid constituents of these membranes.
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Figure 17 Alterations in Thylakoid Protein Stability. Representative thermograms
from thylakoids prepared from Solanum wildtype and RNAi lines were obtained by
differential scanning calorimetry (DSC) over the indicated temperature range (section
2.7.2). Note the shift towards lower transition temperatures and calorimetric enthalpies
associated with thylakoids isolated from the RNAi lines (inset). Data are the means ±
SE from at least five independent preparations of thylakoids from each plant line
described above, and the asterisk indicates a significant difference (P < 0.05) when
comparing values to wildtype.
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3.6. Photosynthetic performance
3.6.1. Decreased rate of electron transport in polyprenol-deficient
Arabidopsis thaliana and Solanum lycopersicum thylakoid membranes
Considering the influence that polyprenol deficiency had on thylakoid membrane
fluidity, the rates of photosynthetic electron transport were measured in thylakoids from
wildtype and the three independent RNAi lines and knockout line in Solanum and
Arabidopsis using a spectrophotometric assay that monitors the reduction of the artificial
electron acceptor, 2,6-dichlorophenolindophenol (DCPIP). DCPIP readily intercepts the
passage of electrons from reduced plastoquinone to the cytochrome b6f complex, which
is generally considered to be the rate-determining step in oxygenic photosynthesis
(Govindjee and van Rensen, 1978; Heber et al., 1988; Hasan and Cramer, 2012). In
Solanum it was observed that polyprenol-deficient thylakoids exhibited an approximately
83% decrease in the rate of electron transport compared to their wildtype counterparts
(Figure 18 A). In Arabidopsis, this analysis revealed an average decrease of
approximately 52% in the rate of electron transport in polyprenol-deficient thylakoids
from the cpt7-/- and RNAi lines, compared with that measured in wildtype thylakoid
membranes (Figure 18 B).
3.6.2. Decreased rate of CO2 assimilation in polyprenol-deficient leaves
Since photosynthetic electron transport provides the reducing power necessary for
carbon fixation, next it was determined whether Solanum CO2 assimilation rates were
affected by polyprenol deficiency as a function of photosynthetic photon flux density
(PPFD). Under ambient levels of CO2 (400 ppm), photosynthetic CO2 assimilation rates
(Figure 19) at low PPFD differed little between fully-expanded leaves from wildtype and
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Figure 18 Alterations in Photosynthetic Electron Transport Rates. (A) Thylakoids
were isolated from Solanum wildtype and RNAi lines, and (B) thylakoids isolated from
Arabidopsis wildtype, RNAi and knockout (cpt7-/-) lines were illuminated in the presence
of 2,6-dichlorophenolindophenol (DCPIP) over the indicated timespan (section 2.8.1).
The rate of DCPIP reduction by thylakoids from each plant line is the average value
from at least five independent preparations. DCPIP reduction was measured
spectrophotometrically by measuring absorbance at 600 nm every 2 minutes and
calculating the slope of the resulting curve (section 2.8.1).
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Figure 19 Light Response Curves of CO2 Assimilation Rates. Detached leaves from
wildtype and the SlCPT5 RNAi lines were exposed to increasing photosynthetic photon
flux density (PPFD) and CO2 assimilation rates were calculated as the change in CO2
concentration over the total leaf area per second (section 2.8.2). Data represent the
mean values obtained from at least five individual detached leaves (per PPFD value)
from each of the indicated plant lines.
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the three RNAi lines (Figure 19). However, at a moderate to high PPFD (above 400
µmol m-2 sec-1), CO2 assimilation rates were approximately 30% lower in leaves from
the RNAi lines compared to their wildtype counterparts (Figure 19).
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Chapter 4: Discussion
Several results presented in Chapter 3 of this work confirm previous information
regarding medium-chain polyprenols and the CPTs that are responsible for their
synthesis. The perfect overlap of the chlorophyll autofluorescence and GFP signals of
both SlCPT5 and AtCPT7 GFP fusion proteins (Figure 12) confirms their localization to
the chloroplasts of leaf mesophyll cells, previously shown to be the location of mediumchain polyprenol accumulation (Świeżewska and Danikiewicz, 2005; Kurisaki et al.,
1997). Particularly visible for Arabidopsis protoplasts, the homogenous distribution of
the GFP signal throughout the body of the chloroplasts suggests that these CPTs are
present in the chloroplast stroma, and not isolated to specific chloroplast subcompartments, which might present a more punctate or clustered pattern. This
supposition is confirmed by the results of the immunoblot presented in section 3.2.2
(Figure 13). The stromal localization of these CPTs also nicely complements the fact
that the MEP pathway is also present in this compartment of the plastid and supplies
the precursors for polyprenol synthesis (Kurisaki et al., 1997).
When considering the changes in medium-chain polyprenol accumulation
between wildtype and RNAi lines for both model species, there appear to be one or two
differences. The first being that for Solanum, the polyprenol content in the envelope is
significantly greater than the total content for the chloroplast (Figure 15 A). There
appears to be a similar trend when comparing intact chloroplast and thylakoid content in
Arabidopsis, in which the thylakoids possess a higher polyprenol content than intact
chloroplasts, although to a lesser extent than envelope (Figure 15 B). However, this
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phenomenon is most likely due to the normalization of polyprenol content to protein
content, as this value differs greatly between sub-compartments.
There also appear to be differences when considering the changes in polyprenol
content relative to changes in CPT expression. For the RNAi lines in both species, CPT
mRNA abundance was shown to be reduced by 85% (Figure 10). Why then, is
polyprenol content in intact chloroplasts and thylakoids only reduced by approximately
50% (Figure 15)? There is seldom a 1:1 relationship between the expression of a gene
and the production of a related metabolite, however there are some alternative
possibilities. It could be that a portion of the polyprenols synthesized in the plastid are
transported outside of the chloroplast, and thus the remaining 35% reduction in
polyprenol content is being exhibiting effects elsewhere in the cell. There is also the
possibility that this is evidence of a ‘backup system’ in the event of extreme polyprenol
loss, where other polyprenol derivatives may be converted to polyprenols to make up for
the reduction. This may explain how membrane stability has been significantly affected,
but not at levels devastating to the plant’s overall health. It is also possible that these
polyprenols are being synthesized by another CPT, since there seems to be some
functional redundancy when it comes to certain members of a CPT family (for example
SlCPT4, which also synthesizes medium-chain polyprenols albeit at much lower levels
than SlCPT5, and preferring alternative substrates (Akhtar et al., 2013)). Regardless,
the analysis of polyprenol content in chloroplast fractions did confirm their accumulation
in chloroplast membranes, thus leading to analyses on any influences on membrane
dynamics due to this accumulation.
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The increased membrane fluidity observed in polyprenol-deficient Solanum
envelope and Arabidopsis thylakoid membranes (Figure 16) directly contrasts what has
previously been observed in literature with in vitro studies. As discussed previously, the
studies performed by Janas et al. (2000) and Walińska (2004) showed that the insertion
of long-chain polyprenols (C80 – C160) increased the fluidity of the model membranes
used. Three significant differences between the experiments in those studies and the
work shown here may explain this discrepancy. First, the chain lengths of the
polyprenols differed. Previous research has focused on the effects that long-chain
polyprenols may have on membrane fluidity, whereas the work herein focuses on the
effects of medium-chain polyprenols. Based on those previous studies, one could
suppose that if long-chain polyprenols have a fluidizing effect on model membranes,
then polyprenols of a shorter chain length may enact an attenuated version of the same
effect, in this case slightly lessened fluidization of the bilayer in question upon insertion.
One may also expect that removal of these molecules would have the opposite effect,
albeit to the same degree, i.e. removal of long-chain polyprenols would cause significant
increases in membrane rigidity, and removal of medium-chain polyprenols would cause
only a moderate increase. These possibilities are already in unstable territory, given that
there has been little consensus on whether chain length has any influence on
polyprenol function thus far. However, even if these possibilities have not been
conclusively proven, one would not expect a complete reversal of the effects seen
between medium- and long-chain polyprenols as was shown in the present work.
Therefore, the changes in the effects seen for medium- and long-chain polyprenols in in
vivo vs. in vitro systems could be due to an unknown chain-length-dependent means by
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experimental conditions in previous in vitro studies may have given inaccurate insights
into how polyprenols influence lipid bilayers in vivo, thus clouding any subsequent
inferences regarding general polyprenol function.
As discussed in section 1.2.4, the lipids found in chloroplast membranes and
those used in in vitro studies also differ greatly. Therefore, it is conceivable that
polyprenols may be interacting in completely different ways with each of these lipids,
thereby altering the means by which they affect membrane fluidity. However, one must
also consider the proportion of lipids present in chloroplast envelope and thylakoid
membranes, relative to membrane proteins. Thylakoid membrane proteins in particular
comprise 70-80% of the thylakoid membrane area (Kirchhoff et al., 2008). Thus, if
polyprenols are solely asserting their influence on membrane fluidity through direct
interactions with lipid components (which represent a much smaller proportion of
membrane space), one would expect that the level of change in fluidity observed in this
study would be mirrored by the changes in model membranes composed entirely of
lipids. The change in fluidity may perhaps even be augmented due to the greater
proportion of lipid components in the in vitro studies. In contrast to this in vivo study,
Walińska (2004) and Janas et al. (2000) observed only moderate modifications in
membrane fluidity upon incorporation of polyprenols (an approximate 5% change in
fluidity when doubling polyprenol content) compared to the results shown here (at least
a 26% change in fluidity when halving polyprenol content, Figures 15, 16). Given that
the experiments presented here indicate much greater changes in membrane fluidity
despite similar changes in polyprenol content, it is unlikely that polyprenol influence is
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dependent upon interactions with membrane lipids alone. The moderate changes seen
in Walińska (2004) and Janas et al. (2000) could, of course, be due to the different lipids
used in their model membranes; they used pure phospholipids which are naturally found
in very low concentrations in chloroplast membranes. This moderate change is
consistent with the suggestion by Valtersson et al. (1985) that polyprenols have
attenuated effects on the fluidity of phosphatidylcholine membranes compared to
membranes composed of other phospholipids. The PE lipids that so readily change
between bilayer and hexagonal II phases upon exposure to polyprenols are certainly not
present in chloroplast membranes, thus the unexpected increase in fluidity upon
polyprenol removal could simply be due to the absence of lipids that respond in the
same manner as PE. It could very well be that polyprenols interact differently with
phospholipids than with galactolipids, which constitute 85-92% of the lipids found in
thylakoid membranes (Murata and Siegenthaler, 1998). However, the chemistry behind
such interactions would need to be studied in much greater detail to confirm this
hypothesis.
The final difference between the studies discussed above, and the work
presented here, is the absence of membrane proteins in the model membranes used in
previous work. Interactions with integral membrane proteins are likely a major means by
which polyprenols assert their influence on membrane fluidity, given that they occupy a
large portion of chloroplast membrane space, and polyprenol interactions with lipids
alone appear to be moderate at best (based on the studies by Walińska (2004) and
Janas et al. (2000). The analysis of thylakoid membrane protein stability in wildtype vs.
RNAi lines via differential scanning calorimetry indicates destabilization of the
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membrane protein complexes present, due to the lower temperature and enthalpy
required to induce phase transition (Figure 17). One caveat regarding this result is that
the thermograms obtained show the combined phase transitions of all proteins present
within the thylakoid membrane, and they do not distinguish between individual proteins
or protein complexes. Thus, it is unclear whether changes in polyprenol content affect
just a few specific thylakoid membrane proteins, or all of them. The calorimeter
available for this experiment is typically only used for the bulk analysis of food samples
and is not sensitive enough to distinguish between the phase transitions of individual
proteins or complexes. The use of a microcalorimeter could allow for such an analysis,
determining if polyprenols affect the stability of a specific type of protein or combination
of proteins. This would provide more insight into whether polyprenols interact
specifically with membrane proteins, or only affect proteins indirectly through other
means.
The question of whether polyprenols are interacting with membrane lipids,
proteins, or perhaps both remains open. Polyprenol interactions with membrane
proteins would most likely occur in two possible ways; by interacting solely with the
integral proteins of the membrane, or by perhaps tethering membrane proteins to the
lipid components in some fashion. Zhou and Troy (2005) found that certain membrane
proteins contain “polyisoprenol recognition sequences”, or PIRS, capable of binding to
polyprenols. This interaction is apparently capable of altering the conformation and
motional properties of the polyprenols in the membrane (Zhou and Troy, 2005). If this is
true, then this phenomenon may explain the near-opposite effect that polyprenols have
in membranes lacking in membrane proteins (in vitro) vs. those in which proteins are
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abundant (in vivo). The authors also suggest that the coincidence of PIRS peptides and
polyprenols in non-lamellar membranes can induce a reversal back to a lamellar phase,
although the mechanism behind this is unclear (Zhou and Troy, 2005). If the occurrence
of the hexagonal II phase is coincident with increases in fluidity, as has been suggested
by previous research (Valtersson et al., 1985), then the reversal of this phase back to
lamellar would suggest an increase in rigidity. This in turn suggests that thylakoid
membranes contain lipid components that behave in a similar manner to PE upon
exposure to polyprenols, inducing the formation of the hexagonal II phase. However, if
this is the case, then one is now confronted with the problem of significant differences
between polyprenol and protein content within chloroplast membranes. Since polyprenol
content is known to be generally quite low compared to other membrane components
(Hartley and Imperali, 2012), it seems unlikely that there would be enough to confer
stability to the majority of the proteins present within the membrane. However, Zhou and
Troy (2005) also address this issue, stating that based on molecular modeling
calculations it appears that polyprenols are able to bind to more than one PIRS peptide,
in which case the current ratio of polyprenol to protein content may be more than
sufficient to confer stability to the majority of membrane proteins. Nevertheless, it
remains to be seen how many of the proteins present in thylakoid membranes are likely
to possess PIRS peptides.
The changes seen in membrane fluidity and protein stability following polyprenol
reduction prompted the question of whether overall membrane function was affected.
Since thylakoid membranes house the photosynthetic machinery of the plant, and thus
are of significant metabolic importance, these membranes served as the focus for this
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question. The rate of electron transport was the first aspect of photosynthetic
performance to be measured, since membrane dynamics and the stability of membrane
proteins (particularly photosynthetic electron shuttles) would likely have a significant
effect on electron movement through the membrane space. The fact that the rate of
electron transport in all RNAi lines relative to their wildtype counterparts was reduced by
50% or more (Figure 18) suggests that electron transport is indeed significantly affected
by altered membrane dynamics in polyprenol-deficient thylakoids.
One would expect that because of this significant reduction in the rate of electron
transport, overall photosynthetic efficiency would decrease. This prompted the question
of whether changes in the rate of electron transport also affected carbon fixation.
Measuring the rate of CO2 assimilation was deemed to be the best way to determine
this. An interesting result of this experiment was that RNAi assimilation rates appeared
to be comparable to those of wildtype at low light intensity (approximately 0-200 µmol m2

s-1), however at moderate to high light intensity (approximately 400-1000 µmol m-2 s-1),

RNAi assimilation rates dropped by approximately 30% (Figure 19). This observation
seems to support the theory that polyprenol accumulation somehow helps plants to
cope with conditions of stress; in this case high light. Previous studies have noted the
accumulation of these molecules under such stress conditions (Akhtar et al., 2017), thus
it makes sense that upon polyprenol removal, the ability to cope with these conditions
would be compromised. Future studies on polyprenol accumulation in thylakoid
membranes could perhaps use increased polyprenol content to raise the PPFD at which
plants experience stress on photosynthetic machinery.
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To conclude, the results presented in this work have confirmed the accumulation
of medium-chain polyprenols in the chloroplasts of mesophyll cells, shown that they
aggregate in thylakoid membranes, and indicated significant effects on membrane
dynamics. However, these results directly contradict previous research, suggesting that
polyprenols act as stabilizers and not disruptors of membrane fluidity. Exactly how this
occurs is unknown, however it is likely that this effect is either due to the interactions of
polyprenols

with

integral

membrane

proteins,

perhaps

tethering

important

photosynthetic complexes to other membrane components to confer stability, or through
interactions between specific polyprenol derivatives and the lipid components present in
chloroplast membranes. It is clear that more extensive research concerning polyprenol
interactions with membrane components is required. Specifically, information regarding
the interactions between polyprenol derivatives and lipids other than phospholipids is
needed, as well as more sensitive calorimetric data to determine whether polyprenols
confer stability to just a few proteins or complexes.
Should polyprenol influence on membrane dynamics prove to be manipulatable,
it could have wider-reaching implications for possible improvement of photosynthetic
efficiency, or even the study of membrane phase alterations. Regardless of the actual
mechanism of polyprenol action, the above research has shown that polyprenol removal
from biological membranes in vivo results in enough membrane destabilization to affect
specific aspects of membrane function, and thus warrants further intensive study.
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