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Preface
The work presented in this manuscript is the results of a 3 years research project car-
ried out by the author at the Technical University of Denmark (DTU) from December
2014 to February 2018, under the supervision of Professor Mads H. Clausen as part
of the Danish program to obtain a Ph.D. A four-month external stay was carried out
under the supervision of Professor Jocelyn K. C. Rose at the Plant Biology Section at
Cornell University (CU) as part of the Ph.D. studies.

This dissertation covers six projects described in four chapters, illustrating a mul-
tidisciplinary Ph.D. program. Chapter one is a brief introduction of the two plant
polyesters, cutin and suberin along with an overview of the developed chemistry for
the synthesis of cutin monomer. Chapter two is divided into four section and de-
scribes the synthesis of a cutin monomer and six monomer derivatives and their use as
molecular tool in enzymatic polymerization assays. Chapter 3 contains experimental
protocols and compound data for the chemical approach. Finally, chapter 4 gives an
overview of the work that was performed on the identification of suberin synthase
and the investigation of cutin synthase 1 hydrophobic tunnels as part of my external
stay at CU.
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Abstract
Cutin and suberin are two plant polyesters whose formation is tightly linked to plants
ability to thrive in areal medium due to their ability to restrict gas and water loss and
movement. Additionally, these two polymers present properties which make them
suitable for the polymer industry. Hence, understanding the bio-formation of these
polymers is important for both, fundamental biology as well as for industrial applic-
ations. In this context, the identification of cutin synthase 1 (CUS1) in tomato fruit,
made possible through a collaborative effort between the group of Professor Jocelyn K.
C. Rose at Cornell University and the group of Professor Mads H. Clausen at the Tech-
nical University of Denmark, represents an important milestone towards this goal.
This enzyme, which is part of the GDSL esterase/lipase superfamily, was proven to
catalyze the in vitro oligomerization of 2-mono(10,16-dihydroxyhexadecanoyl)glycerol
(2-MHG), the main precursor of tomato cutin. However, up to date, very little is
known about CUS enzymes, their selectivity, their tertiary structure and their mech-
anism of action.

OH
O

HO

HO
O

OH

2-mono(10,16-dihydroxyhexadecanoyl)glycerol

2-MHG

This thesis presents the synthesis of another cutin monomer, a deuterated derivative
of this monomer as well as five other 2-MHG derivatives. All these compounds have
been synthesized to be used in CUS1-mediated polymerization to gain more inform-
ation on CUS1 selectivity and mechanism of action. Additionally, the use of one of
these compound as a CUS1 ligand in co-crystallization experiments has been initiated.
Obtaining CUS1-ligand crystals would be an essential tool towards the discovery of
CUS1 tertiary structure through X-ray diffraction (XRD) analysis.
The second part of this dissertation discloses a biological approach towards the under-
standing of CUS1 mechanism of action. In particular, the interaction between CUS1
and its substrates through the formation of hydrophobic tunnels was investigated
through the formation of CUS1 mutants through site-directed mutagenesis.
Additionally, the investigation of several Arabidopsis GDSL mutants as potential sube-
rin synthase was initiated through the production and characterization of knockdown
mutants via RNA silencing.
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Chapter 1
Introduction

1.1 The Plant Cell Wall

In order to maintain their rigidity and support their body, vertebrates rely on a rigid
skeleton made of bones while insects and crustacean develop an exoskeleton based on
the polysaccharide chitin. Conversely, plants achieve rigidity through the presence of
an organelle which helps maintaining an internal hydrostatic pressure within cells and
through the formation of a rigid extracellular structure, namely, the plant cell wall.1

The latter also plays a role in cells differentiation, cellular adhesion, intracellular sig-
naling and defense against pathogens.2

Figure 1.1: Representation of the primary cell wall3

A simplified model divides the plant cell wall into two different types, the primary
and the secondary cell wall. The primary cell wall is produced when the cell is grow-
ing. Therefore, it is rather thin and flexible. In contrast, the secondary cell wall is
thicker and sturdier and is deposited on certain type of cells when these have ceased
to grow. The primary cell wall, represented on Figure 1.1, is mainly composed of
polymeric cellulose, tied together via hydrogen-bonds to form microfibrils. These mi-
crofibrils are held together, through non-covalent interaction, by a family of branched
polysaccharides called hemicellulose which comprise mainly xyloglucan, xylan, man-
nan and arabinogalactan.4 This cellulose-hemicellulose framework is embedded in
pectin, a polysaccharide which is considered as the most complex polysaccharide
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Chapter 1. Introduction

known to man.5

In the secondary cell wall, the amounts of cellulose is typically higher, but the rigidity
of the secondary cell walls is mainly due to the presence of another biobolymer called
lignin. Lignin is a very complex and not well-defined polymer made of different phen-
olic monomers.

Apart from their cell wall, land plants also present another feature that is extremely es-
sential to the development, structure and protection of the plants, namely, the cuticle.

1.2 The Plant Cuticle

The world as we know it today would be remarkably different without the terrestrial
colonization of plants that happened roughly 450 millions years ago.6 This event drastic-
ally shaped both the biosphere and the atmosphere of Earth.7 At that point, many
challenges had to be overcome by plants in order to survive in this new environment.
One those challenges was the regulation of water intake and output. In this context,
plants evolution led to the formation of a protective layer allowing plants to thrive
in this new aerial medium, the cuticle.8 The cuticle covers all land plants aerial epi-
dermis and is considered by some as an extension of the cell wall of epidermal cells,
a cutinized cell wall. The cuticle acts as a skin for the plant and plays various roles
including acting as a primary barrier against biotic and abiotic stresses such as mech-
anical stresses, pests, microorganism and UV light. The cuticle is also accounted for
the regulation of gas exchange and act as a protection against desiccation.6,9–12 It is
also believed to be a key component in establishing organ boundaries. In this context,
a common phenotype of defective cuticle mutants of Arabidopsis thaliana is organ fu-
sion.13–16

The cuticle is a lipophilic composite material made of organic soluble compounds
referred to as cuticular waxes, embedded in a polymeric scaffold named cutin (dis-
cussed in more details in section 1.3). The cuticle is generally descrived as having two
distincts layers as depicted in Figure 1.3. The first of those layers, called the cuticular
layer, is located adjacent to the polysaccharidic cell wall. The name cuticular layer was
first employed by von Mohl in 1847, who defined this layer as a cuticularised cell wall
layer.17 This layer is mainly composed of cutin as well as polysaccharides from the
cell wall.6,17,18 Overlying the cuticular layer, is the cuticle proper. This layer contains
less polysaccharide and is mainly composed of cutin and waxes. The waxes contained

2



1.2. The Plant Cuticle

Figure 1.2: Representation of the different role and function of a fruit cuticle. The central image is a colourized
transmission electron microscopy image of a small green tomato fruit; c, cuticle; cw; cell wall; cyt; cytoplasm; v,
vacuole.11

within the cutin matrix are commonly named intracuticular waxes. Additionally, a set
of waxes, called the epicuticular waxes, are also deposited on the outermost layer of
the cuticle. The epicuticular waxes can be found either in the form of a film, which will
give a glossy aspect commonly displayed by many fruits and leaves, or as epicuticular
crystals which are responsible for the glaucous aspect of Arabidopsis stems as well as
Brassica oleracea (broccoli) leaves.6

Cuticular waxes are mainly composed of a set of linear unsaturated compounds such
as very long-chain fatty acids (VLCFA) and their corresponding aldehydes and primary
alcohols, as well as some n-alkanes. These various compounds are typically found
with chain length of 20 to 40 carbon atoms.6,19–21 Furthermore, the presence of a series
of esters comprised of C16-C34 fatty acids and C20-C36 primary alcohols have also
been described.6,22,23 In some species, other metabolites such as triterpenoids and flavon-
oids can also be detected in various amounts.6,20,21,24

3



Chapter 1. Introduction

Figure 1.3: A, Schematic representation of the epidermal cell layer and the cuticle. B, Cell wall and cuticle of an
Arabidopsis stem epidermal cell observed by transmision electron microscopy; scale bar = 5 µm.6

The cuticular waxes are involved in several important process. As an example, waxes
are crucial for the water permeability of the cuticle. A study showed that the fruit of
a tomato (Solanum lycopersicum) mutant (LeCER6) possessing an altered cuticular wax
profile, showed a drastic increase in cuticle water permeance (approximately 4 fold
higher) compared to wild type (wt) fruits. To study the contribution of the whole wax
fraction, the permeance of fruits that were dewaxed through an immersion in CHCl3

was also studied and showed an increased water permeance by a factor of 10 when
compared to the wild type tomato fruit.25,26

In some cases, epicuticular waxes and crystals have been associated with the pho-
toprotective properties of the cuticle, potentially through scattering of the UV radi-
ation.11,12 In this context, flavonoids and other cuticular phenolic compounds have
also been shown to absorb a significant fraction of UV radiation.12

Additionally, epicuticular waxes and crystals have been suggested to play a role in
the plant-insect interaction. As an example, it is thought that the epicuticular crystals
present on the carnivorous plants Nepenthes alata would be responsible for its slip-
pery surface, necessary for the plants to trap the insects it needs to get fed.27 The self-
cleaning properties, or lotus effect, of plant leaves is also believed to be dependent on
the wax crystals through the formation of hydrophobic nanostructures which creates
a superhydrophobic surface.28–30 The presence of this surface is important as it allows
the plant to avoid the accumulation of harmful pathogens as well as dust who could
prevent lights from going through the plants and therefore hinder the photosynthesis.6

However, in order to maintain all those components in place and well distributed,
the presence of cutin, which serves both as a scaffold and a support for intra and
epicuticular waxes, is necessary.

4



1.3. Cutin

1.3 Cutin

1.3.1 The composition of cutin

Cutin is a polyester of which the monomeric composition have been previously ana-
lyzed through the depolymerization of isolated cuticles. Various depolymerization
methods such as alkaline hydrolysis, transesterification, either using sodium methox-
ide or methanol in acidic conditions and through the use of reductive cleavage with
LiAlH4, have been used in order to study cutin monomeric profile.8

Cutin is chiefly composed of ω-hydroxy fatty acid dominated by C16 and C18 linear
compounds. Examples of typical monomers can be seen in Figure 1.4. Interestingly,
the monomeric composition of cutin varies greatly depending on the species, tissue
and ontogeny. As an example, angiosperm cutins contains a substantial amount of
C18 monomers, however, this class of monomer is only present in trace amount if
present at all in gymnosperms.31 Additionally, the presence of a small amount of C22
ω-hydroxy fatty acid derived from behenic acid was found in some species of berries32

and the presence of longer chain monomers (C20 to C28) was also confirmed in ara-
bidopsis leaves.33 This suggests that some species might display a monomeric profile
dominated by longer carbon chains similarly to the other main plants polyester called
suberin (disclosed more in details in section 1.4).

HO
OH

O

16-hydroxyhexadecanoic acid

HO

O

18-hydroxyoctadecanoic acid

OH

HO
OH

O

10,16-dihydroxyhexadecanoic acid

OH

HO

O

8-(3-(8-hydroxyoctyl)oxiran-2-yl)octanoic acid

OH

O

Figure 1.4: Examples of typical cutin monomers obtained through the depolymerization of cutin.6,18

It is important to note that Arabidopsis thaliana, a plant that is widely used as a model
organism in biology, presents a very atypical monomeric composition. Indeed, ar-
abidopsis leaf cutin posseses a substantial amount of α,ω-di carboxylic acid (DCA),
with chain length of 16 and mostly 18 carbons, along with 2-hydroxy fatty acids.33,39

Both of those monomer classes account for 50% of the monomer mixture obtained by
acid catalyzed methylation.33 Interestingly, despite the atypical composition of Ara-
bidopsis stem and leaves, Arabidopsis flowers still diplay a more classical cutin com-
position dominated by C16 ω-hydroxy acids.34,40 This very unusual monomeric com-
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Chapter 1. Introduction

Table 1.1: Comparison of the monomeric composition of cutin arabidopsis leaves,33 Arabidopsis flowers (extrac-
ted from reference34,35 and raw data obtained by Nicholas Segerson36) and tomato fruits.21,37,38 Major components
are highlighted in bold.

Compound class Features Arabidopsis Leaf Arabidopsis Flower Tomato Fruit
% (w/w) % (w/w) % (w/w)

Fatty acids C16 1.32 0 - 0.5

HO

O

n

C18 0.71 0 - 0.2
C20 0.51
C22 1.71
C24 2.56

C18:1 0.45
C18:2 0.82

n-alcohols C16 0.06

HO n

C18 0.42
C26 0.37
C28 0.73

ω-hydroxyacids C16 1.59 4 - 5 3 - 5

HO OHn

O
C18 0.42 0 - 8

C18:1 0.20 2 - 3
C18:2 2.36 2 - 4
C18:3 1.83 ~5
C20:1 0.60

α,ω-diacid C16 10.63 3 - 8 1 - 2

HO OHn

O O C18 2.74 1 - 5
C18:1 6.58 7 - 8
C18:2 20.97 4 - 12

2-OH acids C16 0.23

OH n

O

OH

C18 0.33
C20 1.43
C22 1.50
C23 0.48
C24 4.52
C25 0.42
C26 2.30
C28 1.47

C24:1 1.26

Mid chain oxygenated acids 9(10)-hydroxy C16 1.43

HO
OH

O O

HO OH

O OH

n m

mn

o

9(10),16-dihydroxy C16 1.17 30 - 60 72 - 82
9(10),18 dixydroxy C18 0.8 - 1.0
9-oxo-16-hydroxy C16 ~2
9,10,18-trihydroxy C18 0.4 - 1.2

9,10,18-trihydroxy C18:1 ~0.7
9,10-epoxy-18-OH C18 ~0.8

6
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position along with the difficulty to handle Arabidopsis cuticle due to its thin and
fragile nature, led scientists to focus their interests on other plants as model organism
for analyzing cutin composition.15

In recent years, Solanum lycopersicum has been growing in popularity as a model or-
ganism for cuticle experiments owing to its thick and astomatous cuticle, the ease to
isolate a large amount of cuticle for test studies and its more classical monomeric com-
position. Tomato fruits presents a cuticle density in the order of 1 mg.cm−2 compared
to Arabidopsis stems that range between 0.5 to 10 µg.cm−2, hence making it easier to
obtain samples from tomato fruit for biomechanical studies.15,33,41 In this section, we
will focus primarily on the cutin composition of tomato fruits and will compare it to
the composition of Arabidopsis leaves cutin for reference. This comparison can be
found in Table 1.1.

It is important to note that table Table 1.1 does not represent an exhaustive list and that
other types and classes of compounds have been found during the depolymerization
experiments. For example, the presence of glycerol has been observed in amount that
ranges from 1 to 14% (w/w) in several plant species.37 However, this presence is not
so surprising as it was proven that glycerol-3-phosphate acyl transferase (GPAT) en-
zymes are involved in the deposition of cutin.34,42,43 these enzymes are responsible for
the formation of glyceryl esters, which are believed to be the true precursor of cutin.44

Arabidopsis thaliana cutin has been proven to contain a large amount of glycerol (as
observed on the monomer profile obtained through NaOMe catalyzed transmethyl-
ation). This high glycerol content can be explained by the DCA-rich cutin composi-
tion of Arabidopsis as glycerol can act as a bridge between two or three dicarboxylic
acids.45 The presence of aromatic acids such as ferulic and coumaric acid was also de-
tected in small amount in a variety of species.24,29,32,36,37,46

1.3.2 The structure of cutin

Despite the fact that the monomeric composition of cutin has been thoroughly stud-
ied in the past, not much is known about the three-dimensional structure of cutin.
X-ray diffraction studies were performed on Solanum lycopersicum cutin and showed
that cutin is an amorphous polymer with low degree of crystallinity and posseses two
different basal spacing of approximately 0.45 and 1 nm respectively.47 On the other
hand, analysis of the cuticle through transmission electron microscopy shows that the
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Chapter 1. Introduction

cuticle displays three different ultrastructures, amorphous, reticulate and lamellate31

(The reticulate and lamellate ultrastructures can be observed on Figure 1.548). How-
ever, it is not clear yet if those observed ultrastructures arise from a specific spatial
arrangement of cutin which could be composition dependents, from other cuticular
components such as the waxes and/or the carbohydrate fraction of the plant cell wall
or from the interaction between cutin and other cuticular components.31

Figure 1.5: Transmission electron microgram of a bladder of Utricularia lateriflora. LCP, lamellate cuticle proper;
RCL, reticulate cuticular layer; PW, primary cell wall; Double-ended arrow, supposed pectin layer, bar = 0.1 µm.48

The monomeric profile of cutin is typically dominated by compounds possesing one,
two or three free hydroxyl groups for one single carboxylic acid. This composition
suggests that cutin posseses a larger amounts of free hydroxyl groups with respect to
carboxylic groups. This hypothesis was confirmed by the reductive depolymerization
of cutin using LiBH4, a reagent that allows for the selective reduction of esters in the
presence of carboxylic acid.49 With the presence of a high amounts of free hydroxyl
groups and of both secondary and primary alcohols within the monomers, one could
wonder about the presence of branching within the structure of cutin. In order to
answer this question, it is possible to derivatize the free hydroxyl groups prior to per-
forming the depolymerization.31,50 Several species were subjected to such experiments
and studies demonstrated that in most cases, a majority of the terminal hydroxyl are
esterified. In a similar fashion, monomers possessing a mid-chain hydroxy groups
shows a high degree of mid-chain esterification. These findings suggests that cutin
tends to possess a highly branched dendrimeric structure, as depicted in Figure 1.6.
The presence of diacids and glycerol in the cutin of several species also open the op-
portunity for cross-links between different dendrimeric units. However, to our know-
ledge, no proof of the existence of such cross-linkages have been discovered yet. For
this reason, cross-linkages were omitted in the model depicted in Figure 1.6.
The interaction between cutin and other cuticular components is also a question that
is tightly related to cutin structure. For example, in the cuticular layer, cutin interacts
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1.3. Cutin

Figure 1.6: Schematic representation of the proposed cutin structural assembly inspired from Pollard et al. 2008.18

with the cell wall polysaccharides. However, the nature of the polysaccharide that is
linked to cutin as well as the type of interaction involved is still an open question.
Due to the structure and nature of cutin, different covalent interaction can be envis-
aged as depicted in Figure 1.7. On one hand, cutin can interact with the carbohydrate
fraction through the formation of ester linkage between polysaccharide free hydroxyl
groups and a cutin free carboxylic acid. Additionally, ester bonds could also be formed
through the condensation of a cutin free hydroxyl groups and a carboxylic acid from
the pectin or hemicellulose backbone such as galacturonic acid. On the other hand,
cutin could interact with the cell wall polysaccharides through ether bond between
carbohydrate free hydroxyls and cutin free alcohols. This hypothesis is supported
by the presence of covalently linked carbohydrates with cutin oligomer obtained by
the mild depolymerization of lime fruit cutin.51 In particular, HMBC coupling sug-
gest that the carbohydrate and the polyester moiety are linked by an ether bond.52

However, this results does not exclude the existence of ester linkages as both type of
linkages could coexist within the same cuticular matrix.

As discussed previously, cutin posseses basal spacings of approximately 0.45 and 1
nm, meaning that cutin is not airtight.47,53 A common assumption is that the space
between cutin chains is generally occupied by other cuticular components such as the
intracuticular waxes. This spacing and the overall structure of cutin can in some cases
be influenced by various conditions such as the pH and the presence and nature of
some ions within the cutin matrix.47

Studying the structure of cutin is of high importance as the properties of a polymer
is tightly linked to its structure. Additionally, furthering our understanding on the
association of cutin with other cuticular components might be crucial in order to better
delineate the importance and impact of this association on the overall structure and
properties of the cuticle. However, the high variety of monomers and waxes as well
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Figure 1.7: Simplified representation of possible linkages between cutin and the cell wall polysacharride. Inspired
from Fich et al. 2016 and Kinnaert et al. 2017.2,31 Green ring, Galacturonic acid; Blue ring, Xylose.

as the variety in monomeric profile among different species and tissues proved to
be a major challenges as those parameters could have a huge impacts on the overall
structure of cutin.

1.3.3 The role and properties of cutin

1.3.3.1 Barrier against desiccation

As described earlier, cutin serves as a scaffold for the various cuticular components.
As such, cutin might not always have a direct impact on some of the cuticular proper-
ties such as the protection against desiccation. And indeed, a series of tomato mutants
displaying a drastic decrease (> 95%) in fruit cutin deposition only showed minor
increases in water loss.54 A similar result was observed in a study focusing on RNA
interference (RNAi) lines, presenting as well a moderate to high cutin deficiency.21

In this case, the water permeability of the cuticle was determined through the use
of toluidine blue, a hydrophilic dye that can only stain plants if the cuticle is per-
meable to water, as depicted in Figure 1.8. In this last studies, only one of the lines
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(L17) showed a drastic water permeability decrease which was caused by a general
organizational defects as observed by atomic force microscopy (AFM).21 Despite the
fact that the waxes were proven to be responsible for the protection against desicca-
tion,55 there is no direct correlation between the amount of cuticular waxes and the
water permeance of the cuticle.56 These observations suggest that neither the thick-
ness of cutin nor the amount of waxes influence the permeance, but that the integrity
of the cutin and the interactions between cutin and the cuticular waxes are import-
ant to create an efficient transpiration barrier. This hypothesis is further supported by
the presence of hydrophobic interaction between cutin and the cuticular waxes as ob-
served by solid state nuclear magnetic resonance (NMR). This supports that the strong
interaction between the polymer matrix and the waxes are necessary to create a tight
barrier against desiccation.53

Figure 1.8: A, Tomato exocarp of wild type and transgenic lines stained with Sudan Red to highlight the cuticle. B
Tomato fruits of wild type and transgenic lines stained by toluidine blue at 20 days post-anthesis (DPA). C, Cuticle
thickness measured on the the thinner zone as displayed by arrowhead 2 in A (n = 60).21

1.3.3.2 Protection against UV light

As described previously, flavonoids and aromatic waxes were proven to play a role
in the UV protection provided by the cuticle. Additionally, as described in section
1.3.1, cutin possesses a phenolic acid monomer fraction which contributes to the UV-
protection as well. These aromatic monomers have also been shown to have an impact
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in the UV absorption properties of the cuticle of apple fruits.12 Specifically, covalently
bound aromatic compounds have been found to bear the major responsibility for the
UV-B absorption. On the other hand, flavonoids and other aromatic wax constituents
have been accounted for the UV-A absorption properties of the cuticles.12

1.3.3.3 Organ fusion

Cutin plays a key role in the definition of plant organs boundary. As stated previously,
cutin deficiency in arabidosis is often paired with ectotopic organ fusion, as depicted
in Figure 1.9.13–15,34,57–61 Analysis of the fusion area by light microscopy shows that the
polysaccharide fraction of the cell wall of the adjoining cells merges with no visible
cuticular membrane.58,62 The presence of non-functional stomata in some fusion zone
indicates that despite the occurrence of fusion between tissue, tissue differentiation
still exists between the two adjacent epidermal cell layers.62

This phenotypes was also observed in some wax deficient mutants but, to our know-
ledge, it seems to be far less common13,63 while almost all permeable cuticle arabidop-
sis mutants seems to present some degree of organ fusion.64 The fusion phenotype was
also observed on cutinase expressing Arabidopsis thaliana mutants, further proving the
importance of the cuticle in preventing organ fusion.16,62

Figure 1.9: Exemple of organ fusion. A, visual phenotypes of organ fusion observed on a bodyguard (bdg)
arabidopsis mutant compared to Columbia (Col-0) wild type (WT); bar = 5 mm.65 B, scanning electron microscopy
(SEM) of the fusion point between two rosette in a cutinase expressing arabidopsis plant. Arrowheads indicate
fusion zone with hidden cell contacts; arrow indicates fusion zone with visible cell contacts; C, leaf corner; L,
lower leaf; U, upper leaf; bar = 50 µm.62 C, light microscopy at the point of organ fusion between two fused leaves
of a arabidopsis bdg mutants; arrow indicates a point of fusion where the cuticular layer is missing; bar = 500 nm.58
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1.3.3.4 Mechanical and rheological properties of cutin

Another important aspect to consider when talking about the cuticle and cutin itself, is
the mechanical and rheological behavior of cutin. The mechanical properties of cutin
and of the cuticle are of importance for biological research, as it could play a key role
in organs and plants growth by limiting the expansion of internal tissues through ten-
sion.66 Additionally, these properties are of importance for industrial and economical
application as the integrity of cutin and the cuticle plays an important role in fruits
shelf life.67,68 A study has shown that in the case of several cultivars of Solanum ly-
copersicum, the cuticle is responsible for 25 to 50% of the strength of the fruit skin.69

Biomechanical studies of the whole cuticle proved that the cuticle possess 2 different
behavior. Under small stresses, the cuticle reacts as an elastic material (reversible de-
formation), while at higher stresses, it behaves more as a viscoelastic material (time
dependant irreversible deformation).10,31,70

The cuticle is a complex composite material, and it has been observed that the cuticle
and isolated cutin have very different mechanical properties.70 A studies showed that,
by removing the polysaccharide fraction of isolated tomato cuticle, through the use
of anhydrous hydrofluoric acid in pyridine, a decrease in the elastic modulus of the
cuticle was observed. The elastic modulus, or Young’s modulus, is a value that rep-
resents the resistance to the deformation of a material as a response to a force applied
to this material. It can be measured as the slope of a stress-strain curve depicted in
Figure 1.10. This decrease in elastic modulus indicates that the carbohydrate fraction
of the cuticle is responsible for the stiffness and rigidity of the whole cuticle while the
cutin matrix is accounted for the viscoelastic behavior.70,71

Additionally, it was proposed that the amounts of phenolic compounds also impacts
the stiffness of the cuticle. This hypothesis is supported by the increase in stiffness of
the cuticle during ripening of tomato fruits, which is accompanied by an increase in
the amounts of phenolic compounds.29,67,70,72 Additionally, a studies performed on a
variety of tomato genotypes, presenting a varied amount of flavonoids at the red ripe
stage, showed that ripened tomatoes possessing less flavanoid typically have mechan-
ical properties that are similar to that of mature green tomatoes. This further confirms
the theory that the flavonoids and other phenolics might play a role in cuticle rigid-
ity.73

Furthermore, dewaxing of the cuticle results in a reduction of the elastic modulus as
well as a decrease of the fracture force of the cuticle.71 These results suggests that the
waxes acts as polymer fillers, reducing the free space and increasing the rigidity of
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the polymer matrix.10,71,74 In contrast, hydration plays a different role as it was shown
that at higher humidity level, for both isolated cutin and the cuticle, shows a decrease
in stiffness and strength as depicted in Figure 1.10. This observation hints at the fact
that water might act as a plasticiser.29,70,71 The inclusion of polysaccharides and waxes
allows the cuticle to be a more adaptable material. This adaptability was suggested to
be beneficial for the plants growth and development. A young plant or fruit would
benefits from a more flexible cuticle which would offer the opportunity for expan-
sion. However, as the plant mature, the presence of a more rigid and strong cuticle is
more desirable. One could draw some similarity between the cuticle and its adaptable
mechanical properties to the presence of the primary cell wall that offer flexibility to
the cell and the secondary cell wall that offer a strong and rigid structure to the cell
once the maturity is reached.

Figure 1.10: Mechanical study of red ripe tomato fruit cuticle and cutin under tensil stress at 23 %. (A) Strain-time
curve of isolated cuticle (black line) and cutin (grey line) at 40% relative humidity (RH). (B) Stress–strain diagrams
of isolated cuticle (black line) and cutin (grey line) at 40% RH (black circle) and wet conditions (white circle).70

As written earlier, cutin is responsible for the viscoelastic properties of the cuticle.
Indeed this assumption is supported by different studies performed on the fruit of
a large population of Diospyros kaki cultivars75 and on Sonneratia alba leaves.74 These
studies have shown that the amount of cutin is related to the viscoelasticity of the
cuticle, further proving that cutin is accounted for the viscoelastic behavior of the
cuticle.

It is important to note that the composition of cutin may greatly affect its mechan-
ical properties. It was reported that more rigid cuticle could be correlated to cutin
rich in C16 monomers while more elastic cuticles would corresponds to cutin with
a C16/C18 mixed monomeric profile.29,76 However, to our knowledge, a comparison
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between composition and mechanical properties of isolated cutin has not been repor-
ted to date.

Cutin has recently gained the interest of scientist as a potential biodegradable poly-
mer. A recent review by Heredia-Guerrero et al.77 discusses this topic and compares
the properties of cutin with those of usual polymers such as high density (HDPE)
and low density polyethylene (LDPE), polystyrene (PS), acrylonitrile-butadiene rub-
ber (NBR) and many others. Tomato fruit cutin presents a low stress at break and
Young’s modulus compared to polymers like HDPE, polypropylene and polyethylene
terephthalate (PET) and is more comparable to polymers like LDPE and NBR. How-
ever, the latter displays elongation at break that is far superior to that of cutin. In this
regard, cutin is more comparable to more rigid polymers such as PS and polymethyl
methacrylate (PMMA). Thermal degradation of watermelon cutin has been measured
at 200 ◦C according to thermogravimetric analysis, which is appreciably high and sim-
ilar to that of polyethylene and rubber.78 Taking into account all of those parameters,
and judging by the high biodegradability of cutin, most of the proposed industrial
applications of cutin so far revolves around packaging. However, it is important to
note that the properties of cutin can be tuned by the presence of other components
such as the cell wall carbohydrates and the cuticular waxes. Hence, understanding
exactly how these components changes the properties of cutin can be of great interest
for future industrial applications of cutin.

1.3.3.5 Barrier against pest and pathogens

The cuticle is the first line of defense against external stresses. It acts as a chem-
ical barrier and, in parts due to its mechanical properties, allows the plant to with-
stand some low levels mechanical stresses. But cutin itself plays a role in the defense
against pathogens. As an example, the cutin deficient tomato mutants cd1, cd2 and cd3
presents a higher susceptibility to the fungus Botrytis cinerea compared to the control
fruit M82.54 A similar results was observed through the comparison between fruits
from the tomato cultivar delayed fruit deterioration (dfd) and aisla craig (AC) as the red
ripe fruits from AC, which possesses a lower amount of cutin, were more susceptible
to the B. cinerea fungus. Conversly, if the integrity of the cuticle was comprimised, the
suceptibility of both cultivar to B. cinerea was equivalent.38

While the comparison between mutants and cultivars can be very informative, they
are typically not good enough to draw definitive conclusions. However, to further
prove the claim that cutin acts as a primary defense against pathogen, the inhibition
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of a cutinase found in the fungus Colletotrichum gloeosporioides proved to eliminate the
ability of the fungus to infect papaya fruit in places where the cutin layer remained
intact. Additionally, the infection was observed when the tissue was mechanically
breached even in the presence of the cutinase inhibitors.79

Surprisingly, in the case of cutin A. thaliana mutants, a significant increase in their
resistance against B. cinerea was observed.80–84 This increased resistance is thought
to arise from a better diffusion of either antifungal compounds or external elicitors
that would promote the formation of the antifungal compounds. In support of this
hypothesis, the presence of anti-fungal activity in leaf extracts (or diffusates) of ara-
bidopsis permeable cuticle mutants (lacs2 and bdg) as well as in a cutinase-expressing
mutant was confirmed.81,84 It is important to note that this anti-fungal activity is se-
lective as the cutinase-expressing and lacs2 mutants showed no improved resistance to
other fungal infection.81 Additionally, lacs2 mutant presents an increased suceptibility
to a typically avirulent bacteria, Pseudomonas syringae.80 This last observation further
proves that cutin plays a role as a primary barrier but also hints at the fact that cutin
might also play a role in secondary defense mechanisms. As an example of the poten-
tial role of cutin in secondary defense mechanism, it was found that cutin monomers
acts as elicitors of plant defense in various plants such as rice and barley,85 potato86

and cucumber.87 Taking into account that cutin monomers are released during the en-
zymatic degradation of cutin, it is not surprising that some plants have developed a
damage-associated defense mechanism triggered by the presence of cutin monomer.

1.3.4 The biosynthesis of cutin

Despite its unusual composition of cutin monomers, A. thaliana has proven to be a
valuable model organism in unraveling the intricacies of cutin biosynthesis owing to
clear phenotypes observed on arabidopsis cutin mutants such as organ fusion and
permeability to toluidine blue. Much progress have been made through the genetic
studies of Arabidopsis thaliana in conjunction with Solanum lycopersicum. This next sec-
tion will focus on the different aspects of cutin biosynthesis, including the synthesis of
cutin precursors and their transport, the polymerization of the precursors and the reg-
ulation of cutin biosynthesis. A general overview of cutin biosynthesis can be found
on Figure 1.11.31
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Figure 1.11: Representation of the known biosynthetic pathway leading to cutin formation. Names in red rep-
resent enzyme or protein complex with a known function; names in orange represent protein with putative or
unknown function. In the case were several paralogs are relevant, only the gene subfamily is shown. Abbrevi-
ations: C, carbon; CoA, coenzyme A; FA, fatty acid; FAE, fatty acid elongase complex; FAS, fatty acid synthase
complex.31

1.3.4.1 Synthesis of cutin monomer

The synthesis of cutin precursors starts from C16 and C18 fatty acid (FA) produced in
plastids. These acids are transported to the endoplasmic reticulum (ER) where they
are enzymatically transformed into oxygenated monoacyl glycerol. Several processes
are involved in this transformation. The first step is thought to involve long-chain
acyl-CoA synthetase (LACS) enzymes. In particular, LACS1 and LACS2 have been
shown to be responsible for the formation of C16 precursors and are thought to ac-
tivate the fatty acid into acyl-CoA.88 Those two enzymes seems to have a redundant
function as some pleiotropic effect like organ fusion only appears in the case of lacs1-
lacs2 double mutants.61 Interestingly, mutation of LACS1 affects the production of C16
monomers but also affects the production of waxes. A substantial decrease in wax con-
tents, at the exception of VLCFA waxes that shows a drastic increases, was observed in
both lacs1 and lacs2 mutants.61,88 Furthermore, LACS1 possesses a high affinity for C30
FA with C16 only coming second hinting at the fact that while LACS1 has a definitive
effect on cutin biosynthesis, it also activates VLCFA for further enzymatic treatments
in wax biosynthesis.
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The next step in cutin biosynthesis is the oxidation of the precursors. Two different ox-
idation, namely terminal ω-oxidation and mid-chain oxidation, can take place and are
thought to be carried out by different subfamilies of the cytochrom p450 enzymes. The
CYP86A subfamily is accounted for the ω-hydroxylation as indicated by the altered
cutin composition of cyp86a2, cyp86a4 and cyp86a8 mutants34,83,89,90 as well as the in
vitro ω-oxidation activity of CYP86A2, CYP86A4 and CYP86A8 transcripts.57,91,92 Ow-
ing to the fact that a member of the CYP86A subfamily found in Petunia hybrida shows
a lower affinity for fatty acids than for their Acyl-CoA derivatives, the terminal oxid-
ation steps is thought to happen after the LACS CoA activation.93 Formation of diacid
monomers such as the one presents in arabidopsis cutin would require further oxida-
tion of the ω-carbon. No enzymes have been directly tied to this advanced oxidation
step, however, due to the monomeric profile impoverished in diacids of their respect-
ive mutants, both CYP86A and an oxidoreductase named HOTHEAD have been con-
sidered as likely candidates.89,94

Mid-chain oxidation is carried out by the CYP77A subfamily of cytochrom P450 en-
zymes.6,31 At the time of writing, only one of those enzyme, CYP77A6, has been dir-
ectly linked to cutin synthesis, and is accounted for the mid-chain oxidation leading
to the formation of 10(9),16-dihydroxypalmitate monomer in cutin petals.34 Contrast-
ingly, CYP77A4 was found to catalyze the in vitro epoxidation of unsaturated C18 fatty
acids but its implication in cutin biosynthesis has not been proven yet.95 Interestingly,
CYP77A6 was found to catalyze the mid-chain oxidation of ω-hydroxypalmitic acid
but not of the non-hydroxylated palmitic acid. Additionally, arabidopsis mutants of
the cyp77a6 gene possess a cutin composition enriched in 16-hydroxy palmitic acid
and in 1,16-dicarboxylic C16 monomers but no 10,16-dihydroxy palmitic acid. These
two lines of evidence indicates that the ω-oxidation occurs prior to the mid-chain oxy-
dation.34

Another enzyme family is involved in the preparation of cutin precursors, the glycerol-
3-phosphate acyl transferase (GPAT) enzymes. In particular, the arabidopsis GPAT4,
GPAT6 and GPAT8 are required for cutin biosynthesis.34,40 GPATs enzyme typically
catalyze the sn-1 acylation of glycerol-3-phosphate leading to the formation of lyso-
phosphatidic acid. However, GPATs involved in cutin biosynthesis acylates glycerol
on the sn-2 position over the sn-1 position. Additionally, GPAT4 and GPAT6 possess
an active phosphatase domain. This bifunctional activity allows for the synthesis of
2-monoacylglycerol (2-MAG), which are believed to be the actual cutin precursors as
already described in section 1.3.1,44 as observed by in vitro assays.96,97
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1.3.4.2 Cutin precursor transportation

The next important steps in cutin deposition is the transport of the monomers from
the ER to the site of polymerization. This mechanism is still largely unknown and
represents an interesting field of research for scientists. However, several mechan-
ism have been postulated.98 One such mechanism would be through the use of ATP-
binding casette (ABC) transporters, a family of transmembrane proteins. This theory
is supported by the reduced cutin load of wbc11, a line of arabidopsis T-DNA inser-
tional knock-out mutants targeted at ABCG11, a member of the ABC transporters.59

Additionally, mutation of the ABCG13 transporter resulted in both a floral cutin load
decrease along with flower organ fusion while ABCG32 mutations proved to induce a
reduction in arabidopsis petal cutin deposition and an increased resistance to B. cinerea
all of which are typical cutin defficiency phenotypes.82,99

Another family of transporters, the lipid transfer proteins (LTP), has been proposed
to play a role in cutin deposition based on their in vitro binding properties with lipids
including fatty acid precursors of cutin.100 Two different LTPs, LTP1 and LTP2, were
shown to be involved in cuticular wax transport, but no evidence of such activity were
found for cutin monomers.101–103

Another transport mechanism hypothesis relies on the transport of monomers through
the formation of exocytotic vesicles. This mechanism would in term allows for the
transport of a much larger quantity of monomers at once, however, to our knowledge,
there is no evidence to support this theory.98

1.3.4.3 Polymerisation of cutin

The last step in cutin biosynthesis is the polymerization of the monomers into a poly-
meric scaffold. The mechanism of polymerization has been a long-standing question.
The original work from Croteau and Kolattukudy in 1974 was the first experience
that hinted at an enzymatic acyltransferase polymerization mechanism.104 More re-
cently, an acyltransferase named defective in cuticular ridges (DCR) was tied to the
cuticle biosynthesis due to the lack of 9(10),16-dihydroxy-hexadecanoate monomer
in the floral cutin composition of its respective arabidopsis mutants.105 However, the
cytosolic localization of this enzyme combined with its in vitro diacylglycerol acyl-
transferase activity leading to the formation of triacylglycerol is not consistent with its
proposed role as a cutin polymerase.46 At the time of writing, the role of DCR in cutin
biosynthesis is still not well understood.
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Another enigmatic enzyme that has been proposed as a cutin polymerase is the A.
thaliana BODYGUARD (BDG), an α/β hydrolase that is expressed in epidermal cells as
well as in root endodermis.58,65 An Arabidopsis thaliana bdg mutant shows a disrupted
cuticular organization but an increased cutin deposition.58 Interestingly, another study
showed that two different bdg mutants present a reduced cutin deposition for young
leaves while the overexpression of BDG leads to a drastic increase in cutin load.65 Un-
less a yet to be discovered overcompensation regulation mechanism between BDG
and redundant enzymes exists, the increase in cutin deposition of BDG null mutant is
not consistent and BDG most likely contributes to the cuticule formation through an
unknown mechanism.6

In recent years, lipases/esterases possesing a glycine - aspartic acid - serine - leucine
motif (GDSL motif) have been growing in popularity as candidates for cutin polymer-
isation. This popularity was triggered by the discovery of the induced expression of
a gene encoding for a putative GDSL lipases/esterase by WAX INDUCER 1 (WIN1),
also called SHINE1 (SHN1), a transcription factor known to be implicated in cutin
biosynthesis.106 Additionally, several GDSL-motif lipase/esterase were found to be
expressed preferentially in the epidermal layer of tomato fruits.107

The involvement of GDSL esterases in cutin biosynthesis was confirmed in 2012, when
two research groups independently discovered the existence of a tomato GDSL lipase
whose expression level affects cutin deposition.21,44 One of these research group relied
on the formation of RNA interference mutants targeted at reducing the expression of
the GDSL1 gene (also known as CD1). These mutant lines showed a drastic reduction
in cutin deposition and a high perturbation of the cuticular matrix at drastically low
expression level. The other research group focussed on the study of cutin deficient 1
(cd1), a tomato null mutant which fruits only possess about 5% of wild type tomato
M82 and which was found to accumulate 2-mono-(10,16-dihydroxyhexadecanoyl) gly-
cerol (2-MHG), the glycerol precursor to tomato cutin main monomer (see section
1.3.1). Immunolocalization of the transcripts of CD1, a GDSL-lipase named CD1 and
later renamed cutin synthase-like 1 (CUS1),108 showed that this protein was primarily
expressed in the epidermis and more particularly, in the cuticle. Furthermore, recom-
binant CUS1 was found to catalyze the in vitro polymerization of synthetic 2-MHG
into linear oligomers.44,108 However, this might differ for the in vivo polymerization as
an unpublished study indicates that CUS1 might be responsible for mid-chain acyl-
ation.31 The polymerization is believed to occur through the formation of an acyl-
enzyme intermediate in a ping-pong bi-bi fashion as depicted in Scheme 1.1. How-
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ever, no experimental evidence have been found to confirm this mechanism at the
time of writing.108 Interestingly, orthologs of CUS1 were found in both, Arabidopsis
and the moss Physcomitrella patens, indicating that CUS1 is part of a well conserved
family of enzymes.108 Additionally, the existence of another CUS enzymes, CUS2, was
confirmed in arabidopsis, unfortunately, the difference in role between the different
members of the CUS familly is currently not well understood.36
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Scheme 1.1: Proposed mechanism for the CUS1-catalyzed 2-MHG dimerization. Further polymerization occurs
by using the newly formed dimer as a substrate for an additional acyl trasfer. Recreated from Yeats et al. 2014108

The discovery of CUS enzymes is still rather new and several questions still surrounds
its mechanism of action, its specificity and selectivity as well as its three-dimensional
structure. The presence of a small cutin deposition in the null mutant cd1 is also in-
triguing as it opens the door for potential new enzymes as well as for different com-
pensating mechanisms. The research on cuticle formation, a critical and ubiquitous
step of land plants formation, would greatly benefits from a better understanding of
cutin synthase-like enzymes. Furthermore, the formation of the cuticle has a huge
impact on the conservation of plants and fruits as demonstrated in section 1.3.3, and
improving our knowledge of cutin formation could potentially have an impact from
an industry point of view. Hence, the study of CUS enzymes might be a critical field
of research for both biological research as well as industrial applications.

1.4 Suberin

As described in section 1.3.1, cutin is not the only plant polyester. This section will fo-
cus on the second plant polyester, suberin, and attempt at comparing plant polyesters
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in their function and composition.

Suberin is an extracellular polymeric matrix similar to cutin, but contrarely to cutin,
suberin layers are deposited primarily on the periderm, the exodermis of roots, as
well as the endodermis of roots where it covers the cells of the casparian strip.18,109–116

Suberin is also deposited in wounded tissue,117,118 in the bundle sheath of monocots,
and it is the main components of cork.119 Similarly to cutin, suberized layers are also
associated with a mixture of organo-soluble waxes.118 Suberin associated waxes com-
prise a variety of compounds such as very long chain alkanes (From C17 to C35), fatty
acids and fatty alcohols (from C16 to C28), ω and 2-hydroxy fatty acids (C16 to C22),
α,ω-dicarboxylic acid (C16 to C22), hydroxyaromatic acids, 2-hydroxy fatty acids and
sterols.8,120

Figure 1.12: Ultrastructure of Suberin as observed by TEM of the cork cell wall. PW, Primary cell wall; TW
tertiary cell wall; SW Suberized secondary wall.121

While cutin is deposited on the outer face of the cell wall of epidermal cells, suberin
is typically located on the inner face of the primary cell wall or in the secondary cell
wall.18,42,122

Similarly to the cuticle, suberin and the associated waxes provides a protection against
uncontrolled water and solutes diffusion while acting as a primary defense barrier
against pathogen. In the case of root exodermis and endordermis, suberin is essential
in regulating apoplastic water movement.18,116,119,123,124 Additionally, suberin plays an
important role in wound healing and in the abscission process.117–119
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1.4. Suberin

Microscopic analysis of suberin by TEM, depicted in Figure 1.12, shows that suberin
forms poly-lamellate structures of light, electron translucent, and dark, electron opaque,
lamellae. This structure have long been used to define the suberin layer but some spe-
cies seems to possess suberin layers that do not comply to that structure.125

1.4.0.1 Composition and structure

It is commonly accepted that the lamellate structure of suberin arises from its com-
position. Indeed, suberin presents a monomeric composition that differs substan-
tially from cutin yet still reamains similar. Two main families of monomer can be
observed by the depolymerization of suberin, the aliphatic monomers and the aro-
matic monomers.18,111,114,119

Aliphatic monomers can be easily studied via depolymerization by methanolysis. A
summary of the composition of suberin obtained through methanolysis for three dis-
tinct species can be found on Table 1.2. Suberin aliphatic fraction is mainly composed
of α,ω-dicarboxylic acid as well as glycerol. The presence of n-alcohols, fatty acids,
and ω-hydroxy fatty acids was also observed in various amounts among different spe-
cies. The chain length of suberin aliphatic monomers is typically longer than that of
cutin monomers and generally varies between C16 and C30. Unsaturated and oxy-
genated diacids and ω-hydroxy fatty acids can be found with chain length of 18 car-
bons.18,122,126,127

As indicated in Table 1.2, the presence of phenolic acids such as ferulic acid have been
observed using methanolysis. However, only a low amounts of aromatic is observed
through this method as it was observed that majority of the aromatic fraction is res-
istant to transesterification and has been estimated to make up for around 31% of the
weight for potato periderm.119,128–130 Due to its high chemical resistance, the nature
of the polyaromatic fraction is less defined than its aliphatic counterpart. The use
of harsh depolymerization methods such as alkaline nitrobenzene oxidation lead to
the assimilation of the polyphenolic fraction of suberin with lignin, another plants
polyaromatic polymer.131 However, solid state 13C NMR analysis of wound-induced
potato suberized tissue have indicated that the major components of suberin aromatic
fraction are hydroxycinnamic acids, and derivatives, held together through non-ester
covalent linkages.129 To date, the nature of those covalent bonds is still to be determ-
ined.

A general belief is that the translucid lamellate is chiefly composed of aliphatic com-
pounds while the electron dense lamellate is made of aromatic monomers. Taking
into account this hypothesis, the monomeric composition of suberin and the potential
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Table 1.2: Comparison of the suberin monomeric composition of three different species as analyzed after meth-
anolysis depolymerization.122,126,127

Compound class Features P. menziesii Q. Suber S. tuberosum
% (w/w) % (w/w) % (w/w)

Glycerol

OHHO
OH 26 14.2 22

Phenolics

OH

O

RO

0.8 0.8 1

n-alcohols
HO n

C18–C26 0.6 0.4 2.5

Fatty acids C16–C22 3.6 1 0.7

HO

O

n C23-C30 1.6 0.1 7.7

ω-Hydroxyacid C16 4.3 0.4 1.3

HO OHn

O

C22 1.7 7.9 0.6
C18, C20, C24–C28 3.5 3.1 0.8

C18:1 1.7 5.4 12.1
9-epoxy C18 - 7.3 -

9,10-dihydroxy C18 0.2 2.2 -

α,ω-diacid C16 18.7 2 0.7

HO OHn

O O

C22 1.6 4.5 -
C18, C20, C24, C26 8.9 2.2 1.1

C18:1 9.1 6.2 30.1
9-epoxy C18 - 22.9 -

9,10-dihydroxy C18 1.6 7.7 0.1

other 2.2 1 -
unidentified 13.9 10.7 19.3

interaction between monomers, a hypothetical structure of suberin, depicted in Fig-
ure 1.13, has been proposed.119,122 This proposed structure have not been proven ex-
perimentally but is supported by the correlation observed between suberin monomer
length and the thickness of the electron translucent lamellae.132 Furthermore, the pres-
ence of glyceryl-DCA-glyceryl and DCA-glyceryl-DCA trimer was confirmed by par-

24



1.4. Suberin

H3CO OH

O

O
O

OH

O
O

O
O

O
O

O
O

R

O

O
O

O
O

O
O

OO

OH
OCH3

O
O

O
O

O
O

O
O

O
O

R

O

O
O

O

O
O

O
O

HO

H3CO

OCH3HO

O
O

Polyaromatic domain

Polyaromatic domain

A
lip

ha
tic

 la
m

el
la

e

O
O

HO
OH

OCH3HO

O
O

O

O

OH

O

Figure 1.13: Proposed structure of suberin inspired from Graça et al. 2007122

tial depolymerization.133 Finally, solid-state NMR proved the existence of two differ-
ent aliphatic carbon types, a more flexible one comprised of short chains alkyl cor-
responding to the glycerol backbones, and a more rigid domain corresponding to the
long alkyl chains.134,135

1.4.1 The biosynthesis of Suberin

The biosynthesis of suberin major aliphatic monomers follows a very similar pathway
to the one of cutin. An overview of the biosynthetic pathway can be found on Fig-
ure 1.14 For the sake of simplification, the formation of the aromatic domain as well
as the preparation of aromatic monomers will not be discussed here.

Suberin monomers synthesis starts with fatty acids produced in plastids. These differ-
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Figure 1.14: Overview of the known suberin biosynthetic pathway.136

ent precursors are transported to the ER where they undergo several transformations
such as elongation, oxidation or reduction and glycerol esterification.

Enzymes such as CYP86A1 has been tied to the ω-oxidation of small chain monomers
with chain length ranging from C12 and C18 according to in vitro studies,137 while
CYP86B1 is accounted for the terminal oxidation of C22 and C24 monomers.138,139 To
the best of our knowledge, no enzymes responsible for the mid-chain oxidation have
been discovered. Additionally, the oxidation of the ω-carbons leading to the formation
of carboxylic acid remains an open question.

GPAT enzymes are also involved in suberin synthesis. In particular, GPAT5 was found
to be responsible for the sn-2 acylation of long chain monomers (C20–C24).40,96 Over-
expression of GPAT5 lead to the formation of sn-2 MAG, however, in contrast with
cutin-related GPATs, recombinant GPAT5 was proven to lack the phosphatase activ-
ity. This results indicated that external phospholipases might be necessary for the
preparation of suberin monomers. It is important to note that gpat5 mutants only
showed a decrease in very long chain monomers, indicating that other GPAT enzymes
might be involved in the preparation of shorter length precursors.96 In this respect, the
wound-induction of GPAT7 expression and the presence of suberin-like monomers
when overexpressed indicates that this enzyme is tied to wound-induced suberin pro-
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1.4. Suberin

duction.97

The involvement of GPAT enzymes hints at the potential existence of suberin-related
LACS enzymes. To the best of our knowledge, no specific LACS enzymes were associ-
ated with suberin biosynthesis up to date, however, the cutin-related LACS2 enzyme
might also play a role in suberin synthesis (Isabel Molina, unpublished data140).

The alcohols monomers are prepared through the reduction of the activated fatty
acyl. Enzymes involved in this process are called fatty acyl reductases (FARs). In the
case of suberin synthesis, three different FAR have been identified, FAR1, FAR4 and
FAR5.120,141 Mutation of the related genes shows that the three reductases are chain-
length specific: FAR1 is related to C22-OH formation, FAR4 reduces C20 monomer
and FAR5 is responsible for C18-OH production.141 Triple mutation of the FAR genes
lead to a decrease in n-alcohols monomer of about 70 to 80% without affecting the
other main monomers. This decrease in alcohol monomers proved to be detrimental
to the permeability of seed coat, indicating that the presence of these monomers might
play a big role in suberin permeability.120

The starting precursors of suberin monomers are C16 and C18 monomers, however,
suberin is characterized by longer chain monomers. The elongation of fatty acids is
catalyzed by a complex of enzymes called fatty acid elongase (FAE).142 The elongation
process is controlled by β-ketoacyl-CoA synthase (KCS), the enzyme responsible for
the first reaction of the elongation process.143 Two different KCS enzymes are involved
in the elongation of C20 suberin fatty acid, KCS2 and KCS20.101,144 The composition of
the arabidopsis kcs2 and kcs20 null-mutant is impoverished in C22 and C24 fatty acid
derivatives and enriched in C20 monomers. This effect is even more drastic for the
kcs2-kcs20 double mutants, indicating that KCS2 and KCS20 is mostly functionally re-
dundant.101 In potato, StKCS6 was accounted for the preparation of C28 monomers
and higher chain length.121

Transport of the monomer through the plasma membrane requires ABCG transport-
ers. In particular, suberin monomer transport requires ABCG2, ABCG6 and ABCG20.
Mutation linked phenotypes could only be observed via the simultaneous mutation
of the three transporters, which suggests that these transporters are functionally re-
dundant.146

The last step in the biosynthesis of suberin is its assembly from the monomers. Un-
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Scheme 1.2: Representation of the elongation cycle of the fatty acid elongase complex.145

fortunately, at the time of writing, researchers were not able to identify any suberin
synthases (SUS). Cutin and suberin shares a lot of similarities. These similarities lead
scientists to believe that the formation of cutin and suberin arises from a common
plant functionality and diverged over time. This theory is further supported by the
suberin-like cutin composition of arabidopsis. In this context, GDSL lipases are un-
der investigation for potential SUS. The identification of a GDSL lipase/esterase type
suberin synthase would prove to be a valuable evidence towards the common plant
functionality theory.

1.5 Chemical synthesis of cutin monomer: state of the
art

In order to study some cutin-related phenomena, several groups have synthesized
cutin monomers. As an example, as a mean to study the effect of cutin monomers
on the activation of a lipid-activated protein kinase from Colletotrichum trifolii, Ahmed
et al. devised an asymmetric synthesis of 10,16-dihydroxyhexadecanoic acid (6), the
main repeating units of tomato cutin.147

The first part of the synthesis, depicted in Scheme 1.3, relies on the benzyl protection
of 5-hexynol followed by coupling with 10-undecenal to obtain propargylic alcohol
2 as a racemic mixture. Assymetry is then obtain by the oxidation of the mid-chain
alcohol into a ketone that can be reduced using chiral alpine borane allowing for the
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formation of both, (R-)2 and (S)-2.
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Scheme 1.3: Formation of intermediates 2 as two separate enantiomer.147

Both of the enantiomer can undergo ozonolysis in the presence of methanol followed
by an acetylation of the mid-chain alcohol to afford propargylic ester 4, as depicted in
Scheme 1.4. Hydrogenation of the triple bond and hydrogenolysis of the benzyl group
can be achieved by the subsequent treatment of compound 4 by Pt/C and Pd/C int
the presence of H2. Finally, target molecule 6 can be obtained through the saponifica-
tion of compound 5 using aqueous NaOH.
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Scheme 1.4: End of the synthesis of 10,16-dihydroxyhexadecanoic acid.147
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Scheme 1.5: Synthesis of 2-MHG.44

The identification of CUS1 was part of a collaborative work between the group of Prof.
Jocelyn K. C. Rose at the Cornell University (CU) and Prof. Mads H. Clausen at the
Technical University of Denmark (DTU).44 In order to confirm the polymerase activity
of CUS1, 2-mono(10,16-dihydroxyhexadecanoyl)glycerol have been chemically syn-
thesized and used in a polymerization assay.44 The synthesis of 2-MHG, depicted in
Scheme 1.5, starts by the coupling between 10-(benzyloxy)decan-1-ol 7 and the lithium
acetylide of 6-((tert-butyldimethylsilyl)oxy)hex-1-yne to afford alcohol 8. The latter
can undergo a TBS protection followed by a concomitant palladium catalyzed hydro-
genation and hydrogenolysis to afford compound 10. Oxidation of the free alcohol to
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the carboxylic acid followed by a Steglich esterification gave a fully protected derivat-
ive of 2-MHG. Finally, 2-MHG can be obtained by a 2 step global deprotection using
first aqueous HF followed by a hydrogenolysis catalyzed by Pearlman’s catalyst.44

One of the main difficulties of working with sn-2 glyceryl esters lies on their tend-
ency to migrate to the thermodynamically favored sn-1 position. This synthesis relies
on the use of cis-5-hydroxy-2-phenyl-1,3-dioxane, a 1,3-protected glycerol that is only
released at the very last step using mild hydrogenolysis conditions in order to over-
come this issue. Due to the acid-induced lability of benzylidene acetal, another key
step in the 2-MHG synthesis is the TBS deprotection leading to precursor 12 which is
performed using 20% aq. HF at 0 ◦C. According to the author, stronger HF solutions
and higher temperature promotes the combined removal of the benzylidene acetal
and migration of the glycerol moiety.
.
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Chapter 2
Synthesis and Investigation of the
Bio-polymerization of Cutin Monomers
and Derivatives - A Chemical Approach

2.1 Towards an enantioselctive synthesis of a CUS1
Monomer

2.1.1 Objectives

Following its discovery in 2012, the question of CUS1 specificity and stereospecificity
remained open. CUS1 was proven to catalyze the in vitro oligomerization of 2-MHG.
In nature, different positional isomers of 2-MHG were found. One of the major 2-MHG
isomer is 2-mono(9,16-dihydroxyhexadecanoyl)glycerol, depicted in Figure 2.1, which
will be referred to as 9-OH-2-MHG. The objective of this project was to developed a
novel synthesis of 9-OH-2-MHG which will be further used in enzymatic assays to
investigate CUS1 specificity. Additionally, the proposed synthesis, despite not being
enantioselective, has been developed in a way that could allow for enantioselectiv-
ity. Synthesizing both enantiomers would allow us to assess if each enantiomers are
substrates of CUS1.

HO
O

OH

OH
O

OH
HO

O
OH

OH
OOH

2-mono(9,16-dihydroxyhexadecanoyl)glycerol
2-mono(10,16-dihydroxyhexadecanoyl)glycerol

* *

(2-MHG)
(9-OH-2-MHG)

Figure 2.1: Structure of 2-MHG and its positional isomer 9-OH-2-MHG. The chiral center is denoted by the star.

2.1.2 Synthetic strategy

The proposed synthetic strategy is depicted in Scheme 2.1. Target compound 9-OH-2-
MHG (14) would arise from a global deprotection of the fully protected precursor 15
similarly to what has already been reported for the synthesis of 2-MHG.44 Compound
15 was thought to be obtainable through the esterification between 1,3-O-benzylidene-
glycerol and acid 16, and the latter would be prepared from a benzyl deprotection
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followed by oxidation of benzyl ether 17. This protected triol was thought to be ob-
tained from the alcohol protection and selective reduction of β-hydroxy ketone 18.
This β-hydroxy ketone motif can be obtained through an aldol condensation between
ketone 20 and aldehyde 19 which both could be formed from commercially available
1-methyl-1-cyclohexene (22) and 1,9-nonanediol (27) respectively. The choice of using
an aldol reaction is key here as it would allow us to use an assymetric versions of this
coupling reaction in the future.148 Additionally, the protecting group strategy have
been developed in order to simplify several protection and deprotection steps which
have already been developed for similar compounds in the original 2-MHG synthesis.
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Scheme 2.1: Proposed retrosynthesis of 9-OH-2-MHG.

2.1.3 Results and discussions

2.1.3.1 Synthesis

As described on the former section, we intended to use ozonolysis of 1-methyl-1-1-
cyclohexene (22 to produce keto-aldehyde 23. This reaction was performed according
to McMurry et al. 1978,149 however, the reaction afforded an inseparable mixture of
compounds. NMR analysis of the crude mixture indicated the presence of the de-
sired compound as well as impurities, however, the desired compound could not be
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isolated. Similar results were observed when using triphenylphosphine instead of
dimethylsulfide as a reducing agent.

1. O3

2. [red.] O
O

CH2Cl2, -78 οC
TBSO

O
X

1. Reduction

2. Protection

22 23 20

Scheme 2.2: Tentative synthesis of ketone 20 via the ozonolysis of 1-methyl-1-cyclohexene (22).

Due to the unsucessful purification of the ozonolysis products, an alternative synthetic
route, displayed in Scheme 2.3, was developed for the synthesis of ketone 20. This
synthetic route starts with a lactone opening of ε-caprolactone using N,O-dimethyl-
hydroxylamine hydrochloride in the presence of trimethylaluminium.150 This step was
directly followed by a TBS protection of the hydroxy group affording Weinreb amide
25 in high yield. The Weinreb ketone synthesis was then achieved by the treatment
of the Weinreb amide with a solution of methylmagnesium bromide followed by the
hydrolysis of the hydroxylamine in mild acidic conditions in order to obtained desired
ketone 20. The use of mild acidic condition was key here as the use of a stronger acid
mixture lead to a major deprotection of the TBS group
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O
O

O
1. Me3Al,
    MeONHMe.HCl
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OMe

87%

TBSO
O

80%
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2. NH4Cl, H2O
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26

Scheme 2.3: Synthesis of ketone 20 through Weinreb ketone synthesis followed by the formation of the kinetic
silyl enol ether.

Next, the preparation of aldehyde 19 was undertaken. This compound was pre-
pared in two steps from commercially available 1,9-nonanediol (27) as depicted in
Scheme 2.4. This synthesis revolved around the monoprotection of 1,9-nonanediol to
afford alcohol 28. This synthesis was performed using half an equivalent of benzyl
bromide compared to the starting diol in order to reach an optimal ratio of monopro-
tected with respect to the bis-protected diol. This step was followed by oxidation of
the free hydroxy group using Dess-Martin periodane (DMP) as a mild oxidative agent.
This aldehyde was found to be unstable and was always prepared and used for the
next step on the same day.
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Scheme 2.4: Synthesis of aldehyde fragment 19.

With the two aldol fragments in hand, the next step in the synthesis was the aldol
reaction. In particular, the Mukaiyama aldol addition was chosen for the ease of pre-
paration of the desired kinetic aldol addition product. For this purpose, the formation
of the trimethylsilyl (TMS) enol ether 26 was necessary. This was achieved via the use
of lithium diisopropylamide, a strong and bulky base. The first attempt at coupling
silyl enol ether 26 with aldehyde 19 in the presence of boron trifluoride etherate lead
to the formation of a complex mixture dominated by the presence of ketone 20. This
result was thought to arise from the premature degradation of the TMS enol ether.
Alternatively, a slow reaction rate of could be accounted for those results.
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Scheme 2.5: Preparation of TMS enol ether 26 and first attempt at aldol coupling between the latter and aldehyde
19

In this context, the preparation of the more resistant the t-butyldimethylsilyl (TBS)
enol ether (29) was attempted, as depicted in Scheme 2.6.151 Unfortunately, treatment
of the lithium enolate with TBSCl led to no further reaction while using TBSOTf led
to the formation of a 1 : 1 mixture of kinetic and thermodynamic enolate according
to crude NMR analysis. The formation of the TBS enol ether was left without further
investigation.
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OTBS

1. LDA
2. TBSX

THF, -78 οC

X = Cl        No reaction
X = OTf     Mixture of silyl enol ether (1 : 1)

20 29

Scheme 2.6: Tentative preparation of TBS enol ether 29.

To increase the rate of the aldol addition reaction, the reaction was perfomed using
TiCl4, as depicted in Scheme 2.7. This successfully catalyzed the formation of desired
aldol product 18, although in 34% yield. The low yield is partially explained by the
presence of a large amount of TBS-deprotected aldol product arising from the strong
acid conditions of the reaction.
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Scheme 2.7: Aldol coupling between 26 and 19.

Subsequently, the protection of the mid-chain hydroxy group by treating compound
18 with TBSCl in the presence of imidazole failed. In light if this, the protection of
the hydroxy group was pushed to a later stage in the synthesis. The next key step
for the proposed synthesis was the ketone removal. We envisioned that this could be
achieved via the formation of a thioketal followed by Raney-nickel mediated desul-
furization. The formation of the thioketal derivative of aldol 18 was undertaken as
displayed in Scheme 2.8. Treating the aldol abduct with 1,3-propanedithiol and boron
trifluoride etherate lead to the formation of a small amount of the TBS deprotected
thioketal 32 as well as a large amount of TBS deprotected aldol abduct 30. Once again
proving that TBS group is too labile in the employed acidic conditions.
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Scheme 2.8: Attempt at protecting the mid-chain alcohol of compound 18 and thioketal formation.

Attempt at protecting both alcohol using TBSCl in the presence of imidazole, depicted
in Scheme 2.9, proved to be inefficient as no conversion was observed.
In order to determine optimal conditions for the thioketal formation, and due to the
small amount of 30 in hand at that time, a few test reactions were performed on
simpler substrates. The impact of the acid catalyst was investigated as depicted in
Table 2.1. TiCl4 (entry 1) lead to the formation of the TBS deprotected thioketal while
PPTS (entry 2) was not strong enough to catalyze the thioketal formation. In order to
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Scheme 2.9: Attempt at protecting both alcohol of thioketal 33 using TBSCl in the presence of imidazole.

avoid the presence of protic acid produced by the hydrolysis of TiCl4, titanium (IV)
isopropoxide was used as a catalyst (entry 3). Similarly to PPTS, Ti(OiPr)4 proved to
be inefficient as no conversion of the starting material was observed.

Table 2.1: Effect of the acid on the thioketal formation.

TBSO
O

TBSO

Acid

HS SH

CH2Cl2, 0 οC
SSX

20 34

Entry Acid Comments
1 TiCl4 TBS-deprotected thioketal as major product (74 %)
2 PPTS No conversion
3 Ti(OiPr)4 No conversion

Due to the major issue linked to the protecting group strategy, and more specifically,
the use of TBS protecting groups in acid catalyzed reactions, this proposed synthetic
route was discontinued and the project was left asides in favor of a different synthesis
of 9-OH-2-MHG.
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2.2 Synthesis of a CUS1 monomer and isotopically
labeled monomer for CUS1 specificity

2.2.1 Objectives

The cutin composition of angiosperm is dominated by dihydroxy-palmitic acids.6,18,152

Additionally, fragmentation analysis of cutin depolymerization products via gas chro-
matography mass spectrometry (GC-MS) has proven that 10-16,dihydroxypalmitic
acid is the main isomer that constitutes this specific type of monomer for a lot of plants
including tomato fruits.152 However, little is known about how this selectivity arises.
Hypothetically, polymerase enzymes might play a pivotal role in this positional iso-
mer dominance by means of enzymes intrinsic selectivity. In this context, analyzing
the selectivity of CUS1 might provide us with some insight into this particular aspect
of the monomer composition of tomato cutin. The analysis of choice to asses CUS
enzymes in vitro polymerization product is MALDI-TOF mass spectrometry. Theor-
etically, performing a polymerization assay with an equimolar mixture of potential
monomers and analyzing the oligomer mixture by MALDI-MS would allow us to see
which monomers are preferentially included within the polymer matrix by the poly-
merase. Unfortunately, MALDI-MS suffers from very little fragmentation, if any at
all, and does not allow for the differentiation between different positional isomers
that possess the same mass. One way to work around this limitation would rely on
the formation of isotopically labeled positional isomers. This would allow us to dif-
ferentiate positional isomers by mass spectrometry and investigate the selectivity of
CUS1 for these different positional isomers.

In particular, this project aims at synthesizing both, 9-OH-2-MHG and an isotopic-
ally labeled version of 9-OH-2-MHG, more specifically, 2-mono(9,16-dihydroxyhexa-
decanoyl)glycerol-10,10,11,11-d4 (35). These compounds will then be co-polymerize
with 2-MHG and the deuterated version of 2-MHG, both prepared by Ph.D. student
Ignacio Martı́nez San Segundo, in order to assess the selectivity of CUS1.

OH
O

HO

HO
O OH

OH
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HO

HO
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D
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D
2-mono(9,16-dihydroxyhexadecanoyl)glycerol

2-mono(9,16-dihydroxyhexadecanoyl)glycerol-10,10,11,11- d4
14 35

Figure 2.2: Target compounds for CUS1 selectivity studies
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2.2.2 Synthetic strategy

The proposed synthetic strategy, depicted in Scheme 2.10 is an adaptation of the ori-
ginal 2-MHG synthesis. Both the non-deuterated and deuterated target compounds,
14 and 35, are believed to be obtainable via common precursor 36. Retaining the triple
bond up to the very last stage of the synthesis is one of the main difference compared
to the original synthesis, and is crucial as it will act as a handle for deuterium inser-
tion. Precursor 36 is thought to be obtainable through esterification of acid 37 with
1,3-O-benzylideneglycerol. This acid can be formed through protection, deprotection
and oxidation of the terminal alcohol of compound 38. Protection of the terminal al-
cohol as a 2-naphtylmethyl (NAP) ether is a second major difference with the original
2-MHG synthesis. The change from the benzyl to the NAP protecting group was mo-
tivated by its ability to be removed under oxidative conditions which would allow
us to keep the propargylic triple bond intact. Similarly to what has been done in the
2-MHG synthesis, C16 precursor 38 is thought to be afforded by the acetylide coup-
ling between mono NAP protected diol 39 and TBS protected alkyne 40 which are
both believed to be obtainable from commercially available 1,9-nonanediol (41) and
6-heptyn-1-ol (42) respectively.
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Scheme 2.10: Retrosynthetic analysis of 9-OH-2-MHG and 9-OH-2-MHG-d4.

40



2.2. Synthesis of a CUS1 monomer and isotopically labeled monomer for CUS1 specificity

2.2.3 Results and discussions

2.2.3.1 Synthesis

The synthesis of 9-OH-2-MHG started by the formation of the NAP protected diol and
resemble the benzyl protection seen on Scheme 2.4 in section 2.1.3.1. The remaining
free hydroxyl group was then oxidized using the Dess-Martin reagent to afford the
first acetylide coupling fragment, aldehyde 39, as depicted in Scheme 2.11.

HO ONAPHO OH
NaH, NAPBr

DMF : THF (3 : 1)

54%

O ONAP
DMP

CH2Cl2, 0 οC41 43 39

Scheme 2.11: Formation of aldehyde 39 from 41.

The other fragment was synthesized by the imidazole mediated TBS protection of
commercially available 42 as depicted in Scheme 2.12. Treatment of the latter with
n-BuLi followed by the addition of aldehyde 43 lead to the formation of alcohol 38
in good yield. The newly formed hydroxy group was then treated with TBSCl in the
presence of imidazole yielding the fully protected compound 44.

OH OTBS
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1. n-BuLi

THF, -78 οC

88%

2.

64%95%
R=H
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DMF
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42 40

39

38
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Scheme 2.12: Formation of precursor 44 via acetylide coupling.

The deprotection of the NAP group was performed by treating the compound with
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) as shown in Scheme 2.13. How-
ever, the yield of the reaction is inconsistent and ranges from 30 to 60 %. Thes results
were thought to arise from the precipitaton of 2,3-dichloro-5,6-dicyanohydroquinone
byproducts rendering the workup tedious. Despite the use of different workup strate-
gies, including filtration over celite and the use of saturated aqueous sodium hydro-
genocarbonate and the use of a citric acid and ascorbic acid buffer, the yield and con-
sistency of this reaction could not be improved.153

The unprotected alcohol was then oxidized in a two-step procedure using Dess-Martin
oxidation followed by a Pinnick-Lindgren oxidation to afford acid 37 as depicted in
Scheme 2.14. This two step oxidation was necessary as it was previously demonstrated
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Scheme 2.13: DDQ mediated deprotection of the NAP group.

in our group that the direct oxidation to the carboxylic acid using TEMPO/PIDA
oxidation, which directly, used in the synthesis OF 2-MHG, gives low yields when
the triple bond is present (unpublished results). Subsequent Steglich esterification
between the newly formed acid and 1,3-O-benzylideneglycerol, mediated by DMAP
and EDC ·HCl afforded ester 36. Removal of both TBS protecting group was per-
formed by treating precursor 36 with aqueous hydrofluoric acid at 0 ◦C affording in-
termediate 46.
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Scheme 2.14: Two step oxidation of 45 and subsequent Steglich esterification of the formed acid followed by the
TBS deprotection of both alcohols.

Compound 46 was subjected to two different reaction conditions as depicted in
Scheme 2.15. On the one hand, benzylidene acetal 46 was treated with Pearlman’s
catalyst in the presence of hydrogen gas in order to obtain fully saturated target com-
pound 14. On the other hand, compound 46 was treated with the same catalyst but in
the presence of deuterium gas in order to allow for the insertion of deuterium atom
and obtain deutero-compound 35.
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Scheme 2.15: Reduction of the triple bond and concomitant benzyl removal using hydrogen and deuterium gas.
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To our surprise, under these conditions, the apparition of signals characteristic to an
unknown ketone was observed in both carbon and proton NMR spectra. Every at-
tempt at purifying the compounds by recrystallization failed and the lability of the
glycerol moiety does not allow for column chromatography purification. This ketone
formation is believed to arise from a Meyer-Schuster rearrangement.154 If this assump-
tion is correct, this would imply that the ketone would be the results of the migration
of the alcohol from C9 to C11. At the exception of the signals corresponding to the
protons α to the ketone, all the other proton signals are merging with the signals of
9-OH-2-MHG on the proton spectra. Additionally 13C NMR shows that all of the car-
bons spectra were only slightly shifted for the unknown compound. These results
suggest that the the ketone possess a similar structure than 9-OH-2-MHG. Taking into
account these observations, the proposed structure for the ketone can be found on
Figure 2.3.

OH
O

O

O
HO

HO
11

47

Figure 2.3: Potential structure of the unknown ketone as would be obtained through a Meyer-Schuster rearrange-
ment.

Despite the ketone contamination, 9-OH-2-MHG and deutero compound 35 were sub-
jected to the enzymatic polymerization using recombinant CUS1 enzymes provided
by the group of Prof. Jocelyn K. C. Rose at Cornell University, NY, USA. The results
of this polymerization assay will be presented in details in the next section. How-
ever, it was observed that compound 35, asides from the presence of the ketone, was
also isotopically impure. Indeed, peaks ranging from the mass of the non deuterated
to the tetra deuterated monomers were observed in the enzymatic assay product as
displayed on Figure 2.4.
The presence of this distribution of isotopically labeled monomer is undesirable and
is thought to arise from a deuterium-hydrogen exchange between the atmosphere and
the catalyst. To the best of our knowledge, this exact phenomenon was not reported.
However, a similar reverse exchange has been described in the literature where D2O
is used as to produce deuterium gas, in a Pd/C catalyzed deuterium-hydrogen ex-
change, which is subsequently used for a dehalogenation deuterium-insertion.155,156

In light of these findings, the use of the triple bond as a deuterium-insertion handle
was found to be problematic and a new synthetic route was developed for the forma-
tion of 9-OH-2-MHG as well as a deuterium labeled variant of the latter.
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Figure 2.4: MALDI-TOF analysis of the deuterogenation product.

Due to its tendency to from degradation by-products, the hydrofluoric acid-mediated
TBS deprotection depicted in Scheme 2.14 was sometimes halted before completion.
By taking advantage of this issue, mono-deprotected compound 48, depicted in
Scheme 2.16, was isolated. This compound was then subjected to a poisoned palla-
dium catalyst in the presence of hydrogen gas. To our surprise, this reaction led to
the formation of the fully reduced triple bond instead of the initially expected corres-
ponding alkene.
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Scheme 2.16: Reduction of the triple bond

This compound was then oxidized to corresponding aldehyde 50 using the Dess-
Martin reagent. This aldehyde was used as a handle in order to insert a single deu-
terium atom using sodium borodeuteride to afford compound 51. The latter was
treated with HF to afford deuterated benzylidene acetal 52.
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Scheme 2.17: Formation of deuterated precursor 52 from compound 49.

Compound 49 was also treated with HF to promote the removal of the TBS group and
obtain acetal 53 as depicted in Scheme 2.18.

OH
OTBSO

O

O
O

Ph HF

MeCN

96%

OH
OHO

O

O
O

Ph

49 53

Scheme 2.18: TBS removal of compound 49 for the formation of non-deutarated precursor 53.

Finally, both target molecules 14 and 54 were successfully synthesized through the
hydrogenolysis of benzylidene acetals 52 and 53 as shown on Scheme 2.19.
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Scheme 2.19: Final hydrogenolysis of precursor 53 and deuterated precursor 52 to obtain target compounds 14
and 54.
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2.2.3.2 Enzymatic assay

The synthesized compound were used in various enzymatic assays. First, to assess
that 9-OH-2-MHG is a potent substrate of CUS1, an enzymatic polymerization of this
compound with CUS1 was performed. The MALDI-TOF analysis of the polymeriza-
tion product, depicted in Figure 2.5, allowed us to confirm that CUS1 is indeed capable
of polymerizing 2-mono(9,16-dihydroxyhexadecanoyl)glycerol.

Figure 2.5: MALDI-TOF analysis of the polymerization product of 9-OH-2-MHG with recombinant CUS1. Each
oligomers are present as their respective sodium abduct.

Polymerization assays were also performed on the mixture of 9-OH-2-MHG and un-
known ketone 47. Interestingly, this analysis demonstrated that CUS1 is also able to
polymerize the unknown ketone as seen by the inclusion of ketone in trimers, depic-
ted in Figure 2.6B. This inclusion of ketone was observed for all of the oligomer peaks
on the mass spectra, proving that CUS1 might possess a broad range of substrates.
This result indicates that CUS1 might be responsible for the inclusion of most of the
C16 cutin monomers.
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Figure 2.6: MALDI-TOF analysis of the polymerization product of a mixture of 9-OH-2-MHG and ketone 47 with
recombinant CUS1. A, zoom of the monomer region; B, zoom of the trimer region; M, 9-OH-2-MHG; K, ketone.

To assess for the selectivity of CUS1 between the two positional isomers, 2-MHG (13)
and 9-OH-2-MHG (14), competition assays have been performed. For those competi-
tion experiments, 2-MHG and a deuterated version of 2-MHG were necessary. Both of
these compound were provided by Ph.D. student Ignacio Martı́nez San Segundo. The
structure of deutero-2-MHG 55 can be found on Figure 2.7.

HO
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OH

HO
O

DOH

55

Figure 2.7: Structure of deutero-2-MHG 55.

A comparison between the MALDI-TOF spectra of the polymerization product of 2-
MHG, deutero-9-OH-2-MHG (54), and an equimolar mixture of both of these com-
pounds is shown on Figure 2.8. This comparison suggests that the amount of monomer
consumed is higher for the deuterated monomer than for the non-deuterated
monomers. Additionally, the dimer and trimer peaks for the mixture suggests that
more deuterated oligomers are incorporated within the structure. However, taking
into account that the larger the molecule is, the more probable it is to contain one or
several isotopes, this apparent preference for deuterated monomers might arise from
the natural occurrence of isotopes.
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Figure 2.8: Comparison between the CUS1-mediated polymerization product of 2-MHG (13), Deutero-9-OH-2-
MHG (54) and an equimolar mixture of both monomers. A, zoom of the monomer region; B, zoom on the dimer
region; C, zoom on the trimer region.

To confirm this theory, the same experiment was carried out with deuterated 2-MHG
55 and the natural 9-hydroxy ester 14. This experiment demonstrate that the inclu-
sion of monomers are in favor of the deuterated species independently of the nature
of the deuterated species, as displayed on Figure 2.9. This result further prove the
aforementioned claimed that this pattern is due to the natural occurrence of isotopes.
Alternatively, a secondary kinetic isotopic effect might also take place.
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Figure 2.9: Comparison between the CUS1-mediated polymerization product of deuterated 2-MHG 55, 9-OH-2-
MHG (14) and an equimolar mixture of both monomers. A, zoom of the monomer region; B, zoom on the dimer
region; C, zoom on the trimer region.

2.2.4 Conclusions and Perspectives

To further our understanding of CUS1 and the selectivity of CUS1, the synthesis of the
cutin monomer 2-mono(9,16-dihydroxyhexadecanoyl)glycerol 14 as well as its teradeu-
tero derivative 2-mono(9,16-dihydroxyhexadecanoyl)glycerol-10,10,11,11-d46 (35) was
initiated. Due to issues linked to the reduction of the propargylic triple bond and the
inefficient deuterogenation of this triple bond in our initial synthetic route, an altern-
ative route had to be developed. This alternative synthesis was found to be success-
ful and allowed us to isolate both 2-mono(9,16-dihydroxyhexadecanoyl)glycerol (14)
and 2-mono(9,16-dihydroxyhexadecanoyl)glycerol-16-d1 (54). These two compounds,
along with 2-MHG (13) and its deuterated derivative (55) were all used in polymer-
ization assays using CUS1. The various experiments demonstrated that 2-mono(9,16-
dihydroxyhexadecanoyl)glycerol as well as the unknown ketone are both substrates
of CUS1, suggesting that CUS1 might have a large scope of monomers and might be
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responsible for the inclusion of most of the C16 monomers. Additionally, the com-
petition experiments indicates that CUS1 might not favor any of the two positional
isomers. However, to confirm this theory, further competition assays between a nat-
ural monomer and its deuterated needs to be performed to confirm that the pattern
observed is independent of the nature of the monomers used.

To further our understanding of the scope of CUS1, the behavior of CUS1 towards C18
monomers is still unknown. Hence, the synthesis and CUS1-mediated biopolymeriz-
ation of C18 monomers would be of interest.
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2.3 Synthesis and investigation of a putative CUS1
ligand

The following section will present a project that started as a bachelor thesis. This pro-
ject was initiated by student Maria Holm Rautenberg who successfully developed the
synthesis of intermediate 59. This project was subsequently carried on by the author
of this thesis. This synthesis was also repeated by external student Judith Bastien who
performed some of the optimization reactions.

2.3.1 Objectives

The tertiary and quaternary structure of an enzyme is directly associated with the en-
zymatic activity. In this context, the discovery of the three-dimensional structure of
an enzyme is important for the establishement of the enzyme-substrates interaction
as well as its mechanism of action. To obtain a protein three-dimensional structure,
scientists can rely on two different methods, NMR spectroscopy and X-ray diffraction
(XRD). XRD is a technique that takes advantage of the interaction between X-rays and
the electronic density of atoms. More specifically, spatially organized matter, crystals,
will allow to diffract X-rays in a way that will create a diffraction pattern. This diffrac-
tion patterns is typical of the three-dimensional organization of the analyzed crystals.
Hence, the diffraction pattern of a protein can be used and analyzed to unfold the
tertiary structure of this specific protein and unravel specific interactions between an
enzyme and its substrates.157–159

Unfortunately, due to the extremely high degree of freedom of macromolecules, pro-
tein crystallization is a very complex process where a variety of parameters, such as
protein and salt concentration, cation and anion nature, and pH has to be taken into
account. In this context, protein crystallization generally require intensive screen-
ing. Due to the screening nature of the process, a large amount of enzyme is often
needed and obtaining diffraction-quality crystals can be long and tedious.159,160 The
use of ligand and inhibitors, which can interact with and stabilize the enzyme, have
been proven to facilitate the protein crystallization.160 Additionally, the obtention of
a crystal-ligand structure where the ligand shares structural similarities with the en-
zyme natural substrates can help delineate the nature of the enzyme-substrate inter-
actions.
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In this context, and taking into account the lack of information on CUS1 three-dimen-
sional structure, the synthesis of a CUS1 ligand or inhibitor to facilitate CUS1 crystal-
lization is of interest. Among esterase inhibitors, carbamates have been found to be
potent, additionally, several drugs have carbamates incorporated to inhibits esterases
and deacetylases.161–163 For this reason, the objective of this study was to synthesize a
carbamate derivative of 2-MHG, depicted in Figure 2.10. Additionally, the inhibition
potential of this compound will be assessed by competition enzymatic assays.

O N
H

OH
O

OH

HO

HO

56

Figure 2.10: Structure of the target carbamate.

2.3.2 Synthetic Strategy

The proposed synthetic strategy, depicted in Scheme 2.20, starts by the global de-
protection of carbamate 57 to afford target compound 56. The fully protected car-
bamate is believed to be obtainable through the carbamate formation between 1,3-
O-benzylideneglycerol and amine 58, which is believed to be affordable through the
amine conversion of alcohol 59. This compound is similar to alcohol 10 found in the
original synthesis of 2-MHG and is believed to be formed through the reduction of
alkyne 60. This alkyne is believed to be the product of the acetylide coupling between
TBS-hexynol 62 and C8 aldehyde 61, which are both believed to be obtainable from
commercially available 1,8-octanediol (63) and 5-hexyn-1-ol (64).
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Scheme 2.20: Retrosynthetic analysis of 9-OH-2-MHG and 9-OH-2-MHG-d4.

2.3.3 Results and Discussions

2.3.3.1 Synthesis

Similarly to what has been reported for the synthesis of 2-MHG shown in Scheme 1.5,
the synthesis of aldehyde precursor 61, depicted in Scheme 2.21, was performed through
the mono benzyl protection of 1,8-octanediol (63) affording alcohol 7. The latter was
subsequently oxidized into the desired aldehyde 61.
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NaH, BnBr
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71%
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CH2Cl2
O
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63 7 61

Scheme 2.21: Formation of aldehyde 61 from commercially available 1,8-octanediol.

5-Hexyn-1-ol was protected to afford TBS-protected alkyne 62. Acetylide coupling
between the latter and aldehyde 61 afforded C14 coupling product 65 as shown on
Scheme 2.22. This abduct was then subjected to the standard TBS protection condi-
tions to obtain mid-chain alkyne 60.
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Scheme 2.22: Formation of precursor 60 via acetylide coupling.

Concomitant hydrogenolysis of the benzyl group and reduction of the triple bond was
performed smoothly under classical palladium catalyzed hydrogenation, affording
alcohol 60 as depicted in Scheme 2.23.
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Scheme 2.23: Formation of 59 via the concomitant hydrogenation of the triple bound and hydrogenolysis of the
benzyl group.

One of the key transformation of this synthesis was the transformation of terminal
alcohol 59 into desired amine 58. The first attempt at performing this transformation
relied on the mesylation of the alcohol, turning this alcohol in a good leaving group.
This leaving group was then intended to be substituted using a nucleophilic amine
source such as benzyl carbamate as depicted in Scheme 2.24. Unfortunately, this re-
action did not lead to the formation of the desired compound according to UPLC-MS
and the corresponding mesylate was observed as the major peak, indicating that either
the deprotonation did not occur as planned or the deprotonated carbamate was not
reactive enough.
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Scheme 2.24: Attempt at forming benzyl carbamate 66.

Following this finding, the substitution reaction was performed using potassium
phtalimide as a nitrogen source as depicted in Scheme 2.25. This reaction allowed the
formation of desired phtalimide 67, though, in low yield. One potential explanation
for low yield lies in the difficulty to distinguish the starting alcohol from its corres-
ponding mesylate by TLC due to their similar polarity making it impossible to follow
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the reaction. Addition of a large excess of mesyl chloride did not improve the yield
which suggest that the low yield might not arise from the formation of the mesylate.

OTBS
HO

OTBS

OTBS
N

OTBS
1. MsCl, Et3N
    CH2Cl2

2. potassium phtalimide
    DMF

O

O

37%
59

67

Scheme 2.25: Synthesis of phtalimide 67 from alcohol 59.

Removal of the phtalimide was attempted using both, hydrazine and methylamine at
room temperature and in refluxing ethanol. Unfortunately, in all of these cases, no
conversion was observed.

Table 2.2: Attempt at releasing amine 58 from phtalimide 67 using different conditions.

OTBS
N

OTBS
O

O
OTBS

H2N
OTBSReagent

EtOH, Temp.

67
58

Entry Reagent Temperature Comments
1 NH2NH2 ·H2O 21 ◦C No reaction
2 NH2NH2 ·H2O 70 ◦C No reaction
3 MeNH2 21 to 70 ◦C No reaction

One of the main issue linked to the use of the mesylation lies in the difficulty to
differentiate the starting material from the mesylate by TLC making it difficult to
troubleshoot this first step. For this reason, the formation of tosylate 68 was performed
as depicted in Scheme 2.26. This tosylate was then treated with sodium azide, a strong
nucleophilic nitrogen source to afford organo azide 69 in high yield.
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HO
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OTBS
TsO

OTBSTsCl
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66%
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N3
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NaN3

95%

DMF

59 68

69

Scheme 2.26: Two step fromation of azide 69 from alcohol 59.
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Then, the latter was subjected to palladium catalyzed hydrogenation. These condi-
tions provided desired primary amine (58) in low yield. To our surprise, the presence
of secondary amine 70, where two carbon chains are attached to the same amine, was
also observed. This dimerization process was described in two different studies and
seems to be less prevalent at lower temperature and diluted conditions.164,165 In order
to test this out, the hydrogenation was carried on at 0 ◦C and at a starting material
(SM) concentration of 0.05 M (Table 2.3, Entry 2). As expected, under these condi-
tions, the yield of primary amine 58 was substantially improved, while the yield of
the secondary amine was reduced.

Table 2.3: Impact of temperature and concentration on the palladium catalyzed reduction of organo azide 69.

OTBS
N3

OTBS

H2

Pd/C

OTBS
H2N

OTBS

OTBS
HN

OTBS

2

+
EtOAc

Conc., Temp.

58

58

70

Entry Concentration Temperature 58 Yield 70 Yield
(M) (◦C) (%) (%)

1 0.1 21 51 20
2 0.05 0 69 14

To synthesize carbamate 57 from amine 58, a benzylideneglycerol carbonyl acceptor
was required. Different way to prepare this kind of reagent exists such as treating the
desired alcohol with phosgene or derivatives. However, due to the high toxicity of
phosgene and the fact that this synthesis was first part of a bachelor project, safer op-
tions were first investigated. The first acceptor investigated was para-nitrophenolate
carbonate 72 depicted in Scheme 2.27. This mixed carbonate was then allowed to re-
act with primary amine 58. Surprisingly, this reaction lead to the formation of both,
benzylidene glycerol carbamate 57 as well as nitrophenyl carbamate 73. The latter
was readily converted to the desired compound using the benzylidine glycerol alkox-
ide as a nucleophile. However, the presence of this undesirable carbamate as a major
product suggests that the para-nitrophenolate is not a good leaving group with respect
to the benzylidene glycerol.
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Scheme 2.27: Synthesis of mixed carbonate 72 and subsequent carbamate formation yielding desired carbamate
57 and the nitrophenolate 73.

To try to improve the yield of the carbamate formation, the use of different carbonyl
acceptors was studied. Formation of benzylidene glycerol chloroformate 74 using tri-
phosgene was unsuccessful due to the lack of reactivity of alcohol 71 as depicted in
Scheme 2.28.

O

Cl3CO OCCl3

O

O

OH

Ph

O

O

O

Ph
O

Clpyridine

CH2Cl2

X

71 74

Scheme 2.28: Attempt at making benzylidene glycerol chloroformate 74 using triphosgene.

Following this result, another approach was tested where 1,3-O-benzylideneglycerol
was treated with 1,1’-carbonyldiimidazole (CDI) allowing the formation of imidazole
carbamate 75 which was then subjected to amine 58 affording carbamate 57 in high
yield, as depicted in Scheme 2.29.

Due to the low solubility of the fully protected carbamate in acetonitrile, the removal
of the TBS groups was first performed in THF. Unfortunately, the rate of the reaction
in THF is very slow and after 24 hours of stirring in THF, nearly full conversion of the
starting material was observed, however, a large majority of the mono-deprotected
moiety was still present. The crude mixture was purified and the mixture of fully
protected and mono-deprotected carbamate was subjected to the HF-mediated depro-
tection in acetonitrile, which yielded precursor 76 in good overall yield. The use of a
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Scheme 2.29: Optimization of the formation of carbamate 57 using CDI-mediated carbamoylation.

THF : MeCN solvent mixture could potentially alleviate the need for a two step de-
protection process. This was attempted by a student and a one step deprotection was
achieved but with a lower overall yield.
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Scheme 2.30: Two steps TBS removal using hydrofluoric acid in THF then acetonitrile.

Final hydrogenolysis of the benzylidene acetal afforded target carbamate 56 in good
yield.
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Scheme 2.31: Final hydrogenolysis affording target compound 56.

2.3.3.2 Enzymatic assay

To assess if carbamate 56 could be used as a CUS1 ligand, several polymerization as-
says have been performed. Firstly, carbamate 56 was subjected to the polymerization
conditions to assure that carbamate 56 is not a substrate of CUS1. As depicted in Fig-
ure 2.11, the MALDI-TOF analysis of the carbamate incubation product shows that
CUS1 is unable to polymerize the carbamate on its own as no oligomers peaks were
observed.
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Figure 2.11: MALDI-TOF analysis of the carbamate incubation product.

A direct competition experiments between carbamate 56 and 2-MHG was performed
by incubating an equimolar amount of both compound with CUS1 for 24 hours.
MALDI-TOF analysis of the resulting mixture suggests that the polymerization is
hindered by the presence of the carbamate as indicated by the lower intensity of each
oligomer peaks and the absence of oligomers above the tetramer. To our surprise, the
inclusion of one single carbamate repeating unit within the oligomers was observed
as major products, indicating that the carbamate is interacting with CUS1. In light of
this finding, two different theories are proposed. First, the carbamate could act as a
capping reagent by adding itself onto a growing oligomeric chain and blocking the
polymerization of this specific chain due to its lower elecrophilicity at the carbonyl
site. Alternatively, the carbamate could interact strongly with the enzyme and act as
a ”seed” for the chain to grow. Understanding how this carbamate insertion works
could shed some light on the polymerization mechanism and more specifically, the
direction of chain growth. To assess if the carbamate acts as a capping agent, one could
incubate some monomer with the enzyme until full conversion and subsequently, add
the carbamate to the oligomer mixture. If the carbamate acts as a seeding agent, no
carbamate insertion should be observed, contrastingly, if the carbamate acts as a cap-
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ping agent, carbamate insertion will be present. Unfortunately, due to time restriction,
such experiments could not be performed at the time of writing.

Figure 2.12: MALDI-TOF analysis of the direct competition experiments. A, zoom of the monomer region; B,
zoom on the dimer region; C, zoom on the trimer region.

To try to optimize the carbamate-induced inhibition, a delayed competition experi-
ments was set up. CUS1 was incubated with carbamate 56 for 2 hours prior to the ad-
dition of 2-MHG. However, pre-incubation of the carbamate did not allow to improve
the inhibition of the polymerization as the presence of dimer, trimer and tetramer are
still observed.
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Figure 2.13: MALDI-TOF analysis of the delayed competition experiments. A, zoom of the monomer region; B,
zoom on the dimer region; C, zoom on the trimer region.

2.3.4 Conclusions and perspectives

A robust synthesis for target carbamate 56 was developed. Enzymatic assays us-
ing this carbamate proved that CUS1 is not able to polymerize this compound on
its own. However, subjecting an equimolar mixture of 2-MHG and carbamate 56 to
CUS1-mediated polymerization indicates that the carbamate might hinder the poly-
merization of 2-MHG. Unfortunately, incubating the carbamate with CUS1 prior to
the addition of 2-MHG does not seems to improve the polymerization inhibition.

Interestingly, the insertion of one single molecule of carbamate was observed for a
series of oligomers. MALI-TOF analysis indicates that co-oligomers are the major
product of the enzymatic polymerization of the mixture. Two different theories have
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emerged to explain this result, the seeding theory and the capping theory. Under-
standing the mechanism of insertion of the carbamate within the oligomer could offer
valuable information on the mechanism of CUS1-mediated polymerization. However,
to confirm the nature of the formation of this co-oligomers, further enzymatic tests
needs to be performed.

If carbamate 56 is found to be a potent CUS1 ligand, co-crystallization of CUS1 and
the carbamate will be investigated. If the co-crystalization is successful, the crystals
will be analyzed by XRD to delineate the tertiary structure of CUS1.
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2.4 Selectivity of CUS1 - Headgroup Modification

The next section presents a project undertaken by Sara Britta Riehm Pedersen as part
of her master thesis. This project was supervised by both, Ph.D. student Ignacio
Martı́nez San Segundo and the author, Ph.D. student Gauthier Scavée. All of the chem-
istry presented has been performed by the master student while the enzymatic assays
has been performed by Ph.D. student Nicholas Segerson at Cornell University, NY,
USA.

2.4.1 Objectives

The selectivity of enzymes towards different substrates is often guided by a series
of interactions between the enzyme and the substrates. Due to the unknown ter-
tiary structure of CUS1, it is difficult to obtain information on the recognition pattern
between CUS1 and its substrates. The aim of this project was to assess the selectivity
of CUS1 regarding monomers headgroup in hope to provide more information on the
recognition process between CUS1 and its substrates. In this context, the synthesis of
four different 10,16-dihydroxypalmitic esters, depicted in Figure 2.14 has been under-
taken.

First, the synthesis of 1-mono(10,16-dihydroxyhexadecanoyl)glycerol (77; 1-MHG) was
planned. This thermodynamically favored compound, with respect to 2-MHG, is often
formed by the migration of the glycerol moiety of 2-MHG when the latter is incubated
in protic solvent. Secondly, the synthesis of ethylene glycol ester 78 and isopropyl
ester 79 were envisaged to assess for the importance of the hydroxyl group in the re-
cognition pattern of CUS1. Finally, 1,3-dimethylglycerol ester 80 would allow us to
assess if the hydrogen donating properties of the hydroxyl groups is required for the
recognition of 2-MHG as a CUS1 substrate.

In terms, we hope that differences in the polymerization of these various esters will
allow us to draw some conclusion on the required features of the headgroup for the
recognition between CUS1 and its substrates.
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Figure 2.14: Target 10,16-dihydroxypalmitic esters.

2.4.2 Synthetic Strategy

The target compounds should all be obtainable through the oxidation, esterification
and global deprotection of precursor 10 using different alcohols during the esterifica-
tion process. Alcohol precursor 10 is one of the intermediates of the original 2-MHG
synthesis whose synthesis has already been described in section 1.5.44

O
OH

O

OH

O
OH

O

OH

MeO

MeO

O
OH

O

OH

HO

O
OH

O

OH
HO

OH

Oxidation
Esterification
Deprotection

Oxidation
Esterification
Deprotection

HO
OTBS

OTBS

Oxidation
Esterification
Deprotection

Oxidation
Esterification
Deprotection

10

77 80

78 79

Scheme 2.32: Retrosynthetic analysis of the four target esters.
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2.4.3 Results and discussion

2.4.3.1 Synthesis

The synthesis of precursor 10 has already been described in Scheme 1.5 in section 1.5
and will not be discussed here. This precursor was oxidized using either a one-step
oxidation using PIDA in the presence of TEMPO, or a two-step procedure via Dess-
Martin oxidation and subsequent Pinnick-Lindgren oxidation to afford carboxylic acid
81. The latter was then subjected to four Steglich esterification reaction using (S)-2,3-
Bis(benzyloxy)propan-1-ol, 2-(benzyloxy)ethan-1-ol, isopropanol and 1,3-dimethoxypropan-
2-ol affording protected esters 82, 83, 84 and 85.
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Scheme 2.33

Removal of the TBS protecting groups for both, 1-MHG precursor 82 and ethylene
glycol ester 83 afforded intermediates 86 and 87 respectively. The latter were subjec-
ted to hydrogenolysis conditions using Pearlman’s catalyst affording the target com-
pounds 77 and 78. Similarly, target compounds 79 and 80 were obtained from inter-
mediates 84 and 85 via the HF-mediated TBS deprotection.
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Scheme 2.34: Final deprotection of intermediates 82, 83, 84 and 85 affording target esters 77, 78, 79 and 80

2.4.4 Enzymatic assay

Each of the synthesized esters were subjected to a 24 hour incubation with CUS1 and
analyzed by MALDI-TOF. The results are shown on Figure 2.15 to Figure 2.18 and
indicates that CUS1 is relatively permissive regarding the monomer headgroup. Of
all the synthesized compound, 1-MHG was found to polymerize the best, tightly fol-
lowed by both, 1,3-dimethoxypropanol ester 80 and ethylene glycol ester 78. Con-
versely, isopropyl ester 79 was found to polymerize poorly and did not produce any
oligomer longer than the dimer. This indicates that the presence of the oxygen atom
plays an important role in the recognition of CUS1 substrates. Interestingly, in the case
of 1,3-dimethoxypropanol ester 80, the presence of hydrolyzed dimers was observed,
suggesting that the presence of the methyl groups might promote the hydrolysis of
the headgroup.
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Figure 2.15: MALDI-TOF analysis of the polimerization product of sn-1 glycerol ester 77.

Figure 2.16: MALDI-TOF analysis of the polimerization product of ethylene glycol ester 78.
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Figure 2.17: MALDI-TOF analysis of the polimerization product of isopropyl ester 79.

Figure 2.18: MALDI-TOF analysis of the polimerization product of dimehtylglycerol ester 80.
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2.4.5 Conclusions and perspectives

To assess the behavior of CUS1 with respect to different headgroup, four different
10,16-dihydroxyhexadecanoic esters, compound 77, 78, 79 and 80 were synthesized
through a divergent synthetic route. These different esters were subjected to CUS1
mediated polymerization and proved to be potent substrates for CUS1 at the excep-
tion of isopropanol ester 79, highlighting the importance of the hydroxy groups for
CUS1 substrates recognition. Additionally, the presence of methyl groups on the gly-
cerol moiety did not inhibit polymerization, suggesting that the headgroup hydroxyl
groups interact as hydrogen bond acceptor with CUS1.
The synthesis and investigation of the biopolymerization of these four esters proved
to be a fast and efficient way to shed some light on the potential recognition mechan-
ism between CUS1 and its substrate.
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Chapter 3
Experimental

3.1 General considerations

Starting materials, reagents and solvents were purchased from commercial suppliers
and used without further purification. All solvent are HPLC-grade and anhydrous
solvent were obtained from Inovative Technology PS-MD-7 Pure-Solv solvent puri-
fication system except for pyridine which was dried over 4 Å activated molecular
sieves for a minimum of 24 h (according to standard procedure).166 All reactions re-
quiring anhydrous conditions were carried out in flame-dried glassware under inert
atmosphere. Thin-layer chromatography (TLC) was performed on Merck Aluminum
Sheets pre-coated with 0.25 mm silica gel C-60 F254 plates. The plates were visualized
under UV irradiation at 254 nm and/or by heating after dipping in a suitable devel-
oping reagent. Eluent systems are specified for each Rf -value and ratios are given
as volume ratios. Evaporation of the solvent was performed on a Heidolph laborota
4000 efficient under reduced pressure (in vacuo) at temperature ranging from 20-40
◦C. Flash column chromatography was performed using Geduran silica gel 60 Å (35-
70 µm) as the stationary phase by the general procedure developed by Still et al.167

Dry column Vacuum chromatography (DCVC) was performed according to litterat-
ure procedure.168 The eluent systems for both, flash chromatography and DCVC, are
specified under the protocol for each synthesis. Eluent ratios are given as a volume
ratios. NMR spectras were recorded on a Bruker Ascend 400 spectrometer with a
Prodigy cryoprobe. Chemical shifts (δ) are reported in ppm downfield from TMS (δ
= 0) using solvent resonance as the internal standard (chloroform – d, 1H: 7.26 ppm,
13C: 77.16 ppm; Methanol – d4

1H: 4.87 ppm, 13C: 49 ppm; benzene – d6, 1H: 7.16 ppm,
13C: 128.06 ppm). The annotation (2C) and (3C) indicates when two or three carbon
signals are totally overlapped. Coupling constants (J) are reported in Hz and the field
is reported in each case. Multiplicities are reported as singlet (s), broad singlet (br. s),
doublet (d), doublet of doublets (dd), doublet of triplets (dt), doublet of doublet of
doublets (ddd), doublet of doublet of triplets (ddt), triplet (t), triplet of doublets (td),
quartet (q), pentet (p) and multiplet (m). HRMS analysis were performed on either
on a UHPLC-QTOF system (Dionex ultimate 3000 and Bruker MaXis) with an elec-
trospray ionization (ESI) source or a MALDI-TOF system (Bruker Solarix XR 7T) and
controlled using Data Analysis 4.2 software. Melting points were measured on a Stu-
art melting point SMP30 and reported in ◦C uncorrected. All compounds have been
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characterized by NMR using 1D and 2D experiments at the exception of some inter-
mediates that tend to degrade rapidly. New compounds were characterized by NMR,
HRMS and melting point.

3.2 Procedures

General procedure for the enzymatic polymerization

An eppendorf tube containing a solution of monomer (0.1 M in DMSO, 0.5 µL) and
recombinant CUS1 (0.4 µg/µL, 1.25 µL) in an ammonium acetate buffer (50 mM, pH 5,
total volume: 50 µL) was incubated at 37 ◦C for 24 h. In the case of deutero-monomer
competition experiments, the monomer solution was prepared by mixing a solution
of deuterated monomer (0.1 M in DMSO, 10 µL) with a solution of non-deuterated
monomer (0.1 M in DMSO, 0.5 µL). In the case of the carbamate inhibition, the car-
bamte solution (0.1 M in DMSO, 0.5 µL) was either, directly with the 2-MHG solution
(direct competition) or incubated at 37 ◦C with CUS1 for 2 h prior to the addition of
the 2-MHG solution (delayed competition). The samples were diluted in MeOH (150
µL) and the resulting solution (2 µL) was mixed with a solution of super DHB (2 µL)
and analyzed by MALDI-TOF.

6-((tert-Butyldimethylsilyl)oxy)-N-methoxy-N-methylhexanamide (25)

OTBS
N

O
O

To a solution of N,O-dimethylhydroxylamine (2.13 g, 21.8 mmol)
in anhydrous CH2Cl2 (44 mL) stirred at 0 ◦C under inert atmo-
sphere, a solution of AlMe3 in toluene (2 M, 11 mL, 22 mmol)

was added over 30 min. The resulting solution was stirred at 0 ◦C for 1 h then a solu-
tion of ε-caprolactone (1.01 g, 8.25 mmol) in anhydrous CH2Cl2 (16 mL) was added
dropwise. The resulting mixture was stirred at 0 ◦C for 30 min. The resulting mixture
was poured into sat. aq. NaHCO3 (50 mL) and extracted with CH2Cl2 (3 × 30 mL).
The combined organic layers were washed with brine (50 mL), dried over Na2SO4 and
concentrated in vacuo.

The crude mixture was dissolved in anhydrous CH2Cl2 (20 mL) under inert atmo-
sphere and cooled down to 0 ◦C. 2,6-lutidine (1.13 g, 10.5 mmol) and TBSCl (1.35 g,
8.93 mmol) were added and the resulting mixture was allowed to warm at 20 ◦C and
stirred overnight. The reaction mixture was washed with sat. aq. NH4Cl (20 mL),
sat. aq. NaHCO3 (20 mL) and brine (20 mL), dried over MgSO4 and the solvent was
evaporated in vacuo. The crude was purified by DCVC (SiO2, 28.3 cm2, 0-14%, EtOAc :
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heptane, 2% steps then 14-25% EtOAc : heptane, 1% steps, 100 mL fractions) affording
25 as a yellowish oil (2.22 g, 87%). Rf (EtOAc : heptane, 1 : 4) = 0.23; 1H NMR δ 3.67 (s,
3H), 3.60 (t, J = 6.5 Hz, 2H), 3.17 (s, 3H), 2.41 (t, J = 7.7 Hz, 2H), 1.64 (m, f2H), 1.59 – 1.49
(m, 2H), 1.44 – 1.31 (m, 2H), 0.88 (s, 9H), 0.04 (s, 6H); 13C NMR (101 MHz, Chloroform-
d) δ 174.65, 63.53, 61.65, 33.10, 32.68, 32.35, 26.44 (3C), 26.13, 24.92, 18.83, -4.81 (2C);
HRMS (MALDI+ FT-ICR, dithranol) m/z: calcd for C14H31NO3SiNa]+ 312.1965; found
312.1967.

7-((tert-Butyldimethylsilyl)oxy)heptan-2-one (20)

OTBS
O To a solution of Weinreb amide 25 (1.11 g, 3.84 mmol) in THF

(40 mL) stirred at -78 ◦C under inert atmosphere, a solution of
MeMgBr (2.5 M, 2.0 mL, 5.0 mmol). The reaction was stirred at

-78 ◦C for 5 min. The reaction mixture was allowed to warm up to 0 ◦C then slowly to
20 ◦C and stirred overnight. The resulting mixture was poured into sat. aq. NH4Cl (15
mL) and extracted with EtOAc (4 × 40 mL). The combined organic layer was washed
with sat. aq. NaHCO3 (60 mL) and brine (60 mL), dried over Na2SO4 and concentrated
in vacuo. The crude was purified by DCVC (SiO2, 78.5 cm2, 0-5%, EtOAc : heptane, 1%
steps then 5-8% EtOAc : heptane, 0.5% steps, 100 mL fractions) affording 20 as a trans-
parent oil (0.756 g, 80%). Rf (EtOAc : heptane, 1 : 4) = 0.54; 1H NMR (400 MHz,
Chloroform-d) δ 3.59 (t, J = 6.4 Hz, 3H), 2.42 (t, J = 7.5 Hz, 2H), 2.13 (s, 3H), 1.55 (m,
4H), 1.39 – 1.26 (m, 2H), 0.88 (s, 9H), 0.03 (s, 6H). HRMS (MALDI+ FT-ICR, dithranol)
m/z: calcd for [C13H28O2SiH]+ 245.1931; found 245.1934.

9-(Benzyloxy)nonan-1-ol (28)

BnO OH
To a suspension of NaH (60 % in mineral oil, 1.51 g, 37.8
mmol) in anhydrous DMF (20 mL), stirred at 0 ◦C under inert

atmosphere, a solution of 1,9-nonanediol (10.0 g, 62.4 mmol) in THF : DMF (25 mL : 20
mL) was added slowly over the course of 15 min. The solution was allowed to warm
at 20 ◦C. After 2 h, BnBr (5.34 g, 31.2 mmol) was added dropwise and the resulting
yellow solution was stirred overnight. Excess NaH was quenched by the slow addi-
tion of ice until bubbling ceased and the resulting mixture was extracted with Et2O (3
× 100 mL). The combined organic layer was washed with brine (100 mL), dried over
MgSO4 and concentrated over silica in vacuo. The crude was purified by flash chro-
matography (SiO2, EtOAC : heptane, 1 : 9 then EtOAC : heptane, 1 : 4) affording 28 as
a yellowish oil (4.99 g, 64%); Rf (EtOAc : heptane, 1 : 4) = 0.18; 1H NMR (400 MHz,
Chloroform-d) δ 7.36 – 7.27 (m, 5H), 4.50 (s, 2H), 3.63 (t, J = 6.6 Hz, 2H), 3.46 (t, J = 6.6
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Hz, 2H), 1.65 – 1.52 (m, 4H), 1.39 – 1.27 (m, 10H); 13C NMR (101 MHz, Chloroform-d)
δ 138.85, 128.48 (2C), 127.77 (2C), 127.61, 73.00, 70.65, 63.22, 32.93, 29.90, 29.67, 29.54,
29.50, 26.32, 25.85; HRMS (MALDI+ FT-ICR, dithranol) m/z: calcd for [C16H26O2Na]+

273.1825; found 273.1827.

9-(Benzyloxy)nonanal (19)

BnO O
To a suspension of Dess-Martin periodane (6.45 g, 15.2 mmol)
in anhydrous CH2Cl2 (40 mL) stirred at 0 ◦C under inert atmo-

sphere, a solution of 28 (2.55, 10.2 mmol) in anhydrous CH2Cl2 (20 mL) was added
dropwise and the resulting mixture was stirred for 3 h. The reaction was diluted with
Et2O (100 mL), sat. aq. NaHCO3 (100 mL) containing Na2S2O3 (25 g) was added and
the reaction was stirred vigorously for 5 min. The aqueous layer was separated and
extracted with Et2O (100 mL). The combined organic layer was washed with sat. aq.
NaHCO3 (150 mL) and brine (150 mL), dried over MgSO4 and concentrated in vacuo
affording a yellowish oil. The crude product was used without further purification.
Rf (EtOAc : heptane, 1 : 4) = 0.50; 1H NMR (400 MHz, Chloroform-d) δ 9.76 (t, J = 1.9
Hz, 1H), 7.39 – 7.27 (m, 5H), 4.50 (s, 2H), 3.46 (t, J = 6.6 Hz, 2H), 2.41 (td, J = 7.4, 1.9
Hz, 2H), 1.71 – 1.55 (m, 4H), 1.41 – 1.23 (m, 8H); 13C NMR (101 MHz, Chloroform-d)
δ 203.07, 138.81, 128.48 (2C), 127.76 (2C), 127.62, 73.01, 70.58, 44.04, 29.87, 29.43, 29.38,
29.23, 26.27, 22.20.

7-((tert-Butyldimethylsilyl)oxy)-2-((trimethylsilyl)oxy)-hept-1-en-2-ol (26)

OTBS
OTMS To a solution of LDA (1.54 M, 5.5 mL, 8.5 mmol) in THF (40 mL)

stirred at -78 ◦C under inert atmosphere, a solution of 20 (1.63 g,
6.67 mmol) in THF (6 mL) was added dropwise. The resulting

mixture was stirred at -78 ◦C for 5 min then TMSCl (1.3 mL, 1.1 g, 10.66 mmol) was
slowly added. The reaction mixture was stirred for 90 min at -78 ◦C then allowed to
warm to 20 ◦C. After 40 min, pentane was added (200 mL) and the resulting cloudy
mixture was poured into sat. aq. NaHCO3 (200 mL). The organic layer was dried over
Na2SO4 and concentrated in vacuo affording 26 with minor impurities. The product
was used without further purification. Rf (EtOAc : heptane, 1 : 9) = 0.90; 1H NMR
(400 MHz, Benzene-d6) δ 4.18 (d, J = 0.9 Hz, 1H), 4.16 – 4.12 (m, 1H), 3.53 (t, J = 6.3 Hz,
2H), 2.09 (t, J = 7.4 Hz, 2H), 1.54 (tdd, J = 12.7, 8.5, 6.8 Hz, 4H), 1.46 – 1.33 (m, 2H),
0.99 (s, 9H), 0.19 (s, 9H), 0.07 (s, 6H); 13C NMR (101 MHz, Benzene-d6) δ 159.82, 89.93,
63.27, 37.07, 33.14, 27.13, 26.21 (3C), 25.78, 18.55, 0.23 (3C), -5.11 (2C).
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16-(Benzyloxy)-1-((tert-butyldimethylsilyl)oxy)-8-hydroxyhexadecan-6-one (18)

BnO
OTBS

OOH To a solution of 26 and 19, prepared as previ-
ously mentioned, in anhydrous CH2Cl2 (30 mL)
stirred at -78 ◦C under inert atmosphere, a solu-

tion of TiCl4 in toluene (1 M, 9 mL, 9 mmol) was added dropwise. The solution was
stirred at -78 ◦C for 45 min then sat. aq. NaHCO3 (30 mL) was added at -78 ◦C. The
resulting mixture was allowed to warm at 20 ◦C and the aqueous layer was extracted
with CH2Cl2 (3 × 40 mL). The combined organic layer was dried over Na2SO4 and
concentrated in vacuo. The crude mixture was purified by DCVC (SiO2, 78.5 cm2, 0-
18%, EtOAc : heptane, 100 mL fractions) affording 18 as a transparent oil (969 mg, 30%
over two steps). Rf (EtOAc : heptane, 1 : 4) = 0.27; 1H NMR (400 MHz, Chloroform-d)
δ 7.38 – 7.24 (m, 5H), 4.49 (s, 1H), 4.07 – 3.95 (m, 1H), 3.59 (t, J = 6.6 Hz, 2H), 3.45 (t, J
= 6.8 Hz, 2H), 2.62 – 2.37 (m, 4H), 1.68 – 1.19 (m, 20H), 0.88 (s, 12H), 0.04 (s, 8H). 13C
NMR (101 MHz, Chloroform-d) δ 212.46, 138.77, 128.40 (2C), 127.68 (2C), 127.53, 72.92,
70.57, 67.70, 63.00, 49.08, 43.71, 36.55 (2C), 32.64, 29.83, 29.59, 29.58, 29.48, 26.25, 26.05
(3C), 25.52, 23.47, 18.43, -5.19 (2C); HRMS (ESI-TOF) m/z: calcd for [C29H52O4SiH]+

493.3708; found 493.3713.

9-(Naphthalen-2-ylmethoxy)nonan-1-ol (43)

OHNAPO
To a suspension of NaH (60 % in mineral oil, 2.60 g, 65.0
mmol) in anhydrous DMF (20 mL), stirred at 0 ◦C under in-

ert atmosphere, a solution of 1,9-nonanediol (10.0 g, 62.4 mmol) in THF : DMF (25
mL : 20 mL) was added slowly over the course of 15 min. The solution was allowed
to warm at 20 ◦C. After 2 h, NAPBr (6.90 g, 31.2 mmol) was added in three portions
and the resulting yellow solution was stirred overnight. Excess NaH was quenched
by the slow addition of ice until bubbling ceased and the resulting mixture was ex-
tracted with Et2O (3 × 100 mL). The combined organic layer was washed with brine
(100 mL), dried over MgSO4 and concentrated over silica in vacuo. The crude was pur-
ified by flash chromatography (SiO2, EtOAC : heptane, 1 : 4) affording 43 as a white
solid (5.07 g, 54%); Rf (EtOAc : heptane, 1 : 4) = 0.20; 1H NMR 400 MHz, Chloroform-
d) δ 7.86 – 7.81 (m, 3H), 7.78 (s, 1H), 7.51 – 7.42 (m, 3H), 4.67 (s, 2H), 3.63 (t, J = 6.6
Hz, 2H), 3.51 (t, J = 6.6 Hz, 2H), 1.69 – 1.51 (m, 4H), 1.43 – 1.25 (m, 10H); 13C NMR
(101 MHz, Chloroform-d) δ 136.35, 133.44, 133.08, 128.24, 127.99, 127.82, 126.41, 126.16,
125.91, 125.88, 73.10, 70.66, 63.21, 32.93, 29.93, 29.68, 29.54, 29.50, 26.33, 25.85; HRMS
(MALDI+ FT-ICR, dithranol) m/z: calcd for [C20H28O2Na]+ 323.1982; found 323.1983.
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9-(Naphthalen-2-ylmethoxy)nonanal (39)

ONAPO
To a suspension of Dess-Martin periodane (15.34 g, 37.22
mmol) in anhydrous CH2Cl2 (75 mL) stirred at 0 ◦C under

inert atmosphere, a solution of 43 (7.97 g, 27.8 mmol) in anhydrous CH2Cl2 (25 mL)
was added dropwise and the resulting mixture was stirred for 3 h. The reaction was
diluted with Et2O (150 mL), sat. aq. NaHCO3 (150 mL) containing Na2S2O3 (37.5 g)
was added and the reaction was stirred vigorously for 5 min. The aqueous layer was
separated and extracted with Et2O (150 mL). The combined organic layer was washed
with sat. aq. NaHCO3 (150 mL) and brine (150 mL), dried over Na2SO4 and concen-
trated in vacuo affording a yellowish oil. The crude product was used without further
purification. Rf (EtOAc : heptane, 1 : 4) = 0.50; 1H NMR (400 MHz, Chloroform-d) δ
9.75 (t, J = 1.9 Hz, 1H), 7.87 – 7.80 (m, 3H), 7.78 (s, 1H), 7.51 – 7.42 (m, 3H), 4.67 (s, 2H),
3.50 (t, J = 6.6 Hz, 2H), 2.40 (td, J = 7.4, 1.9 Hz, 2H), 1.75 – 1.52 (m, 4H), 1.45 – 1.22 (m,
8H); 13C NMR (101 MHz, Chloroform-d) δ 203.06, 136.31, 133.43, 133.07, 128.24, 127.98,
127.82, 126.41, 126.16, 125.90, 125.89, 73.11, 70.58, 44.03, 29.89, 29.42, 29.37, 29.23, 26.27,
22.18.

tert-Butyl(hept-6-yn-1-yloxy)dimethylsilane (40)

OTBS
To a solution of 6-heptyn-1-ol (5.00 g, 44.6 mmol) and imidazole
(3.93 g, 57.7) in anhydrous DMF (15 mL) stirred under inert at-

mosphere, TBSCl (8.10 g, 53.7 mmol) was added. The reaction was stirred at 20 ◦C
overnight then poured into sat. aq. NH4Cl (80 mL) and extracted (3 × 100 mL). The
combined organic layers were washed with brine (100 mL), dried over Na2SO4 and
concentrated in vacuo. The crude mixture was purified by flash chromatography (SiO2,
EtOAc : heptane, 1 : 19) affording compound 40 as a transparent oil (9.51 g, 95%), Rf

(EtOAc : hept 1 : 9) = 0.74; 1H NMR (400 MHz, Chloroform-d) δ 3.61 (t, J = 6.3 Hz,
2H), 2.19 (td, J = 7.0, 2.6 Hz, 2H), 1.93 (t, J = 2.7 Hz, 1H), 1.61 – 1.39 (m, 6H), 0.89 (s,
9H), 0.05 (s, 6H); 13C NMR (101 MHz, Chloroform-d) δ 84.74, 68.30, 63.18, 32.46, 28.46,
26.12, 25.17, 18.56, 18.51, -5.12 (2C); HRMS (MALDI+ FT-ICR, dithranol) m/z: calcd
for [C13H26OSiH]+ 227.1826; found 227.1828.
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1-((tert-Butyldimethylsilyl)oxy)-16-(naphthalen-2-ylmethoxy)hexadec-6-yn-8-ol
(38)

OTBS

OH

NAPO

To a solution of alkyne 40 (7.87 g, 34.7 mmol) in
anhydrous THF (40 mL) stirred at -78 ◦C under
inert atmosphere, a solution of n-BuLi in hex-

ane (2.3 M, 13 mL, 30 mmol). The resulting mixture was allowed to warm at 0 ◦C then
a solution of crude aldehyde 39 in THF (35 mL) was added dropwise. The resulting
mixture was allowed to warm at 20 ◦C and stirred overnight. The reaction mixture
was poured into sat. aq. NH4Cl (150 mL) and extracted with CH2Cl2 (3 × 150 mL).
The combined organic layer was washed with brine (200 mL), dried over Na2SO4 and
concentrated in vacuo. The crude mixture was purified by flash chromatography (SiO2,
EtOAc : heptane, 1 : 9) affording compound 38 as a yellow oil (8.96 g, 64% over two
steps). Rf (EtOAc : heptane 1 : 9) = 0.14; 1H NMR (400 MHz, Chloroform-d) δ 7.89 –
7.80 (m, 3H), 7.78 (s, 1H), 7.52 – 7.43 (m, 3H), 4.67 (s, 2H), 4.33 (br. s, 1H), 3.60 (t, J =
6.4 Hz, 2H), 3.50 (t, J = 6.6 Hz, 2H), 2.21 (td, J = 7.0, 2.0 Hz, 2H), 1.76 – 1.24 (m, 20H),
0.89 (s, 9H), 0.04 (s, 6H); 13C NMR (101 MHz, Chloroform-d) δ 136.36, 133.45, 133.08,
128.25, 128.00, 127.83, 126.41, 126.17, 125.91, 125.89, 85.51, 81.57, 73.11, 70.67, 63.22,
62.91, 38.36, 32.48, 29.95, 29.66, 29.56, 29.39, 28.63, 26.34, 26.13 (3C), 25.36, 25.28, 18.84,
18.52, -5.11(2C). HRMS (MALDI+ FT-ICR, dithranol) m/z: calcd for [C33H52O3SiNa]+

547.3578; found 547.3576.

1,8-Bis((tert-butyldimethylsilyl)oxy)-16-(naphthalen-2-ylmethoxy)hexadec-6-yne
(44)

OTBS

OTBS

NAPO

To a solution of 38 (8.82 g, 16.8 mmol) and
imidazole (1.71 g, 25.1) in anhydrous DMF
(34 mL) stirred under inert atmosphere, TBSCl

(3.06 g, 20.3 mmol) was added. The reaction was stirred at 20 ◦C overnight then con-
centrated in vacuo and dissolved in EtOAc (100 mL). The resulting solution was poured
into sat. aq. NH4Cl (100 mL) and extracted (3 × 100 mL). The combined organic lay-
ers were washed with brine (100 mL), dried over Na2SO4 and concentrated in vacuo.
The crude mixture was purified by flash chromatography (SiO2, EtOAc : heptane, 3%)
affording compound 40 as a transparent oil (9.51 g, 95%). Rf (EtOAc : heptane, 1 : 19)
= 0.33; 1H NMR (400 MHz, Chloroform-d) δ 7.83 (mj, 3H), 7.78 (s, 1H), 7.50 – 7.43 (m,
3H), 4.67 (s, 2H), 4.30 (tt, J = 6.6, 2.0 Hz, 1H), 3.60 (t, J = 6.5 Hz, 2H), 3.50 (t, J = 6.7
Hz, 2H), 2.19 (td, J = 7.0, 2.0 Hz, 2H), 1.71 – 1.19 (m, 20H), 0.90 (s, 9H), 0.89 (s, 9H),
0.11 (s, 3H), 0.09 (s, 3H), 0.04 (s, 6H); 13C NMR (101 MHz, Chloroform-d) δ 136.37,
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133.45, 133.08, 128.24, 128.00, 127.82, 126.40, 126.16, 125.91, 125.88, 84.35, 82.27, 73.11,
70.71, 63.37, 63.30, 39.19, 32.54, 29.96, 29.70, 29.60, 29.39, 28.70, 26.36, 26.14 (3C), 26.03
(3C), 25.51, 25.28, 18.87, 18.52, 18.46, -4.27, -4.79, -5.11 (2C); HRMS (MALDI+ FT-ICR,
dithranol) m/z: calcd for [C39H66O3Si2H]+ 639.4623; found 639.4622.

9,16-Bis((tert-butyldimethylsilyl)oxy)hexadec-10-yn-1-ol (45)

OTBS

OTBS

HO

To a solution of 44 (5.38 g, 8.42 mmol) in
CH2Cl2 (122 mL), 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (2.85 g, 12.6 mmol) and water (12

mL) was added. The resulting dark mixture was stirred overnight then poured into
sat. aq. NaHCO3 (130 mL). The aqueous layer was extracted with CH2Cl2 (3 × 130
mL). The combined organic layers were washed with sat. aq. NaHCO3 (130 mL),
dried over Na2SO4 and concentrated in vacuo. The crude mixture was purified by flash
chromatography (SiO2, EtOAc : heptane, 1 : 9) affording compound 45 as a yellow oil
(2.23 g, 53%). Rf (EtOAc : heptane, 1 : 9) = 0.15; 1H NMR (400 MHz, Chloroform-d)
δ 4.31 (tt, J = 6.6, 2.0 Hz, 1H), 3.69 – 3.56 (m, 4H), 2.19 (td, J = 7.0, 2.0 Hz, 2H), 1.68 –
1.22 (m, 20H), 0.90 (s, 9H), 0.89 (s, 9H), 0.11 (s, 3H), 0.09 (s, 3H), 0.04 (s, 6H). 13C NMR
(101 MHz, Chloroform-d) δ 84.37, 82.25, 63.36, 63.30, 63.23, 39.16, 32.96, 32.53, 29.67,
29.50, 29.35, 28.70, 26.14 (3C), 26.02 (3C), 25.87, 25.46, 25.27, 18.86, 18.52, 18.45, -4.28,
-4.80, -5.11 (2C); HRMS (MALDI+ FT-ICR, dithranol) m/z: calcd for [C28H58O3Si2Na]+

521.3817; found 521.3846.

9,16-Bis((tert-butyldimethylsilyl)oxy)hexadec-10-ynal (88)

OTBS
O

OTBS

88

To a suspension of Dess-Martin periodane (1.06 g,
2.50 mmol) in anhydrous CH2Cl2 (10 mL) stirred
at 0 ◦C under inert atmosphere, a solution of 43

(0.883 g, 1.77 mmol) in anhydrous CH2Cl2 (5 mL) was added dropwise and the result-
ing mixture was stirred for 2 h. The reaction was diluted with Et2O (30 mL), sat. aq.
NaHCO3 (30 mL) containing Na2S2O3 (9 g) was added and the reaction was stirred
vigorously for 5 min. The aqueous layer was separated and extracted with Et2O (30
mL). The combined organic layer was washed with sat. aq. NaHCO3 (30 mL) and
brine (30 mL), dried over Na2SO4 and concentrated in vacuo affording a yellowish oil.
The crude product was used without further purification. Rf (EtOAc : heptane, 1 : 9)
= 0.45; 1H NMR (400 MHz, Chloroform-d) δ 9.76 (t, J = 1.9 Hz, 1H), 4.30 (tt, J = 6.6,
2.0 Hz, 1H), 3.60 (t, J = 6.5 Hz, 2H), 2.41 (td, J = 7.3, 1.9 Hz, 2H), 2.19 (td, J = 7.0, 2.0
Hz, 2H), 1.70 – 1.26 (m, 18H), 0.90 (s, 9H), 0.89 (s, 9H), 0.11 (s, 3H), 0.09 (s, 3H), 0.04
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(s, 6H); 13C NMR (101 MHz, Chloroform-d) δ 203.05, 84.42, 82.19, 66.01, 63.32, 63.29,
44.06, 39.12, 32.53, 29.44, 29.25, 29.22, 28.70, 26.13 (3C), 26.02 (3C), 25.40, 25.28, 22.22,
18.86, 18.45, 15.43, -4.27, -4.80, -5.11 (2C).

9,16-Bis((tert-butyldimethylsilyl)oxy)hexadec-10-ynoic acid (89)

OTBS
HO

O OTBS

89

To a solution of crude aldehyde 88 and 2-methyl-
2-butene (3.8 mL, 2.5 g, 36 mmol) in t-BuOH (87
mL), a solution of NaHPO4 (1.70 g, 14.2 mmol)

and NaClO2 (220 mg, 2.43 mmol) in H2O (15 mL) was added. The reaction was
sheltered from light and stirred at 20 ◦C overnight. The resulting mixture was poured
into an aq. NaH2PO4 (0.66 M, 90 mL) and extracted with CH2Cl2 (3 × 70 mL). The
combined organic layer was washed with brine (70 mL), dried over Na2SO4 and con-
centrated in vacuo affording a yellow crude. The crude product was used without
further purification. 1H NMR (400 MHz, Chloroform-d) δ 4.30 (tt, J = 6.6, 2.0 Hz, 1H),
3.68 – 3.55 (m, 2H), 2.34 (t, J = 7.5 Hz, 2H), 2.19 (td, J = 6.9, 2.0 Hz, 2H), 1.75 – 1.19 (m,
18H), 0.90 (s, 9H), 0.89 (s, 9H), 0.11 (s, 3H), 0.09 (s, 3H), 0.05 (s, 6H); 13C NMR (101
MHz, Chloroform-d) δ 178.61, 84.41, 82.20, 63.34, 63.33, 39.12, 33.94, 32.50, 29.32, 29.22,
29.13, 28.69, 26.13 (3C), 26.02 (3C), 25.39, 25.25, 24.83, 18.85, 18.53, 18.45, -4.28, -4.80,
-5.11 (2C).

2-Phenyl-1,3-dioxan-5-yl 9,16-bis((tert-butyldimethylsilyl)oxy)hexadec-10-ynoate
(36)

OTBS
O

O

O
O OTBS

Ph To a solution of crude carboxylic acid
89 in CH2Cl2 (25 mL), 1,3-O-benzylidene-
glycerol (416 mg, 2.31 mmol), DMAP (351

mg, 2.87 mmol) and EDC ·HCl (494 mg, 2.57 mmol) were added. The resulting mix-
ture was stirred overnight then concentrated over silica. The crude mixture was pur-
ified by solid deposit flash chromatography (EtOAc : heptane, 1 : 9) affording com-
pound 36 as a transparent oil (912 mg, 76% over three steps). Rf (EtOAc : heptane,
1 : 4) = 0.47 1H NMR (400 MHz, Chloroform-d) δ 7.54 – 7.48 (m, 2H), 7.41 – 7.32 (m,
3H), 5.56 (s, 1H), 4.72 (m, 1H), 4.34 – 4.24 (m, 3H), 4.17 (dd, J = 12.9, 1.7 Hz, 2H), 3.60
(t, J = 6.5 Hz, 2H), 2.43 (t, J = 7.6 Hz, 2H), 2.19 (td, J = 7.0, 2.0 Hz, 2H), 1.79 – 1.13 (m,
18H), 0.90 (s, 9H), 0.89 (s, 9H), 0.11 (s, 3H), 0.09 (s, 3H), 0.04 (s, 6H); 13C NMR (101
MHz, Chloroform-d) δ 173.98, 137.97, 129.21, 128.44 (2C), 126.17 (2C), 101.38, 84.37,
82.22, 69.29 (2C), 65.84, 63.33, 63.29, 39.14, 34.54, 32.52, 29.40, 29.27, 29.24, 28.69, 26.13
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(3C), 26.02 (3C), 25.47, 25.28, 25.07, 18.86, 18.51, 18.44, -4.28, -4.80, -5.12 (2C); HRMS
(ESI-TOF) m/z: calcd for [C38H66O6Si2Na]+ 697.4290; found 697.4299.

2-Phenyl-1,3-dioxan-5-yl 9,16-dihydroxyhexadec-10-ynoate (46)

OH
O

O

O
O OH

Ph To a solution of 36 (1.05 g, 1.56 mmol) in
acetonitrile (135 mL) stirred at 0 ◦C, aq. HF
(20%, 5 mL) was slowly added. The result-

ing mixture was stirred at 0 ◦C for 7 h then TMSOMe (28 mL) was added. The result-
ing mixture was stirred at 0 ◦C for 30 min then poured into sat. aq. NH4Cl (200 mL)
and extracted with CH2Cl2 (3 × 200 mL). The combined organic layer was dried over
Na2SO4 and concentrated in vacuo. The crude mixture was purified by flash chroma-
tography (SiO2, EtOAc : heptane, 1 : 1) affording compound 46 as a white solid (558
mg, 80%). Rf (EtOAc : heptane, 6 : 4) = 0.29; 1H NMR (400 MHz, Chloroform-d) δ 7.54
– 7.48 (m, 2H), 7.40 – 7.32 (m, 3H), 5.56 (s, 1H), 4.71 (mz, 1H), 4.37 – 4.24 (m, 3H), 4.17
(dd, J = 13.0, 1.7 Hz, 2H), 3.63 (t, J = 6.4 Hz, 2H), 2.43 (t, J = 7.5 Hz, 2H), 2.22 (td, J
= 6.8, 2.0 Hz, 2H), 1.80 – 1.25 (m, 18H); 13C NMR (101 MHz, Chloroform-d) δ 174.00,
137.92, 129.22, 128.42 (2C), 126.15 (2C), 101.36, 85.25, 81.73, 69.25 (2C), 65.87, 62.84,
62.78, 38.23, 34.48, 32.27, 29.27, 29.16, 29.07, 28.44, 25.22, 25.05, 25.00, 18.76; HRMS
(MALDI+ FT-ICR, dithranol) m/z: calcd for [C26H38O6Na]+ 469.2560; found 469.2559.

2-Phenyl-1,3-dioxan-5-yl
9-((tert-butyldimethylsilyl)oxy)-16-hydroxyhexadec-10-ynoate (48)

OH
O

O

O
O OTBS

Ph
1H NMR (400 MHz, Chloroform-d) δ 7.55 –
7.47 (m, 2H), 7.43 – 7.30 (m, 3H), 5.56 (s, 1H),
4.72 (p, J = 1.7 Hz, 1H), 4.35 – 4.24 (m, 3H),

4.17 (dd, J = 12.9, 1.7 Hz, 2H), 3.63 (t, J = 6.5 Hz, 2H), 2.44 (t, J = 7.6 Hz, 2H), 2.20
(td, J = 6.8, 2.0 Hz, 2H), 1.73 – 1.22 (m, 18H), 0.90 (s, 9H), 0.11 (s, 3H), 0.09 (s, 3H);
13C NMR (101 MHz, Chloroform-d) δ 173.88, 137.82, 129.08 (2C), 128.30 (2C), 126.03,
101.25, 84.07, 82.22, 69.15 (2C), 65.71, 63.21, 62.84, 38.97, 34.39, 32.27, 29.23, 29.09, 29.05,
28.43, 25.87 (3C), 25.28, 24.95, 24.91, 18.67, 18.31, -4.45, -4.94; HRMS (ESI-TOF) m/z:
calcd for [C32H52O6SiNa]+ 583.3425; found 583.3434.
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2-Phenyl-1,3-dioxan-5-yl
9-((tert-butyldimethylsilyl)oxy)-16-hydroxyhexadecanoate (49)

OH
O

O

O
O OTBS

Ph To a solution of 48 (386 mg, 0.688 mmol)
in anhydrous THF stirred under inert atmo-
sphere, was added lindlar catalyst (5%, 148

mg, 0.0695 mmol). H2 gas was bubbled through the solution for 5 min then the reac-
tion was stirred overnight under H2 atmosphere. The solution was filtered through a
pad of celite and concentrated in vacuo affording 49 as a transparent oil (352 mg, 91%).
Rf (EtOAc : heptane, 3 : 7) = 0.14; 1H NMR (400 MHz, Chloroform-d) δ 7.55 – 7.47
(m, 2H), 7.42 – 7.32 (m, 3H), 5.56 (s, 1H), 4.72 (p, J = 1.6 Hz, 1H), 4.29 (dd, J = 13.0, 1.6
Hz, 2H), 4.17 (dd, J = 12.8, 1.6 Hz, 2H), 3.63 (m, 3H), 2.44 (t, J = 7.6 Hz, 2H), 1.67 (p, J
= 7.5 Hz, 2H), 1.56 (p, J = 6.8 Hz, 2H), 1.51 – 1.19 (m, 20H), 0.88 (s, 9H), 0.03 (s, 6H);
13C NMR (101 MHz, Chloroform-d) δ 173.87, 137.82, 129.08 (2C), 128.30 (2C), 126.03,
101.25, 72.32, 69.15 (2C), 65.70, 63.06, 37.10, 37.08, 34.41, 32.79, 29.81, 29.68, 29.43, 29.31,
29.11, 25.95 (3C), 25.70, 25.29, 25.23, 24.93, 18.17, -4.39 (2C); HRMS (ESI-TOF) m/z:
calcd for [C32H56O6SiNa]+ 587.3738; found 587.3746.

2-Phenyl-1,3-dioxan-5-yl 9-((tert-butyldimethylsilyl)oxy)-16-oxohexadecanoate (50)

O
O

O

O
O OTBS

Ph To a solution of 49 (194 mg, 0.343 mmol) in
anhydrous CH2Cl2 (3.5 mL) stirred under in-
ert atmosphere, Dess-Martin periodane (186

mg, 0.451 mmol) was added and the resulting mixture was stirred for 4 h. The reaction
was diluted with Et2O (15 mL), sat. aq. NaHCO3 (15 mL) containing Na2S2O3 (3.75 g)
was added and the reaction was stirred vigorously for an extra 15 min. The aqueous
layer was separated and extracted with Et2O (15 mL). The combined organic layer
was washed with sat. aq. NaHCO3 (20 mL) and brine (20 mL), dried over Na2SO4

and concentrated in vacuo affording a transparent oil. The crude product was used
without further purification. Rf (EtOAc : heptane, 3 : 7) = 0.36; 1H NMR (400 MHz,
Chloroform-d) δ 9.76 (t, J = 1.9 Hz, 1H), 7.55 – 7.47 (m, 3H), 7.43 – 7.30 (m, 3H), 5.56 (s,
1H), 4.72 (p, J = 1.6 Hz, 1H), 4.29 (dd, J = 13.0, 1.6 Hz, 2H), 4.17 (dd, J = 13.0, 1.6 Hz,
2H), 3.60 (p, J = 5.4 Hz, 1H), 2.50 – 2.37 (m, 4H), 1.73 – 1.18 (m, 22H), 0.88 (s, 9H), 0.03
(s, 6H).
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2-Phenyl-1,3-dioxan-5-yl
9-((tert-butyldimethylsilyl)oxy)-16-hydroxyhexadecanoate-16-d (51)

OH
O

O

O
O OTBS

Ph

D

To a solution of 50 in EtOH (5 mL), NaBD4

was added. The reatction was stirred for 20
min then the poured into sat. aq. NH4Cl
(20 mL) and extracted with CH2Cl2 (3 × 20

mL). The combined organic layer was dried over Na2SO4 and concentrated in vacuo
affording a yellowish oil. The crude mixture was purified by flash chromatography
(SiO2, EtOAc : heptane, 3 : 7) affording 51 as a transparent oil (158 mg, 81%). Rf

(EtOAc : heptane, 7 : 3) = 0.59; 1H NMR (400 MHz, Chloroform-d) δ 7.55 – 7.47 (m,
2H), 7.43 – 7.30 (m, 3H), 5.56 (s, 1H), 4.72 (p, J = 1.6 Hz, 1H), 4.29 (dd, J = 13.0, 1.6 Hz,
2H), 4.17 (dd, J = 13.0, 1.6 Hz, 2H), 3.67 – 3.54 (m, 2H), 2.44 (t, J = 7.6 Hz, 2H), 1.67 (p,
J = 7.6 Hz, 2H), 1.56 (q, J = 6.9 Hz, 2H), 1.46 – 1.19 (m, 20H), 0.88 (s, 9H), 0.03 (s, 6H);
13C NMR (101 MHz, Chloroform-d) δ 174.02, 137.98, 129.23, 128.45 (2C), 126.18 (2C),
101.40, 72.46, 69.30 (2C), 65.85, 62.84 (t, J = 21.4 Hz), 37.25, 37.23, 34.56, 32.84, 29.96,
29.83, 29.58, 29.46, 29.26, 26.10 (3C), 25.83, 25.44, 25.38, 25.08, 18.32, -4.24 (2C); HRMS
(ESI-TOF) m/z: calcd for [C32H55DO6SiNa]+ 588.3801; found 588.3808.

2-Phenyl-1,3-dioxan-5-yl 9,16-dihydroxyhexadecanoate-16-d (52)

OH
O

O

O
O OH

Ph

D

To a solution of 51 (158 mg, 0.279 mmol) in
acetonitrile (25 mL) stirred at 0 ◦C, aq. HF
(20%, 1.25 mL) was slowly added. The res-
ulting mixture was stirred at 0 ◦C for 7 h

then TMSOMe (5 mL) was added. The resulting mixture was stirred at 0 ◦C for 30
min then poured into sat. aq. NH4Cl (40 mL) and extracted with CH2Cl2 (3 × 40
mL). The combined organic layer was dried over Na2SO4 and concentrated in vacuo.
The crude mixture was purified by flash chromatography (SiO2, EtOAc : heptane, 1
: 1) affording compound 53 as a white solid (95 mg, 76%). Rf (EtOAc : heptane, 7
: 3) = 0.28; 1H NMR (400 MHz, Chloroform-d) δ 7.57 – 7.46 (m, 2H), 7.42 – 7.31 (m,
3H), 5.56 (s, 1H), 4.72 m, 1H), 4.28 (d, J = 12.9 Hz, 2H), 4.17 (d, J = 12.9, 2H), 3.59
(m, 2H), 2.44 (t, J = 7.4 Hz, 2H), 1.67 (p, J = 7.4 Hz, 2H), 1.55 (q, J = 6.8 Hz, 2H), 1.49
– 1.20 (m, 20H); 13C NMR (101 MHz, Chloroform-d) δ 173.99, 137.95, 129.22, 128.43,
126.17, 101.39, 72.04, 69.27, 65.86, 62.79 (t, J = 21.7 Hz), 37.57 (2C), 34.52, 32.81, 29.77,
29.57, 29.52, 29.33, 29.13, 25.79, 25.70, 25.67, 25.03; HRMS (ESI-TOF) m/z: calcd for
[C26H41DO6Na]+ 474.2936; found 474.2945.

82



3.2. Procedures

2-Phenyl-1,3-dioxan-5-yl 9,16-dihydroxyhexadecanoate (53)

OH
O

O

O
O OH

Ph To a solution of 36 (154 mg, 0.273 mmol) in
acetonitrile (25 mL) stirred at 0 ◦C, aq. HF
(20%, 1.25 mL) was slowly added. The res-

ulting mixture was stirred at 0 ◦C for 7 h then TMSOMe (5 mL) was added. The res-
ulting mixture was stirred at 0 ◦C for 30 min then poured into sat. aq. NH4Cl (40 mL)
and extracted with CH2Cl2 (3 × 40 mL). The combined organic layer was dried over
Na2SO4 and concentrated in vacuo. The crude mixture was purified by flash chromato-
graphy (SiO2, EtOAc : heptane, 1 : 1) affording compound 53 as a white solid (118 mg,
96%). Rf (EtOAc : heptane, 7 : 3) = 0.28; 1H NMR (400 MHz, Chloroform-d) δ 7.54 –
7.46 (m, 2H), 7.42 – 7.31 (m, 3H), 5.56 (s, 1H), 4.72 (p, J = 1.7 Hz, 1H), 4.28 (dd, J = 13.0,
1.7 Hz, 2H), 4.17 (dd, J = 13.0, 1.7 Hz, 2H), 3.63 (t, J = 6.6 Hz, 2H), 3.60 – 3.51 (m, 1H),
2.43 (t, J = 7.5 Hz, 2H), 1.67 (p, J = 7.5 Hz, 2H), 1.55 (p, J = 6.9 Hz, 2H), 1.50 – 1.21 (m,
20H); 13C NMR (101 MHz, Chloroform-d) δ 173.99, 137.95, 129.22, 128.43 (2C), 126.17
(2C), 101.38, 72.03, 69.27 (2C), 65.85, 63.14, 37.55 (2C), 34.51, 32.89, 29.76, 29.57, 29.51,
29.33, 29.12, 25.81, 25.69, 25.66, 25.02; HRMS (ESI-TOF) m/z: calcd for [C26H42O6H]+

451.3054; found 451.3061.

1,3-dihydroxypropan-2-yl 9,16-dihydroxyhexadecanoate (14)

OH
O

HO

HO
O OH

To a solution of 53 (109 mg, 0.241 mmol) in
anhydrous THF (11 mL) stirred under inert
atmosphere, Pd(OH)2/C (20%, 35 mg, 0.050

mmol) was added. H2 gas was bubbled through the solution for 5 min then the re-
action was stirred at 20 ◦C overnight under H2 atmosphere. The solution was filtered
through a pad of celite and concentrated in vacuo. The crude solid was recrystallized
from EtOAC and heptane, affording 14 as a white solid (61 mg, 69%). Rf (EtOAc :
heptane, 4 : 1) = 0.10; 1H NMR (400 MHz, Methanol-d4) δ 4.91 (m, 1H), 3.74 – 3.60
(m, 4H), 3.55 (t, J = 6.7 Hz, 2H), 3.51 (m, 1H), 2.38 (t, J = 7.3 Hz, 2H), 1.64 (p, J = 7.3
Hz, 2H), 1.54 (p, J = 6.7 Hz, 2H), 1.49 – 1.24 (m, 20H); 13C NMR 13C NMR (101 MHz,
Methanol-d4) δ (101 MHz, Methanol-d4) δ 175.31, 76.52, 72.41, 62.99, 61.70 (2C), 38.42,
38.40, 35.14, 33.66, 30.84, 30.67, 30.60, 30.40, 30.14, 26.92, 26.76, 26.74, 25.97; HRMS
(ESI-TOF) m/z: calcd for [C19H38O6H]+ 385.2561; found 385.2562.
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1,3-dihydroxypropan-2-yl 9,16-dihydroxyhexadecanoate-16-d (54)

OH
O

HO

HO
O OH

D

To a solution of 52 (85 mg, 0.19 mmol) in an-
hydrous THF (9 mL) stirred under inert atmo-
sphere, Pd(OH)2/C (20%, 27 mg, 0.038 mmol)
was added. H2 gas was bubbled through the

solution for 5 min then the reaction was stirred overnight under H2 atmosphere. The
solution was filtered through a pad of celite and concentrated in vacuo. The crude
solid was recrystallized from EtOAC and heptane, affording 54 as a white solid (40
mg, 59%). Rf (EtOAc : heptane, 4 : 1) = 0.10; 1H NMR (400 MHz, Methanol-d4) δ 4.95
– 4.86 (m, 1H), 3.74 – 3.60 (m, 4H), 3.59 – 3.46 (m, 2H), 2.38 (t, J = 7.4 Hz, 2H), 1.64
(p, J = 6.5 Hz, 3H), 1.53 (q, J = 6.7 Hz, 2H), 1.49 – 1.24 (m, 20H); 13C NMR (101 MHz,
Methanol-d4) δ 175.33, 76.54, 72.42, 62.63 (t, J = 21.5 Hz), 61.71 (2C), 38.43, 38.41, 35.15,
33.56, 30.84, 30.67, 30.61, 30.41, 30.15, 26.90, 26.77, 26.75, 25.98; HRMS (ESI-TOF) m/z:
calcd for [C19H37DO6H]+ 364.2804; found 364.2802.

8-(Benzyloxy)octan-1-ol (7)

BnO
OH To a suspension of NaH (60 % in mineral oil, 4.18 g, 104 mmol)

in anhydrous DMF (37 mL), stirred at 0 ◦C under inert atmo-
sphere, a solution of 1,8-octanediol (15.01 g, 102.6 mmol) in THF : DMF (37 mL : 30
mL) was added slowly over the course of 15 min. The solution was allowed to warm
at 20 ◦C. After 2 h, BnBr (9.35 g, 54.7 mmol) was added dropwise and the resulting
yellow solution was stirred overnight. Excess NaH was quenched by the slow addi-
tion of ice until bubbling ceased and the resulting mixture was extracted with Et2O (3
× 100 mL). The combined organic layer was washed with brine (100 mL), dried over
MgSO4 and concentrated over silica in vacuo. The crude was purified by flash chroma-
tography (SiO2, EtOAC : heptane, 1 : 4) affording 28 as a transparent oil (9.21 g, 71%);
Rf (EtOAc : heptane, 1 : 4) = 0.19; 1H NMR (400 MHz, Chloroform-d) δ 9.76 (t, J = 1.9
Hz, 1H), 7.38 – 7.27 (m, 5H), 4.50 (s, 2H), 3.46 (t, J = 6.6 Hz, 3H), 2.41 (td, J = 7.3, 1.8
Hz, 2H), 1.68 – 1.55 (m, 4H), 1.43 – 1.27 (m, 6H); 13C NMR (101 MHz, Chloroform-d) δ
203.01, 138.79, 128.48, 127.76, 127.62, 73.02, 70.50, 44.02, 29.82, 29.31, 29.23, 26.14, 22.15;
HRMS (ESI-TOF) m/z: calcd for [C15H24OH]+ 237.1849; found 237.1853.

8-(Benzyloxy)octanal (61)

BnO
O To a suspension of Dess-Martin periodane (20.25 g, 49,13

mmol) in anhydrous CH2Cl2 (10 mL) stirred at 0 ◦C under in-
ert atmosphere, a solution of 7 (8,69 g, 36.8 mmol) in anhydrous CH2Cl2 (75 mL) was
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added dropwise and the resulting mixture was stirred at 20 ◦C for 5 h. The reaction
was diluted with Et2O (150 mL), sat. aq. NaHCO3 (150 mL) containing Na2S2O3 (37 g)
was added and the reaction was stirred vigorously for 5 min. The aqueous layer was
separated and extracted with Et2O (150 mL). The combined organic layer was washed
with sat. aq. NaHCO3 (150 mL) and brine (150 mL), dried over Na2SO4 and concen-
trated in vacuo affording a yellowish oil. The crude product was used without further
purification. Rf (EtOAc : heptane, 1 : 4) = 0.43; 1H NMR (400 MHz, Chloroform-d) δ
9.76 (t, J = 1.9 Hz, 1H), 7.38 – 7.27 (m, 5H), 4.50 (s, 2H), 3.46 (t, J = 6.6 Hz, 3H), 2.41
(td, J = 7.3, 1.8 Hz, 2H), 1.68 – 1.55 (m, 4H), 1.43 – 1.27 (m, 6H); 13C NMR (101 MHz,
Chloroform-d) δ 203.01, 138.79, 128.48, 127.76, 127.62, 73.02, 70.50, 44.02, 29.82, 29.31,
29.23, 26.14, 22.15.

tert-Butyl(hex-5-yn-1-yloxy)dimethylsilane (62)

OTBS

To a solution of 5-hexyn-1-ol (5.00 g, 51.0 mmol) and imidazole (4,52
g, 57.7) in anhydrous DMF (15 mL) stirred under inert atmosphere,

TBSCl (8.10 g, 66.3 mmol) was added. The reaction was stirred at 20 ◦C overnight then
poured into sat. aq. NH4Cl (80 mL) and extracted (3× 100 mL). The combined organic
layers were washed with brine (100 mL), dried over Na2SO4 and concentrated in vacuo.
The crude mixture was purified by flash chromatography (SiO2, EtOAc : heptane, 1 :
19) affording compound 40 as a transparent oil (10.3 g, 95%). The compound analyses
were in accordance with data from the literature.169 Rf (EtOAc : hept 1 : 19) = 0.77; 1H
NMR (400 MHz, Chloroform-d) δ 3.63 (t, J = 5.8 Hz, 2H), 2.22 (dt, J = 6.7, 3.0 Hz, 2H),
1.94 (t, J = 3.0 Hz, 1H), 1.71 – 1.49 (m, 4H), 0.89 (s, 9H), 0.05 (s, 6H); 13C NMR (101
MHz, Chloroform-d) δ 84.68, 68.39, 62.74, 31.96, 26.11, 25.11, 18.49, 18.37, -5.15 (2C).

14-(Benzyloxy)-1-((tert-butyldimethylsilyl)oxy)tetradec-5-yn-7-ol (65)

BnO
OH

OTBS

To a solution of alkyne 62 (9.81 g, 46.2 mmol) in an-
hydrous THF (40 mL) stirred at -78 ◦C under inert
atmosphere, a solution of n-BuLi in hexane (2.3 M,

18 mL, 41 mmol). The resulting mixture was allowed to warm at 0 ◦C then a solution
of crude aldehyde 61 in THF (35 mL) was added dropwise. The resulting mixture was
allowed to warm at 20 ◦C and stirred overnight. The reaction mixture was poured
into sat. aq. NH4Cl (150 mL) and extracted with CH2Cl2 (3 × 150 mL). The combined
organic layer was washed with brine (200 mL), dried over Na2SO4 and concentrated
in vacuo. The crude mixture was purified by flash chromatography (SiO2, EtOAc :
heptane, 1 : 9) affording compound 38 as a yellow oil (8.96 g, 64% over two steps). Rf
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(EtOAc : heptane 1 : 4) = 0.33; 1H NMR (400 MHz, Chloroform-d) δ 7.41 – 7.28 (m, 5H),
4.50 (s, 2H), 4.33 (tt, J = 6.6, 2.0 Hz, 1H), 3.62 (t, J = 5.9 Hz, 2H), 3.46 (t, J = 6.6 Hz, 2H),
2.23 (td, J = 6.8, 2.0 Hz, 2H), 1.83 – 1.22 (m, 16H), 0.89 (s, 9H), 0.05 (s, 6H) 13C NMR
(101 MHz, Chloroform-d) δ 138.84, 128.49 (2C), 127.76 (2C), 127.61, 85.46, 81.65, 73.01,
70.62, 62.88, 62.80, 38.33, 32.08, 29.90, 29.54, 29.39, 26.28, 26.11 (3C), 25.32, 25.29, 18.65,
18.50, -5.13 (2C); HRMS (ESI-TOF) m/z: calcd for [C27H46O3SiNa]+ 469.3108; found
469.3106.

14-(Benzyloxy)-1,7-bis((tert-butyldimethylsilyl)oxy)tetradec-5-yne (60)

BnO
OTBS

OTBS

To a solution of 65 (4.09 g, 9.16 mmol) and im-
idazole (0.935 g, 13,7 mmol) in anhydrous DMF (20
mL) stirred under inert atmosphere, TBSCl (1,79 g,

11,9 mmol) was added. The reaction was stirred at 20 ◦C overnight then poured into
sat. aq. NH4Cl (250 mL) and extracted (3 × 250 mL). The combined organic layers
were washed with brine (250 mL), dried over Na2SO4 and concentrated in vacuo. The
crude mixture was purified by flash chromatography (SiO2, EtOAc : heptane, 1 : 19)
affording compound 40 as a transparent oil (4.38 g, 85%). Rf (EtOAc : heptane, 1 : 19)
= 0.40; 1H NMR (400 MHz, Chloroform-d) δ 7.37 – 7.27 (m, 5H), 4.50 (s, 2H), 4.30 (tt, J
= 6.5, 2.0 Hz, 1H), 3.61 (t, J = 6.1 Hz, 2H), 3.46 (t, J = 6.7 Hz, 2H), 2.21 (td, J = 6.9, 2.0
Hz, 2H), 1.69 – 1.25 (m, 16H), 0.90 (s, 9H), 0.89 (s, 9H), 0.11 (s, 3H), 0.09 (s, 3H), 0.04
(s, 6H); 13C NMR (101 MHz, Chloroform-d) δ 138.86, 128.48 (2C), 127.76 (2C), 127.60,
84.31, 82.35, 73.00, 70.66, 63.35, 62.81, 39.17, 32.12, 29.91, 29.58, 29.40, 26.30, 26.11 (3C),
26.02 (3C), 25.47, 25.33, 18.67, 18.49, 18.45, -4.27, -4.79, -5.14 (2C); HRMS (MALDI+
FT-ICR, dithranol) m/z: calcd for [C33H60Si2O3Na]+ 583.3973; found 583.3967.

8,14-Bis((tert-butyldimethylsilyl)oxy)tetradecan-1-ol (59)

HO
OTBS

OTBS

To a solution of 60 (5.02 g, 8.95 mmol) in EtOAc
(90 mL) stirred under inert atmosphere, Pd/C (10%,
0.959 g, 0.900 mmol) was added. H2 gas was bubbled

through the solution for 5 min then the reaction was stirred at 20 ◦C overnight under
H2 atmosphere. The solution was filtered through a pad of celite and concentrated
in vacuo. The crude mixture was purified by flash chromatography (SiO2, EtOAc :
heptane, 1 : 9) affording compound 59 as a transparent oil (3.32 g, 78%). Rf (EtOAc
: heptane, 1 : 9) = 0.14; 1H NMR (400 MHz, Chloroform-d) δ 3.70 – 3.55 (m, 5H), 1.67
– 1.17 (m, 22H), 0.89 (s, 9H), 0.88 (s, 9H), 0.05 (s, 6H), 0.03 (s, 6H); 13C NMR 72.48,
63.47, 63.24, 37.24 (2C), 33.01, 32.95, 29.97, 29.82, 29.58, 26.15 (3C), 26.10 (3C), 25.98,
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25.86, 25.48, 25.40, 18.54, 18.32, -4.25 (2C), -5.09 (2C); HRMS (ESI-TOF) m/z: calcd for
[C26H58O3Si2H]+ 475.3997; found 475.3990.

2-(8,14-Bis((tert-butyldimethylsilyl)oxy)tetradecyl)isoindoline-1,3-dione (67)

OTBS
N

OTBS
O

O

To a solution of 59 (113 mg, 0.237 mmol) and
Et3N (36 µL, 26 mg, 0.258 mmol) in anhydrous
CH2Cl2 (2 mL) stirred under inert atmosphere,
MsCl (21 µL, 31 mg, 0.27 mmol) was added. The

mixture was stirred at 20 ◦C for 2 h and concentrated in vacuo. The crude mixture was
used without further purification.

To a solution of crude mesylate in anhydrous DMF (4 mL) stirred under inert atmo-
sphere, potassium phtalimide (160 mg, 0.866 mmol). The reaction was stirred at 20 ◦C
overnight, then dissolved in CH2Cl2 (15 mL) and washed with H2O (2 × 10 mL) and
brine (10 mL). The organic layer was dried over Na2SO4 and concentrated in vacuo.
The crude mixture was purified by flash chromatography affording compound 67 as
a (53 mg, 37%). 1H NMR (400 MHz, Chloroform-d) δ 7.88 – 7.79 (m, 2H), 7.75 – 7.65
(m, 2H), 3.67 (t, J = 7.3 Hz, 2H), 3.63 – 3.55 (m, 3H), 1.67 (p, J = 6.1, 5.1 Hz, 2H), 1.49
(p, J = 7.1 Hz, 2H), 1.44 – 1.18 (m, 18H), 0.89 (s, 9H), 0.87 (s, 9H), 0.04 (s, 6H), 0.02 (s,
3H), 0.01 (s, 3H); 13C NMR (101 MHz, Chloroform-d) δ 168.59 (2C), 133.95 (2C), 132.33
(2C), 123.28 (2C), 72.46, 63.45, 38.22, 37.25, 37.23, 33.00, 29.88, 29.81, 29.39, 28.76, 27.01,
26.14 (3C), 26.09 (3C), 25.97, 25.47, 25.42, 18.52, 18.30, -4.26 (2C), -5.10 (2C).

8,14-Bis((tert-butyldimethylsilyl)oxy)tetradecyl 4-methylbenzenesulfonate (68)

TsO
OTBS

OTBS68

To a solution of 59 (503 mg, 1.06 mmol) in anhyd-
rous pyridine (5 mL) stirred under inert atmosphere,
TsCl (309 mg, 1,62 mmol) was slowly added. The re-

action mixture was stirred at 20 ◦C for 1 h, if starting material was still present, more
tosyl chloride (0.5 eq.) was added and the reaction was stirred for an extra 1 h. The
reaction was poured into H2O (25 mL) and extracted with Et2O (3 × 25 mL). The com-
bined organic layer was washed with aq. CuSO4 (40 mM, 25 mL), H2O (25 mL) and sat.
aq. NaHCO3 (25 mL). The organic layer was dried over Na2SO4 and concentrated in
vacuo. The yellow crude mixture was purified by flash chromatography (SiO2, EtOAc
: heptane, 1 : 19) affording compound ?? as a transparent oil (385 mg, 58%). Rf (EtOAc
: heptane, 1 : 4) = 0.57; 1H NMR 1H NMR (400 MHz, Chloroform-d) δ 7.79 (d, J = 8.1,
2H), 7.34 (d, J = 8.1 Hz, 2H), 4.01 (t, J = 6.5 Hz, 2H), 3.65 – 3.54 (m, 3H), 2.45 (s, 3H),
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1.62 (m, 2H), 1.55 – 1.45 (m, 2H), 1.42 – 1.16 (m, 18H), 0.89 (s, 9H), 0.87 (s, 9H), 0.04
(s, 6H), 0.03 (s, 3H), 0.02 (s, 3H); 13C NMR (101 MHz, Chloroform-d) δ 144.73, 133.42,
129.93 (2C), 128.03 (2C), 72.43, 70.83, 63.46, 37.25, 37.20, 33.01, 29.83, 29.79, 29.14, 28.97,
26.14 (3C), 26.09 (3C), 25.99, 25.48 (2C), 25.33, 21.79, 18.54, 18.31, -4.24 (2C), -5.09 (2C).

8,14-Bis((tert-butyldimethylsilyl)oxy)tetradecan-1-azide (69)

OTBS
N3

OTBS To a solution of 68 (390 mg, 0,587 mmol) in anhyd-
rous DMF (2.5 mL) stirred under inert atmosphere,
NaN3 (113 mg, 1.74 mmol) was added. The solution

was stirred at 20 ◦C overnight, poured into H2O and extracted with Et2O (3 × 20
mL). The combined organic layer was dried over Na2SO4 and concentrated in vacuo.
The crude mixture was purified by flash chromatography (SiO2, EtOAc : heptane, 1
: 19) affording 69 as a trtansparent oil (278 mg, 95%). Rf (EtOAc : heptane, 1 : 4)
= 0.78; 1H NMR (400 MHz, Chloroform-d) δ 3.66 – 3.56 (m, 3H), 3.25 (t, J = 7.0 Hz,
2H), 1.59 (dt, J = 8.2, 6.8 Hz, 2H), 1.55 – 1.20 (m, 20H), 0.89 (s, 9H), 0.88 (s, 9H), 0.05
(s, 6H), 0.03 (s, 6H); 13C NMR (101 MHz, Chloroform-d) δ 72.46, 63.46, 51.64, 37.25,
37.21, 33.01, 29.86, 29.83, 29.32, 28.98, 26.84, 26.15 (3C), 26.10 (3C), 25.99, 25.49, 25.36,
18.54, 18.32, -4.23, -4.25, -5.09 (2C); HRMS (MALDI+ FT-ICR, dithranol) m/z: calcd
for [C26H57N3O2Si2Na]+ 522.3882; found 522.3883.

8,14-Bis((tert-butyldimethylsilyl)oxy)tetradecan-1-amine (58)

OTBS
H2N

OTBS To a solution of 69 (1.09 g, 2.19 mmol) in EtOAc (45
mL) stirred at 0 ◦C under inert atmosphere, Pd/C
(10%, 239 mg, 0,225 mmol) was added. H2 gas was

bubbled through the solution for 10 min then the reaction was stirred at 0 ◦C overnight
under H2 atmosphere. The solution was filtered through a pad of celite and con-
centrated in vacuo. The crude mixture was purified by flash chromatography (SiO2,
MeOH : EtOAc : Et3N, 20 : 79 : 1) affording compound 58 as a transparent oil (708 mg,
69%). Rf (MeOH : EtOAc : NH4OH, 19 : 80 : 1) = 0.12; 1H NMR (400 MHz, Chloroform-
d) δ 3.60 (td, J = 6.6, 6.1, 4.2 Hz, 3H), 2.70 (t, J = 7.1 Hz, 2H), 2.09 (s, 2H), 1.59 – 1.23
(m, 22H), 0.89 (s, 9H), 0.88 (s, 9H), 0.04 (s, 6H), 0.03 (s, 6H); 13C NMR (101 MHz,
Chloroform-d) δ 72.49, 63.47, 42.08, 37.26 (2C), 33.02 (2C), 29.99, 29.83, 29.62, 26.99,
26.15 (3C), 26.10 (3C), 25.99, 25.49, 25.44, 18.54, 18.32, -4.24 (2C), -5.09 (2C); HRMS
(ESI-TOF) m/z: calcd for [C26H59NO2Si2H]+ 474.4157; found 474.4168.

2-Phenyl-1,3-dioxan-5-yl 1H-imidazole-1-carboxylate (75)
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O

O

N

O

O

Ph

N

To a solution of 1,3-O-benzylideneglycerol (658 mg, 3.65 mmol) in
anhydrous CH2Cl2 (1.5 mL) stirred under inert atmosphere, CDI
(1,18 g, 7,26 mmol) was added. The reaction was stirred for 3 h
then then concentrated in vacuo. The crude mixture was purified

by flash chromatography (SiO2, EtOAc : heptane, 2 : 3) affording compound 75 as a
transparent oil (889 mg, 89%). Rf (EtOAc : heptane, 1 : 1) = 0,57; 1H NMR (400 MHz,
Chloroform-d) δ 8.26 (t, J = 1.0 Hz, 1H), 7.55 – 7.47 (m, 3H), 7.45 – 7.34 (m, 3H), 7.09
(dd, J = 1.7, 0.8 Hz, 1H), 5.62 (s, 1H), 4.92 (p, J = 1.8 Hz, 1H), 4.46 (dd, J = 13.4, 1.6
Hz, 2H), 4.27 (dd, J = 13.4, 1.6 Hz, 2H); 13C NMR (101 MHz, Chloroform-d) δ 148.61,
137.53, 137.42, 130.93, 129.48, 128.54 (2C), 126.11 (2C), 117.35, 101.58, 70.18, 68.53 (2C).

2-Phenyl-1,3-dioxan-5-yl (8,14-dihydroxytetradecyl)carbamate (57)

OTBS
N
H

OTBS
O

O
O

OPh To a solution of 58 (647 mg, 1.37 mmol) in
anhydrous DMF (10 mL) stirred under in-
ert atmosphere, a solution of 75 (482 mg,

1.76 mmol) and pyridine (0.13 mL, 0.13 g, 1,68 mmol) in anhydrous DMF (10 mL) was
added dropwise. The resulting mixture was stirred at 20 ◦C overnight then concen-
trated in vacuo. The crude mixture was purified by flash chromatography (SiO2, EtOAc
: heptane, 1 : 4) affording compound 57 as a white solid (834 mg, 90%). Rf (EtOAc :
heptane, 1 : 4) 0,23; 1H NMR (400 MHz, Chloroform-d) δ 7.53 – 7.48 (m, 2H), 7.41 –
7.31 (m, 3H), 5.56 (s, 1H), 4.95 (t, J = 6.0 Hz, 1H), 4.66 (p, J = 1.7 Hz, 1H), 4.31 (dd, J =
13.0, 1.5 Hz, 2H), 4.17 (dd, J = 12.9, 1.7 Hz, 2H), 3.60 (td, J = 6.7, 6.1, 3.7 Hz, 3H), 3.22 –
3.09 (m, 2H), 1.56 – 1.44 (m, 4H), 1.44 – 1.20 (m, 18H), 0.89 (s, 9H), 0.88 (s, 9H), 0.05 (s,
6H), 0.03 (s, 6H); 13C NMR (101 MHz, Chloroform-d) δ 156.03, 137.96, 129.11, 128.39
(2C), 126.07 (2C), 101.19, 72.46, 69.73 (2C), 66.13, 63.45, 41.20, 37.24 (2C), 33.00, 29.99,
29.93, 29.82, 29.50, 29.45, 26.14 (3C), 26.09 (3C), 25.98, 25.47, 25.43, 18.53, 18.30, -4.25
(2C), -5.10 (2C). HRMS (ESI-TOF) m/z: calcd for [C37H69NO6Si2H]+ 680.4736; found
680.4745.

2-Phenyl-1,3-dioxan-5-yl (8,14-dihydroxytetradecyl)carbamate (76)

OH
N
H

OH
O

O
O

OPh To a solution of 57 (276 mg, 0.406 mmol) in
THF (42 mL) stirred at 0 ◦C, aq. HF (20%, 1.9
mL) was slowly added. The resulting mix-

ture was stirred at 0 ◦C for 24 h then TMSOMe was added (7.2 mL). The resulting
mixture was stirred at 0 ◦C for 20 min then poured into sat. aq. NH4Cl (55 mL) and ex-
tracted with CH2Cl2 (3 × 30 mL). The combined organic layer was dried over Na2SO4
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and concentrated in vacuo.

The crude mixture was redissolved in acetonitrile (40 mL) and stirred at 0 ◦C, aq. HF
(20%, 1.7 mL) was added and the reaction was stirred at 0 ◦C for 4 h. TMSOMe (6.5
mL) and the resulting mixture was stirred at 0 ◦C for 20 min then poured into sat. aq.
NH4Cl (50 mL) and extracted with CH2Cl2 (3 × 50 mL). The combined organic layer
was dried over Na2SO4 and concentrated in vacuo. The crude mixture was purified
by flash chromatography (SiO2, EtOAc : heptane, 3 : 7) affording compound 76 as a
white solid (156 mg, 85%). Rf (EtOAc : heptane, 1 : 4) 0,15; 1H NMR 13C NMR HRMS
(ESI-TOF) m/z: calcd for [C37H69NO6Si2Na]+ 474.2826; found 474.2831.

1,3-dihydroxypropan-2-yl (7,14-dihydroxytetradecyl)carbamate (56)

OH
N
H

O
HO

HO
O OH

To a solution of 76 (117 mg, 0.259 mmol) in
anhydrous THF (13 mL) stirred under inert
atmosphere, Pd(OH)2/C (20%, 59 mg, 0.084

mmol) was added. H2 gas was bubbled through the solution for 5 min then the re-
action was stirred at 20 ◦C overnight under H2 atmosphere. The solution was filtered
through a pad of celite and concentrated in vacuo. The crude solid was recrystallized
from EtOAC and heptane, affording 56 as a white solid (63 mg, 67%). Rf (EtOAc) =
0.05; 1H NMR (400 MHz, Methanol-d4) δ 4.71 (p, J = 5.2 Hz, 1H), 3.69 (dt, J = 9.7, 5.0
Hz, 4H), 3.60 – 3.47 (m, 3H), 3.11 (t, J = 7.0 Hz, 2H), 1.60 – 1.27 (m, 22H); 13C NMR
76.93, 72.41, 62.99, 62.00 (2C), 41.81, 38.42, 38.39, 33.63, 30.90, 30.78, 30.68, 30.44, 27.83,
26.96, 26.81, 26.75; HRMS (ESI-TOF) m/z: calcd for [C18H37NO6Na]+ 386.2513; found
386.2517.

10,16-Bis((tert-butyldimethylsilyl)oxy)hexadecanoic acid (81)

HO
OTBS

OTBS

O Method A: To a suspension of Dess-Martin peri-
odane (1.77 g, 4.17 mmol) in anhydrous CH2Cl2

(20 mL) stirred at 0 ◦C under inert atmosphere,
a solution of 10 (1.51 g, 3.00 mmol) in anhydrous CH2Cl2 (20 mL) was added dropwise
and the resulting mixture was stirred for 2 h. The reaction was diluted with Et2O (100
mL), sat. aq. NaHCO3 (100 mL) containing Na2S2O3 (25 g) was added and the reac-
tion was stirred vigorously for 5 min. The aqueous layer was separated and extracted
with Et2O (100 mL). The combined organic layer was washed with sat. aq. NaHCO3

(100 mL) and brine (100 mL), dried over MgSO4 and concentrated in vacuo affording a
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transparent oil. The crude product was used without further purification.

To a solution of crude aldehyde and 2-methyl-2-butene (6.4 mL, 4.2 g, 60 mmol) in
t-BuOH (150 mL), a solution of NaHPO4 (2.88 g, 24,0 mmol) and NaClO2 (353 mg,
3.90 mmol) in H2O (36.4 mL) was addded. The reaction was sheltered from light and
stirred at 20 ◦C overnight. The resulting mixture was poured into an aq. NaH2PO4

(0.66 M, 150 mL) and extracted with CH2Cl2 (3 × 100 mL). The combined organic
layer was washed with brine (100 mL), dried over MgSO4 and concentrated in vacuo
affording a yellow crude. The crude product was used without further purification.

Method B: To a solution of 10 (506 mg, 1,01 mmol) in CH2Cl2 (4 mL) and H2O (2
mL) was added PIDA (834 mg, 2.58 mmol) and TEMPO (34 mg, 0.20 mmol). The
resulting mixture was stirred vigorously for 6 h, poured into aq. Na2S2O3 (10%, 10
mL) and extracted with EtOAc (3 × 20 mL). The combined organic phases were dried
with MgSO4, filtered and concentrated affording 81 as an orange-brown oil. The crude
product was used without further purification.

(R)-2,3-Bis(benzyloxy)propyl 10,16-bis((tert-butyldimethylsilyl)oxy)hexadecanoate
(82)

O
OTBS

O

OTBS
BnO

OBn

To a solution of crude acid 81 (Method
A; 514 mg, 0.994 mmol) in CH2Cl2 (10
mL) was added (S)-(-)-2,3-dibenzyloxy-1-

propanol (360 mg, 1.32 mmol), DMAP (206 mg, 1.69 mmol) and EDC – HCl (285 mg,
1.49 mmol). The reaction was stirred overnight then concentrated over silica. The
crude mixture was purified by solid deposit flash chromatography (SiO2, EtOAc :
heptane, 1 : 19) affording 82 as a colorless oil (530 mg, 69% over three steps). Rf

(EtOAc : heptane, 1 : 19) = 0.13; 1H NMR (400 MHz, Chloroform-d) δ 7.37 – 7.26 (m,
10H), 4.67 (s, 2H), 4.54 (s, 2H), 4.31 (dd, J = 11.6, 4.2 Hz, 1H), 4.17 (dd, J = 11.6, 5.6 Hz,
1H), 3.81 (qd, J = 5.6, 4.2 Hz, 1H), 3.64 – 3.55 (m, 5H), 2.28 (t, J = 7.4 Hz, 2H), 1.58 (p, J
= 7.4 Hz, 2H), 1.51 (p, J = 6.8 Hz, 2H), 1.45 – 1.36 (m, 4H), 1.36 – 1.21 (m, 16H), 0.90 (s,
9H), 0.88 (s, 9H), 0.05 (s, 6H), 0.03 (s, 6H); 13C NMR (101 MHz, Chloroform-d) δ 173.8,
138.4, 138.2, 128.5 (2C), 128.5 (2C), 127.9 (2C), 127.8 (2C), 127.8 (2C), 76.0, 73.6, 72.5,
72.3, 69.8, 63.8, 63.5, 37.3, 37.3, 34.4, 33.0, 30.0, 29.8, 29.7, 29.4, 29.3, 26.2 (3C), 26.1 (3C),
26.0, 25.5 (2C), 25.1, 18.5, 18.3, -4.2 (2C), -5.1 (2C); HRMS (MALDI+ FT-ICR, dithranol)
m/z: calcd for [C45H78O6Si2Na]+ 793.5229; found 793.5245.
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2-(Benzyloxy)ethyl 10,16-bis((tert-butyldimethylsilyl)oxy)hexadecanoate (83)

O
OTBS

O

OTBS

BnO

To a solution of crude acid 81 (Method A;
514 mg, 0.994 mmol) in CH2Cl2 (10 mL) was
added 2-benzyloxyethanol (201 mg, 1.32

mmol), DMAP (209 mg, 1.71 mmol) and EDC – HCl (290 mg, 1.51 mmol). The reaction
was stirred overnight then concentrated over silica. The crude mixture was purified
by solid deposit flash chromatography (SiO2, EtOAc : heptane, 1 : 19) affording 83 as
a colorless oil (519 mg, 80% over three steps). Rf (EtOAc : heptane, 1 : 19) = 0.12; 1H
NMR (400 MHz, Chloroform-d) δ 7.38 – 7.27 (m, 5H), 4.57 (s, 2H), 4.25 (t, J = 4.7 Hz,
2H), 3.67 (t, J = 4.7 Hz, 2H), 3.63 – 3.56 (m, 3H), 2.33 (t, J = 7.5 Hz, 2H), 1.61 (p, J =
7.5 Hz, 2H), 1.51 (p, J = 7.0 Hz, 2H), 1.44 – 1.35 (m, 4H), 1.35 – 1.21 (m, 16H), 0.89 (s,
9H), 0.88 (s, 9H), 0.05 (s, 6H), 0.03 (s, 6H); 13C NMR (101 MHz, Chloroform-d) δ 174.0,
138.0, 128.6 (2C), 127.9, 127.9 (2C), 73.3, 72.5, 68.1, 63.5, 63.5, 37.3, 37.3, 34.4, 33.0, 30.0,
29.8, 29.6, 29.4, 29.3, 26.1 (3C), 26.1 (3C), 26.0, 25.5 (2C), 25.1, 18.5, 18.3, -4.2 (2C), -5.1
(2C); HRMS (MALDI+ FT-ICR, dithranol) m/z: calcd for [C37H70O5Si2Na]+ 673.4654;
found 673.4669.

2-Propanol 10,16-bis((tert-butyldimethylsilyl)oxy)hexadecanoate (84)

O
OTBS

O

OTBS

To a solution of crude acid 81 (Method A; 514
mg, 0.994 mmol) in CH2Cl2 (10 mL) was added
2-propanol (80 mg, 1.3 mmol), DMAP (212 mg,

1.74 mmol) and EDC – HCl (285 mg, 1.49 mmol). The reaction was stirred overnight
then concentrated over silica. The crude mixture was purified by solid deposit flash
chromatography (SiO2, EtOAc : heptane, 3 : 97) affording 84 as a colorless oil (400 mg,
72% over three steps). m.p. = 46 - 47 ◦C; Rf (EtOAc : heptane, 3 : 97) = 0.14; 1H NMR
(400 MHz, Chloroform-d) δ 5.00 (hept, J = 6.3 Hz, 1H), 3.65 – 3.55 (m, 3H), 2.25 (t, J =
7.4 Hz, 2H), 1.59 (p, J = 7.4 Hz, 2H), 1.51 (p, J = 6.7 Hz, 2H), 1.45 – 1.35 (m, 4H), 1.35 –
1.23 (m, 16H), 1.22 (d, J = 6.3 Hz, 6H), 0.89 (s, 9H), 0.88 (s, 9H), 0.04 (s, 6H), 0.03 (s, 6H);
13C NMR (101 MHz, Chloroform-d) δ 173.6, 72.5, 67.5, 63.5, 37.3, 37.3, 34.9, 33.0, 30.0,
29.8, 29.6, 29.4, 29.3, 26.1 (3C), 26.1 (3C), 26.0, 25.5, 25.5, 25.2, 22.0 (2C), 18.5, 18.3, -4.3
(2C), -5.1 (2C); HRMS (MALDI+ FT-ICR, dithranol) m/z: calcd for [C31H66O4Si2Na]+

581.4392; found 581.4405.

1,3-dimethoxypropan-2-yl 10,16-dihydroxyhexadecanoate (85)
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O
OTBS

O

OTBS

MeO

MeO

To a solution of crude acid 81 (Method B; 514
mg, 0.994 mmol) in CH2Cl2 (10 mL) was ad-
ded 1,3-dimethoxy-2-propanol (159 mg, 1.32

mmol), DMAP (206 mg, 1.69 mmol) and EDC – HCl (287 mg, 1.50 mmol). The reaction
was stirred overnight then concentrated over silica. The crude mixture was purified
by solid deposit flash chromatography (SiO2, EtOAc : heptane, 3 : 97) affording 85 as
a colorless oil (357 mg, 58% over two steps). m.p. = 52 - 53 ◦C; Rf (EtOAc : heptane,
1 : 19) = 0.10; 1H NMR (400 MHz, Chloroform-d) δ 5.14 (p, J = 5.1 Hz, 1H), 3.62 – 3.57
(m, 3H), 3.53 (d, J = 5.1 Hz, 4H), 3.36 (s, 6H), 2.34 (t, J = 7.4 Hz, 2H), 1.63 (p, J = 7.4
Hz, 2H), 1.50 (p, J = 6.6 Hz, 2H), 1.44 – 1.34 (m, 4H), 1.35 – 1.17 (m, 16H), 0.89 (s, 9H),
0.88 (s, 9H), 0.04 (s, 6H), 0.03 (s, 6H); 13C NMR (101 MHz, Chloroform-d) δ 173.5, 72.5,
71.4 (2C), 71.1, 63.5, 59.4 (2C), 37.3, 37.3, 34.6, 33.0, 30.0, 29.8, 29.7, 29.4, 29.2, 26.1 (3C),
26.1 (3C), 26.0, 25.5 (2C), 25.1, 18.5, 18.3, -4.3 (2C), -5.1 (2C); HRMS (MALDI+ FT-ICR,
dithranol) m/z: calcd for [C33H70O6Si2Na]+ 641.4603; found 641.4617.

(R)-2,3-dibenzyloxypropan-1-yl 10,16-dihydroxyhexadecanoate (86)

O
OH

O

OH
BnO

OBn

To a solution of 82 (341 mg, 0.442 mmol) in
MeCN (48 mL) at 0 ◦C, aq. HF (20%, 2 mL,)
was slowly added. The resulting mixture

was stirred at 0 ◦C for 7 h then TMSOMe (7.7 mL) was added. The resulting mixture
was stirred at 0 ◦C for 20 min then poured into sat. aq. NH4Cl (50 mL) and extrac-
ted with CH2Cl2 (3× 50 mL). The combined organic layer was dried over Na2SO4 and
concentrated in vacuo. The crude mixture was purified by flash chromatography (SiO2,
EtOAc : heptane, 1 : 1) affording compound 86 as a white solid (224 mg, 75%). m.p.
= 34 - 35 ◦C; Rf (EtOAc : heptane, 1 : 1) = 0.15; 1H NMR (400 MHz, Chloroform-d) δ
7.39 – 7.25 (m, 10H), 4.67 (s, 2H), 4.54 (s, 2H), 4.30 (dd, J = 11.7, 4.2 Hz, 1H), 4.17 (dd,
J = 11.7, 5.6 Hz, 1H), 3.81 (qd, J = 5.6, 4.2 Hz, 1H), 3.64 (t, J = 6.6 Hz, 2H), 3.61 – 3.54
(m, 3H), 2.28 (t, J = 7.5 Hz, 2H), 1.64 – 1.51 (m, 4H), 1.49 – 1.24 (m, 20H); 13C NMR
(101 MHz, Chloroform-d) δ 173.8, 138.4, 138.2, 128.5 (2C), 128.5 (2C), 127.9 (2C), 127.8
(2C), 127.8 (2C), 76.0, 73.6, 72.3, 72.1, 69.8, 63.8, 63.1, 37.6, 37.5, 34.4, 32.8, 29.8, 29.6,
29.5, 29.3, 29.3, 25.9, 25.7 (2C), 25.0; HRMS (MALDI+ FT-ICR, dithranol) m/z: calcd
for [C33H50O6Na]+ 565.3500; found 565.3513.

(R)-2,3-dihydroxypropan-1-yl 10,16-dihydroxyhexadecanoate (77)
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O
OH

O

OH
HO

OH

To a solution of 86 (166 mg, 0.306 mmol) in
anhydrous THF (15 mL) stirred under inert
atmosphere, Pd(OH)2/C (20%, 24 mg, 0.034

mmol) was added. H2 gas was bubbled through the solution for 8 min then the reac-
tion was stirred at 20 ◦C overnight under H2 atmosphere. The solution was filtered
through a pad of celite and concentrated in vacuo. The crude solid was recrystallized
from EtOAC and heptane, affording 77 as a white solid (89 mg, 80%). m.p. = 65 - 66
◦C; Rf (EtOAc : heptane, 7 : 3) = 0.01; 1H NMR (400 MHz, Methanol-d4) δ 4.05 (dd, J =
11.1, 5.1 Hz, 1H), 4.02 – 3.96 (m, 2H), 3.75 – 3.64 (m, 2H), 3.51 – 3.36 (m, 5H), 3.29 (td, J
= 5.2, 1.3 Hz, 1H), 3.26 (dd, J = 5.3, 1.3 Hz, 1H), 2.28 (t, J = 7.2 Hz, 2H), 1.59 (p, J = 7.2
Hz, 2H), 1.52 – 1.41 (m, 4H), 1.43 – 1.23 (m, 18H); 13C NMR (101 MHz, Methanol-d4)
δ 173.5, 71.4, 71.0, 66.4, 64.4, 62.6, 38.9 (2C), 34.7, 34.2, 30.8 (2C), 30.6, 30.3, 30.1, 27.1,
26.9, 26.8, 25.9; HRMS (MALDI+ FT-ICR, dithranol) m/z: calcd for [C19H38O6Na]+

385.2561; found 385.2571.

2-(Benzyloxy)ethyl 10,16-dihydroxyhexadecanoate (87)

O
OH

O

OH

BnO

To a solution of ?? (353 mg, 0.542 mmol)
in MeCN (58 mL) at 0 ◦C, aq. HF (20%, 2
mL) was slowly added. The resulting mix-

ture was stirred at 0 ◦C for 7 h then TMSOMe (9.5 mL) was added. The resulting
mixture was stirred at 0 ◦C for 20 min then poured into sat. aq. NH4Cl (60 mL) and ex-
tracted with CH2Cl2 (3 × 60 mL). The combined organic layer was dried over Na2SO4

and concentrated in vacuo. The crude mixture was purified by flash chromatography
(SiO2, EtOAc : heptane, 1 : 1) affording compound 87 as a white solid (202 mg, 88%).
Rf (EtOAc : heptane, 1 : 1) = 0.11; m.p. = 64 - 65 ◦C; 1H NMR (400 MHz, Chloroform-d)
δ 7.38 – 7.27 (m, 5H), 4.57 (s, 2H), 4.25 (t, J = 4.7 Hz, 2H), 3.67 (t, J = 4.7 Hz, 2H), 3.63 (t, J
= 6.6 Hz, 2H), 3.61 – 3.54 (m, 1H), 2.33 (t, J = 7.5 Hz, 2H), 1.68 – 1.52 (m, 4H), 1.47 – 1.24
(m, 20H); 13C NMR (101 MHz, Chloroform-d) δ 174.0, 138.0, 128.6 (2C), 127.9, 127.9
(2C), 73.3, 72.1, 68.1, 63.5, 63.1, 37.6, 37.5, 34.4, 32.8, 29.7, 29.6, 29.5, 29.3, 29.2, 25.9,
25.7 (2C), 25.0; HRMS (MALDI+ FT-ICR, dithranol) m/z: calcd for [C25H42O5Na]+

445.2924; found 445.2935.

2-Hydroxyethyl 10,16-dihydroxyhexadecanoate (78)

O
OH

O

OH

HO

To a solution of 87 (147 mg, 0.348 mmol) in
anhydrous THF (15 mL) stirred under inert
atmosphere, Pd(OH)2/C (20%, 27 mg, 0.038
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mmol) was added. H2 gas was bubbled through the solution for 8 min then the re-
action was stirred at 20 ◦C overnight under H2 atmosphere. The solution was filtered
through a pad of celite and concentrated in vacuo. The crude solid was recrystallized
from EtOAC and heptane, affording 78 as a white solid (92 mg, 78%). m.p. = 62 - 64
◦C; Rf (EtOAc : heptane, 7 : 3) = 0.07; 1H NMR (400 MHz, Chloroform-d) δ 4.25 – 4.17
(m, 2H), 3.86 – 3.79 (m, 2H), 3.64 (t, J = 6.6 Hz, 2H), 3.63 – 3.53 (m, 1H), 2.35 (t, J = 7.5
Hz, 2H), 1.72 – 1.51 (m, 4H), 1.50 – 1.24 (m, 20H); 13C NMR (101 MHz, Chloroform-
d) δ 174.4, 72.1, 66.1, 63.1, 61.5, 37.6, 37.5, 34.3, 32.8, 29.7, 29.6, 29.5, 29.2, 29.2, 25.9,
25.7, 25.7, 25.0; HRMS (MALDI+ FT-ICR, dithranol) m/z: calcd for [C18H36O5Na]+

355.2455; found 355.2464.

2-Propanol 10,16-dihydroxyhexadecanoate (79)

O
OH

O

OH

To a solution of ?? (196 mg, 0.351 mmol) in
MeCN (37 mL) at 0 ◦C, aq. HF (20%, 1.5 mL)
was slowly added. The resulting mixture was

stirred at 0 ◦C for 7 h then TMSOMe (6.1 mL) was added. The resulting mixture was
stirred at 0 ◦C for 20 min then poured into sat. aq. NH4Cl (40 mL) and extracted with
CH2Cl2 (3 × 40 mL). The combined organic layer was dried over Na2SO4 and con-
centrated in vacuo. The crude mixture was purified by flash chromatography (SiO2,
EtOAc : heptane, 1 : 1) affording compound 79 as a white solid (113 mg, 95%). Rf

(EtOAc : heptane, 1 : 1) = 0.11; 1H NMR (400 MHz, Chloroform-d) δ 5.00 (hept, J =
6.3 Hz, 1H), 3.64 (t, J = 6.6 Hz, 2H), 3.61 – 3.53 (m, 1H), 2.25 (t, J = 7.5 Hz, 2H), 1.65
– 1.52 (m, 4H), 1.45 – 1.25 (m, 20H), 1.22 (d, J = 6.3 Hz, 6H); 13C NMR (101 MHz,
Chloroform-d) δ 173.6, 72.1, 67.5, 63.1, 37.6, 37.5, 34.9, 32.8, 29.7, 29.6, 29.5, 29.3, 29.2,
25.9, 25.7 (2C), 25.2, 22.0 (2C); HRMS (MALDI+ FT-ICR, dithranol) m/z: calcd for
[C19H38O4Na]+ 353.2662; found 353.2671.

1,3-dimethoxypropan-2-yl 10,16-dihydroxyhexadecanoate (80)

O
OH

O

OH

MeO

MeO To a solution of 85 (192 mg, 0.310 mmol) in
MeCN (35 mL) at 0 ◦C, aq. HF (20%, 1.5
mL) was slowly added. The resulting mix-

ture was stirred at 0 ◦C for 5 h then TMSOMe (5.6 mL) was added. The resulting
mixture was stirred at 0 ◦C for 20 min then poured into sat. aq. NH4Cl (45 mL) and ex-
tracted with CH2Cl2 (3 × 45 mL). The combined organic layer was dried over Na2SO4

and concentrated in vacuo. The crude mixture was purified by flash chromatography
(SiO2, EtOAc : heptane, 1 : 1) affording compound 53 as a white solid (113 mg, 95%).
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Chapter 3. Experimental

Rf (EtOAc : heptane, 1 : 1) = 0.11; 1H NMR (400 MHz, Chloroform-d) δ 5.14 (p, J = 5.0
Hz, 1H), 3.64 (t, J = 6.6 Hz, 2H), 3.60 – 3.55 (m, 1H), 3.53 (d, J = 5.0 Hz, 4H), 3.36 (s, 6H),
2.34 (t, J = 7.5 Hz, 2H), 1.68 – 1.51 (m, 4H), 1.47 – 1.26 (m, 20H); 13C NMR (101 MHz,
Chloroform-d) δ 173.5, 72.1, 71.4 (2C), 71.0, 63.1, 59.4 (2C), 37.6, 37.5, 34.5, 32.8, 29.7,
29.6, 29.5, 29.3, 29.2, 25.9, 25.7 (2C), 25.1; HRMS (MALDI+ FT-ICR, dithranol) m/z:
calcd for [C21H42O6Na]+ 413.2874; found 413.2884.
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Chapter 4
Towards the Discovery of Suberin
Synthases and a Better Understanding of
CUS1 Mechanism - A Biological
Approach
The following chapter is the result of a four month external stay performed at Cornell
University under the supervision of Professor Jocelyn K. C. Rose. During this time
period, I have had the chance to work with Ph.D. student Nicholas Segerson on two
different ongoing projects.

4.1 Investigation of Arabidopsis thaliana GDSL-mutant
lines

4.1.1 Objectives

Owing to the many similarities between the chemical composition of suberin and
cutin, a common belief is that those two polymers may have arisen from similar ori-
gins. In 2012, the group of Jocelyn K. C. Rose discovered the first cutin synthase,
CUS1, a member of the GDSL esterase/lipase superfamily. Suberin and cutin have
been shown to share many biosynthetic families of enzymes. In this context, GDSL
lipases have been the focus of attention as potential candidates for suberin synthases
(SUS). The objective of this project is to investigate several Arabidopsis GDSL lipases
and their potential ties to suberin biosynthesis.

4.1.2 Results and discussions

4.1.2.1 Previous work

This section will describe the work that have been performed by other members of the
group prior to my arrival.

This study started by the selection of putative SUS enzymes using the ePlant visualiz-
ing tool.170,171 The selection process relied on different criteria. For reasons that were
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Chapter 4. A Biological Approach

previously mentioned, we focused our attention on GDSL lipases/esterases. More
specifically, due to the required expression of genes involved in suberin monomer
biosynthesis, we selected GDSL encoding genes that are co-expressed with suberin
monomer biosynthetic genes such as GPAT5. Furthermore, the selection was limited
to genes known to be expressed in the root endodermis, the site of suberin deposition.
This selection allowed us to pull four different GDSL-encoding genes, which will be
conveniently named GDSL1 to GDSL4 for the rest of this study. The co-expression ana-
lysis as well as the expression pattern of those four genes can be found on Figure 4.1.

To delineate the function of the selected GDSL genes, RNAi-silenced Arabidopsis
transgenic lines were generated for each of those genes. In order to prepare these
mutants, a vector containing an artificial microRNA (amiRNA) cassette was trans-
formed into Agrobacterium tumefaciens for each GDSL-encoding genes. Agrobacterium
is a bacterium which is able to infect plants and inject a sequence of DNA, called
transfer DNA (T-DNA), contained into a tumor inducing plasmid (Ti plasmid) into the
plants genetic material. In the case of RNAi silencing, Ti plamids are designed to insert
T-DNA encoding for interfering RNA which promotes the destruction of messenger
RNA and in turns decreases the expression of a selected targeted gene. Additionally,
promotion of the RNAi expression is done through the use of the Cauliflower mosaic
virus 35S promoter (P35S promoter), a very strong constitutive promoters which in-
duces a high level of expression of the RNAi gene. To facilitate the selection process,
the T-DNA insert also presents the bar gene which encodes for phosphinothricin acet-
yltransferase and provides resistance to the herbicide glufosinate-ammonium.172,173

Mutants can be obtained by infecting a flowering plant with the transgenic Agrobac-
terium. Due to the random nature of the T-DNA insertion, the seeds obtained by this
plants should contain T-DNA inserted randomly into their genome and can be grown
and selected for further analysis. Furthermore, the GDSL1 RNAi mutation was also
applied to a known GDSL4 Arabidopsis null mutant. The double mutants, named
GDSL1/4b were generated to assess for the potential redundancy of those two GDSL
genes.

To obtain statistically relevant data on a group of individuals, the obtention of ho-
mozygotes mutant is necessary as their offspring, which are used for various exper-
iments, are guaranteed to be homozygotes mutants themselves. At the time of my
arrival, the second generation (T2) of GDSL1, GDSL3, GDSL4 were growing in soil in
growth chamber. On the other hand, the GDSL2-line first generation (T1) were being
planted and grown in growth chamber.
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4.1. Investigation of Arabidopsis thaliana GDSL-mutant lines

Figure 4.1: Co-expression analysis of GPAT5 with the four selected GDSL lipases. A, Expression heatmap of
the genes encoding for GPAT5 and all four GDSL genes in Arabidopsis root; red bars represents expression areas;
r-value represents the correlation coefficient between the corresponding gene expression and the GPAT5 related
gene. B, Expression pattern of all four GDSL genes in arabidopsis; Red area represents the areas of high expression.
(Data and figures obtained via the ePlant visualizing tool170,171)
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4.1.2.2 Genotyping and selection of the GDSL-mutants

To differentiate mutant plants from the wild type ones, plants were frequently sprinkled
with a solution of glufosinate-ammonium (10 mg/mL). In order to confirm the muta-
tion, full DNA extracts of each plants were amplified by polymerase chain reaction
(PCR) using a set of primer specific for each corresponding GDSL-RNAi insert, and
the PCR product was analyzed by DNA gel electrophoresis. Positive plants were
grown in growth chamber and their seeds were collected for further treatment. GDSL2
seeds were planted in soil to grow a second generation of plants. The seeds from each
GDSL1, GDSL3, GDSL4 and GDSL1/4b plants were sterilized and planted (around 30
seeds per plants) on 1/4x MS growth media containing glufosinate-ammonium (10
mg/mL) and incubated in growth chamber for 9 to 12 days. The use of glufosinate-
ammonium as a selection agent allows for a fast screen for homozygotes. Plates where
all seeds did not grow were discarded as this was an evidence that the parent plant
was not a homozygote mutant. Conversely, plates where all the plants grew normally,
as depicted in Figure 4.2, were used for further treatment. It is important to note that
the reasoning behind using this method instead of a proper genotyping of each par-
ent plants for homozygotes was driven by time constraints. Contrastingly, wild type
plants were grown on growth media without the presence of glufosinate-ammonium.
A list of the selected mutant lines can be found on Table 4.1

Figure 4.2: Example of a plate of Arabidopsis after 9 to 12 days of incubation in growth chamber.
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Table 4.1: Given name for all the selected mutants for each mutant types

GDSL1 GDSL3 GDSL4 GDSL1/4b
GDSL1-2 GDSL3-3D GDSL4-10B GDSL1/4b-23A
GDSL1-3 GDSL3-3 GDSL4-2 GDSL1/4b-1
GDSL1-5 GDSL3-5 GDSL1/4b-5

4.1.2.3 GDSL expression of the homozygote-mutants

To assess the effectiveness of the mutant inserts, a comparative studies between the
level expression of each GDSL genes for each mutants and Arabidopsis wild type is
necessary. In this context, total RNA extraction using the Trizol™ reagent was per-
formed on a group of roots for each mutants as well as for three different wild type
culture. The RNA extracts was then converted into complementary DNA (cDNA) us-
ing the SuperScript™ II reverse transcriptase. The obtained cDNA was then diluted
to 100 ng/µL. Quantitative PCR (qPCR) was performed using the cDNA solutions.
qPCR is a standard method that allows for the quantification of specific single strand
DNA in a sample. The amount of cDNA present for each GDSL genes in our cDNA
samples is directly related to the amount of messenger RNA present during the RNA
extraction. Hence, the quantity of a GDSL-related cDNA in a sample correlates dir-
ectly to the expression level of this particular gene. To account for small variation in
initial cDNA concentration, the expression of a gene is normalized by the expression
of an ubiquitous reference gene such as UBQ10, PP2A, TIP41.174–176 Finally, the nor-
malized expression of a gene in a mutant is compared to the expression of the same
gene in wild type plant.

In our case, the amplification was performed using primers specific for each different
GDSL genes. The expression of each individual gene was normalized to the expres-
sion of PP2A and TIP41 gene. The relative expression of GDSL1 to 4 was measured for
all the mutants, as depicted in Figure 4.3 to Figure 4.6, to assure that each insert only
affects the expression of the targeted GDSL gene.

As seen on Figure 4.3, the expression of GDSL1 for GDSL1 single mutants was found
to be reliably diminished. Similar results were observed for the GDSL4 expression
of GDSl1/4b double mutants. Unfortunately, the rest of the data did not allow us to
get conclusive results. A high disparity within technical replicates as well as within
referenced wild types render those data unusable for the most part. Additionally,
GDSL4 expression seems to be reduced for all GDSL1/4b mutants though this gene
should not be expressed for these mutants. These results are most likely due to an
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issue in the technique used to prepare the qPCR analysis. However, time constraints
did not allow us to optimize the qPCR setup.

Figure 4.3: Relative expression of GDSL1 for each mutants as compared to wild type plants (n=3) measured using
PP2A and TIP41 as reference genes. Average of 4 technical replicates per sample.

Figure 4.4: Relative expression of GDSL2 for each mutants as compared to wild type plants (n=3) measured using
PP2A and TIP41 as reference genes. Average of 4 technical replicates per sample.
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Figure 4.5: Relative expression of GDSL3 for each mutants as compared to wild type plants (n=3) measured using
PP2A and TIP41 as reference genes. Average of 4 technical replicates per sample; Missing data are due to failed
amplification.

Figure 4.6: Relative expression of GDSL4 for each mutants as compared to wild type plants (n=3) measured using
PP2A and TIP41 as reference genes. Average of 4 technical replicates per sample; Missing data are due to failed
amplification.

.

103



Chapter 4. A Biological Approach

Due to the inconclusive qPCR analysis along with the lack of time, semi quantitative
PCR followed by DNA gel electrophoresis was used. UBQ10 was used as a refer-
ence gene. The results for the expression of GDSL1 is depicted in Figure 4.7. Accord-
ing to this analysis, the expression of GDSL1 is significantly decreased for all GDSL1
single mutants as well as for GDSL1/4b-23A. Contrastingly, the intensity for GDSL1/4b-
1 seems to be only slightly decreased and is not considered statistically relevant. Un-
fortunately, the results for GDSL1/4b-5 are still not conclusive as the intensity of the
reference gene varies for the mutant sample compared to the wild type sample.

Figure 4.7: Semi-quantitative PCR analysis for GDSL1 expression. WT, wild type.

The results obtained for GDSL3 mutants, shown on Figure 4.8, indicates that GDSL3-
5 and GDSL3-3D seems to be knock-down. However, the intensity of GDSL3 PCR
products is low, even in the wild type samples, despite a higher number of PCR cycles,
hinting that GDSL3 may be poorly expressed compared to other GDSL genes. Altern-
atively, poor interaction between the pair of primer used for the amplification and
the GDSL3 cDNA fragment might be responsible for the low intensity of the PCR
products.

Figure 4.8: Semi-quantitative PCR analysis for GDSL1 expression. WT, wild type.
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4.1. Investigation of Arabidopsis thaliana GDSL-mutant lines

Finally, semi-quantitative analysis of GDSL4 expression clearly demonstrates that none
of the GDSL1/4b double-mutants expresses GDSL4. This result is in accordance with
the null-mutation nature of the original mutants. Similarly, GDSL4-2 seems to express
GDSL4 to a lower extent. Conversely, the GDSL4 expression seems to be unaltered in
GDSL1 single mutants as well as for GDSL4-10B.

Figure 4.9: Semi-quantitative PCR analysis for GDSL4 expression. WT, wild type.

4.1.2.4 Phenotyping of the homozygote-mutants

To assess for the effect of GDSL-related mutations on suberin deposition, we invest-
igated for suberin related phenotypes. As a starting point, we focused our attention
on the deposition of suberin in Arabidopsis roots. In particular, root samples were
subjected to Oil Red O staining, a lipophilic stain that accumulates where suberin is
deposited. Light microscopic analysis of the stained roots allowed us to see that for the
GDSL1/4b-23A mutant, the deposition of suberin, typically observed as a thin intense
red layer around at the root endodermis, seems to be altered compared to the wild
type plant as depicted in Figure 4.10 at the exception of areas where lateral root are
developing. However, this result still needs to be confirmed on a larger sample size.
Furthermore, this result was not observed with any other mutant. Taking into account
that GDSl4b/23A is both, a GDSL4 knockout and a GDSL1 knockdown mutant, this
observation might indicate that redundancy exists between GDSL4 and GDSL1.
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Figure 4.10: Oil Red O staining of Arabidopsis root after 12 days of growth. Both picture were taken at the same
distance from the root tip.

Additionally, the distance between the tip of the root and the place at which suberin
deposition begins was also recorded for one of each type of mutants and is recorded
on Figure 4.11. The observed results indicate that even if suberin is still deposited for
those mutants, it seems to be deposited at a later stage for most of the mutants.

Figure 4.11: Measurement of the distance of deposition of suberin from the root tip for Arabidopsis plants after 12
days of growth. Each data represent the average of 7 samples (except for GDSL1/4B-5 which represent the average
of 3 samples).

Both of these results seems to indicate that the selected GDSL genes might be in-
volved in some way in suberin biosynthesis. However, it seems that redundancy ex-
ists between the different genes. In this context, GDSL double and triple mutants have
been prepared by crossing mutants flower together. However, due to time constraints,
these mutants could not be grown and studied in time.
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4.1.3 Perspectives and conclusions

This study provided some promising results towards the discovery of suberin syn-
thase. Four different GDSL esterase/lipase, conveniently named GDSL1, GDSL2,
GDSL3 and GDSL4, have been selected due to their co-expression with GPAT5 within
Arabidopsis root endodermis. Arabidopsis plants were successfully mutated to pro-
duce various lines of RNAi-silenced mutants for each of the genes encoding for the se-
lected GDSL enzymes. Homozygotes for each mutant lines were obtained for further
experiments. The selected GDSL genes seems to be involved in suberin biosynthesis
as mutation of each genes seems to affect the speed of deposition of suberin. Further-
more, the GDSL1-GDSL4 double mutation seems to drastically decreases suberin de-
position in most of the root endodermis at the exception of areas of lateral root growth.

However, more convincing evidence and stronger statistical analysis is required to
draw any kind of conclusion. Since my departure from Cornell University, this project
has been handed in to a new student. At the time of writing, double and triple mutants
are still under investigation.
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4.2 Production and expression of CUS1 mutants
through site-directed mutagenesis

4.2.1 Objectives

As discussed in section 1.3.4.3, the tertiary structure of CUS1 and the interaction between
CUS1 and its substrates are still a mystery. As stated previously, X-Ray diffraction
(XRD) of a CUS1-ligand complex would provide us with these data. Alternatively,
one can build a homology model, based on the known three-dimensional structure of
enzymes possessing similar primary structure domains. The main limitation of ho-
mology models are that they often rely on unproven assumptions, however, they can
serve as the basis for some biochemical structure analysis such as site-directed muta-
genesis (SDM). SDM is a molecular biology technique that relies on the formation of
mutated DNA to produce a modified version of a known protein where one or sev-
eral amino acids would be exchanged for another amino acid. A change in activity
between the mutant protein and the original protein would indicate that the modified
amino acid might play an important role in either the protein tertiary structure or in
the interaction between the enzyme and its substrates.

Candida rugosa lipase was shown to possess a hydrophobic tunnel that allows for the
stabilization of its substrate through Van der Waals interactions.177 In this context, it
was hypothesized that CUS1 might interact with its substrate through a similar mech-
anism. Specifically, homology model of CUS1, developed using the computational
protein structure modeling software, PHYRE2,178,179 suggested the presence of hydro-
phobic residues in the vicinity of the predicted catalytic site of the enzyme that might
contribute to the CUS1 mode of action. For the remainder of this study, these residues
will be referred to as I1 to I4.

The goal of this study is to produce different CUS1 mutants through SDM in order to
delineate the importance of the four identified amino acid in the polymerase activity
of CUS1.

108



4.2. Production and expression of CUS1 mutants through site-directed mutagenesis

4.2.2 Results and discussions

4.2.2.1 The megaprimer method

The site-directed mutagenesis was first attempted using the megaprimer method. This
method relies on the use of a mutagenic primer, a primer that contains the desired
variation that would encode for a different amino acid at the targeted position. This
primer is used in a first PCR amplification, using the desired gene as a template, to
create a corresponding megaprimer. This megaprimers can then be used for a second
round of PCR to complete the replication of the full sequence and introducing the
desired mutation. The product of this last PCR will contain a mixture of parent and
mutated DNA sequence.
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3'

5'
5'
3'

3'

First PCR

Second PCR

5'
5'
3'

3'

5'
5'
3'

3'

+

Addition of 
a new primer

Mutated gene

Parent gene

Mutagene
primer

Scheme 4.1: Schematic representation of the megaprimer process. Half-arrow, primers and direction of replica-
tion; red area, mutated region.

In this specific case, a Ti plasmid containing a T-DNA insert encoding for a P35S pro-
moted recombinant CUS1 along with ampicillin resistance was used as a template.
The mutagenic primers were designed by Ph.D. student Nicholas Segerson to ex-
change the target isoleucines into tyrosines.

After the second round of PCR, the PCR product was purified, associated to a TOPO
vector and transfected to a strain of E. Coli. The modified E. Coli were incubated on
Lysogeny broth (LB) containing ampicillin as a selective agent. Single colonies of E.
Coli were then selected and analyzed by PCR to confirm the presence of the CUS1
insert. The positive colonies were grown on LB and the TOPO-insert plasmids were
extracted from the grown colonies. Samples of the obtained plasmids were mixed
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with CUS1 related primer and send for sequencing. Unfortunately, sequencing of the
TOPO-insert plasmid was unsuccessful. Furthermore, the next step in the process,
consisting of a digestion of the plasmid in order to recover the insert followed by
the can be attached to the expression vector, pEAQ-HT, in order to form a functional
Ti plasmid, failed despite the use of different compatible digestive enzymes. These
two results indicates that something went wrong with the whole process. Repeating
the process a second time using Phusion®, a high-fidelity DNA polymerase, did not
afford any better results and the SDM using this method was discontinued in favor of
the QuickChange® method.

4.2.2.2 The QuickChange® method

Conversely to the megaprimer method, the QuickChange®method allows for the muta-
genesis of a fully functional plasmid directly. This method, depicted in Scheme 4.2
relies on the use of a set of corresponding mutagenic primer and a functional bac-
terial Ti plasmid as a templates. PCR amplification using these primers allows for the
formation of mutated plasmids. Further treatment of the PCR mixture with DpnI, a re-
striction enzyme that induce the degradation of methylated DNA of bacterial origin,
allows for the degradation of the parent plasmid leaving only the mutated plasmid
intact.

+

Mutated Plasmid Parent Plasmid

PCR

DpnI
digestion

Parent Plasmid

Mutated Plasmid

Scheme 4.2: Schematic representation of the megaprimer process. Half-arrow, primers and direction of replica-
tion; red area, mutated region.
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To broaden the field of this study, 2 different type of mutations were planned for each
isoleucine of interest. Firstly, the replacement of isoleucine for the polar amino acids
tyrosine and asparagine was envisaged. The goal of those two mutations is to dis-
rupt the formation of the hydrophobic tunnel and hamper the interactions between
the enzymes and its substrates. Additionally, to assess for the impact of conform-
ational changes caused by the mutagenesis, mutation of isoleucines into non-polar
alanine was also considered. A set of forward and reverse mutagenic primers were
designed for each target mutation. Unfortunately, the primers required for the tyr-
osines mutagenesis were not received on time and the preparation of the different
tyrosine mutants could not be completed within the time of this study.

One of the advantage of this technique is that it allows for the preparation of a fully
functional plasmids. Furthermore, the pEAQ-HT vector carries the Neomycin phos-
photransferase III nptIII gene, which provides resistance to an antibiotic called kana-
mycin A. Hence, E. Coli can be directly transformed with the digestion product, dis-
persed on a LB filled petri dish containing kanamycin A as a selection agent. A se-
lection of colonies were tested by PCR to assess for the presence of the insert and the
positive colonies were grown in LB overnight. The plasmids of the bacteria culture
were extracted using the E.Z.N.A® kit and a sample of each plasmid was sent for se-
quencing. Unfortunately, despite several attempts, no colonies containing a plasmid
encoding for CUS1-I3A mutant were produced as observed on the sequencing data.
The rest of the solution of plasmid was used to transform a suspension of Agrobac-
terium tumefaciens (GV3101) by electroporation. The modified Agrobacterium were
dispersed on a LB filled petri dish containing kanamycin A and incubated at 28 ◦C for
2 days. Single colonies were selected for each mutants and tested by PCR to confirm
the presence of the insert. Positive colonies were incubated in a LB solution containing
kanamycin A at 28 ◦C for 2 days and diluted to a standard concentration as measured
by the optical density of the solution at 600 nm. The obtained solution was used to in-
filtrate 4 weeks old Nicotiana benthamiana plants. The infiltrated plants were incubated
in a growth chamber for 4 days then the leaves were cut and frozen.

To prove the expression of the CUS1 mutants by the infiltrated plants, total protein
extraction was performed on approximately 500 mg of frozen tissue. The extracts
were subjected to western blot analysis. The results of this analysis are shown on
Figure 4.12. According to the total extraction data, every infiltrated plants, at the ex-
ception of the CUS1-I1A and CUS1-I1N mutants infiltrated plants, contains a recom-
binant protein possessing a similar size than the reference CUS1. This suggests that
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the desired proteins are likely expressed. However, the mutants band were found to
be way less intense than the one obtained from a CUS1 total protein extract, indicating
that the mutant infiltration was less efficient than for the reference protein.

Figure 4.12: Western blot analysis of the total extraction of each infiltrated plants. CUS1-ex, Total protein extract
of a CUS1 infiltrated plant.

Due to a lack of time, purification of the produced proteins could not be performed.
Therefore, the exact nature of the produced proteins could not be confirmed and en-
zymatic polymerization assays could not be studied.

4.2.3 Perspectives and conclusions

Our first attempt at producing mutagenated plasmids using the megaprimer method
unfortunately failed at the vector transfer step for unknown reasons. However, switch-
ing to the QuickChange® method, which does not require a vector transfer, proved to
be more effective. Due to a lack of time, only seven of the twelve mutated plasmids
were successfully produced. Agrobacterium tumefaciens was modified to obtain several
modified colonies for each of the insert of interest. Tobacco plant were infiltrated with
the modified Agrobacterium and five of the seven infiltrated plants were proven to ex-
press a recombinant protein of the desired size.

The mutants are currently still under investigation. One of the purified asparagine
mutant presents a loss of activity while another one possesses a decreased activity.
Additionally, the mutants possessing a loss of function promotes the hydrolysis of the
glycerol esters. However, it is unclear to this point if this loss of activity arises from
the disruption of the hydrophobic tunnel or from conformational changes and further
investigation is required.
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4.3 Experimental

Plants and Mutation Arabidopsis thaliana Columbia (Col-0) plants were used as WT
in this study. RNAi-lines were prepared by treating flowering plants with a solution
of Agrobacterium tumefaciens previously transfected with the desired RNAi insert and
collecting the seeds of the treated plants. Arabidopsis thaliana plants were grown in a
growth chamber (photoperiod, 16 h : 8 h, light : dark; 50% RH). Nicotiana benthamiana
plants were grown in a growth chamber (photoperiod, 14 h : 10 h, light : dark; 50%
RH)

Arabidopsis DNA extraction and PCR analysis

Edward solution: Tris-HCl (200 mM; pH 7.5), NaCl (250 mM), EDTA (25 mM) and
SDS (0.5%).
TE buffer: Tris-HCl (10 mM; pH 8.0) and EDTA (1 mM).
Extraction buffer: Edward buffer : TE Buffer (1 : 9).
TAE buffer: Tris (40 mM), acetic acid (20 mM) EDTA (1 mM).

Arabidopsis leaves (3-5 mg) were submerged in Extraction Buffer (200 µL) and crushed
with a plastic rod. The resulting mixture was used directly as a PCR sample. The PCR
mixture were prepared as follow: Gotaq® buffer (5 µL), dNTP solution (10 mM; 0.5
µL), forward primer (100 µM; 0.1 µL), reverse primer (100 µM; 0.1 µL), Gotaq® enzyme
(5U/µL; 0.2 µL), distilled water (18.1 µL) DNA extract (1 µL). The cycling parameters
were as follows: (1) 95 ◦C for 2 min; (2) 30 cycles of 95 ◦C for 30 s, 60 ◦C for 30 s, 72 ◦C
for 30 s; (3) 72 ◦C for 7 min 30 s. The samples were separated by gel electrophoresis on
a 1 % agarose in TAE buffer containing ethidium bromide (1 mg.mL−1) and revealed
by UV irradiation.

RNA extraction

Each RNA samples was a representation of 15-20 roots from plate-grown seedlings at
the age of 12 d. TRIZOL reagent (1 mL) was added and the sample was incubated at
20 ◦C for 5 minutes. The samples were centrifuged at 10500 rpm for 10 min at 4 ◦C
and the supernatant was taken up and mixed with chloroform (0.2 mL). The resulting
solution was shaken up for 15 s by hand and incubated at 20 ◦C for 3 minutes. The
samples were centrifuged at 10500 rpm for 15 minutes at 4 ◦C. The aq. layer was
diluted with isopropyl alcohol (0.5 mL) and the resulting solution was incubated at 20
◦C for 10 minutes then centrifuged at 10500 rpm for 10 min at 4 ◦C. The supernatant
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was removed and the the RNA pellet was washed with 75% ethanol (2 x 1 mL). The
RNA pellet was air dried for 10 minutes and dissolved in RNase-free DEPC-water (1
mL).

cDNA synthesis

RQ1 DNase 10x buffer: Tris-HCl (400 mM; pH 8.0), MgSO4 (100 mM) and CaCl2 (10
mM).

First-strand 5x buffer: Tris-HCl (250 mM; pH 8.3), KCl (375 mM) and MgCl2 (15 mM).

RNA samples (1 - 4 µg) were mixed with RQ1 DNase 10x buffer (1 µL), RQ1 DNase
(1000 U.mL−1; 1 µL) and RNaseOut (5000 U.mL−1; 0.25 µL) in RNase-free DEPC-water
(total volume: 10 µL). The resulting mixture was incubated at 37 ◦C for 30 min then
RQ1 DNase stop solution (1 µL) was added. The resulting mixture was incubated at
65 ◦C for 10 min then 3 µL were removed for analysis. The remaining solution was
mixed with oligo dT (100 µM; 1 µL) and dNTP solution (10 mM; 1 µL), and incubated
at 65 ◦C for 5 min. The sample were put on ice for 1 min then mixed with first-strand
5x buffer (4 µL), DTT (0.1 M; 2 µL) and RNaseOut (5000 U.mL−1; 1 µL). The resulting
mixture was incubated at 42 ◦C for 2 minutes then SuperScript™ II (200 U.µL−1; 1 µL)
amd the mixture was further incubated at 42 ◦C for 50 min then at 70 ◦C for 15 min.
The samples were cooled on ice and RNase H (5U.µL−1; 1 µL) was added and the
samples were incubated at 37 ◦C for 20 min. Finally, the cDNA samples were diluted
to a final concentration of approximately 100 ng.µL−1 and stored at -20 ◦C.

qPCR analysis

For each set of primers, a master mix was prepared: qPCR Mix (SYBR™ green; 6 µL
per sample), ROX fluorescent dye (2 µM; 0.25 µL per sample), primer mix (0.2 µM; 1
µL per sample) distilled water (4.25 µL per sample). qPCR samples were prepared by
mixing 11.5 µL of master mix with 0.5 µL of cDNA sample on a multiwell plate. Each
samples were prepared in 4 technical replicates and analyzed using a Life Technolo-
gies/ABI ViiA™7 Real-Time PCR system.

Each average Ct values were normalized to a reference gene and compared to the
normalized value obtained with wild type plant. The relative expression shown rep-
resents the average of the relative expression of a gene in a mutants compared to three
biological replicates of wild type plants.
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semi quantitative PCR

sqPCR samples were prepared as follow: Gotaq® buffer (5 µL), dNTP solution (10
mM; 0.5 µL), primer mix (10 µM; 1 µL), Gotaq® enzyme (5U/µL; 0.2 µL), distilled
water (17.3 µL) and cDNA sample (1 µL). The cycling parameters were as follows: (1)
95 ◦C for 2 min; (2) X cycles of 95 ◦C for 30 s, 60 ◦C for 30 s, 72 ◦C for 30 s; (3) 72 ◦C for
7 min 30 s; GDSL1 and GDSL4, X = 30; GDSL3, X = 36. The samples were separated
by gel electrophoresis on a 2 % agarose in TAE buffer containing ethidium bromide (1
mg.mL−1) and revealed by UV irradiation.

Agrobacterium tumefaciens modification

For each modified plasmid, a suspension of Agrobacterium tumefaciens (50 µL) was
mixed with a solution of plasmid (500 - 1000 ng) and the transformation was per-
formed by electroporation. The modified bacteria suspension was diluted in LB (1
mL) and incubated at 28 ◦C for 1 hour. The bacteria were centrifuged at 5000 rpm for
5 minutes and the supernatant was removed to leave 100 µL of bacterial suspension
which was plated on LB containing kanamycin (1 µL.mL−1). The petri dish were in-
cubated at 28 ◦C for 2 days. Several colonies were transferred to a master plate and
tested by PCR to confirm the presence of the CUS1 gene.

Nicotiana benthamiana infiltration

Infiltration buffer: MES (10 mM; pH 5.8), MgCl2 (10 mM), acetosyringone (500 µM).

The modified Agrobacterium was transferred to LB (5 mL) containing kanamycin (5
µL) and rifampicin (2.5 µL) and incubated at 28 ◦C for 2 days. The colonies were
transferred to LB (200 mL) containing kanamycin (200 µL) and rifampicin (100 µL).
The colonies were transferred to two falcon tube (2 x 100 mL) and centrifuged at 4500
rpm for 15 min. The bacteria pellet was resuspended in freshly made infiltration buffer
(50 mL per tube), place in the dark and shaken for 3 hours at 20 °C. The solution were
centrifuged at 4500 rpm for 15 min. The pellet were resuspended in freshly made
infiltration buffer and diluted to obtain a solution of optical density of around 1.2 at
600 nm. The solution was used to infiltrate 4 weeks old Nicotiana benthamiana plants by
performing a small incision on the back of the plant and forcing the bacterial solution
through the incision. The plants were left in growth chamber and the leaves were
collected and frozen at 6 days post infiltration.
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Total protein extraction

Laemmli buffer: Tris-HCl (120 mM; pH 7.0), SDS (14 mM), DTT (100 mM), bro-
mophenol blue (30 µM).
TBST buffer: Tris (50 mM; pH 7.5), NaCl (150 mM) and Tween 20 (0.1%).

Frozen tissue (0.5 mg) were grinded in Laemmli buffer (0.5 mL). The resulting mix-
ture was boiled for 15 min then cooled to 20 ◦C. The supernatant was taken up and
separated by gel electrophoresis on Mini-PROTEAN® TGX™ precast gel. The gel was
transferred to a nitrocellulose membrane and the membrane was blocked with milk
(5%) in TBST for 1 h then washed with TBST (10 min). The membrane was submerged
in milk (5%) in TBST containing a Anti-His(C-term) primary antibody (2 µL) for 1
hour. The membrane was washed with TBST (15 min; 3 times) then submerged in
milk (5%) in TBST containing an Anti-mouse IgG secondary antibody (2 µL) for 1
hour. The membrane was washed with TBST (15 min; 3 times) then revealed using
the Clarity™ Western ECL Substrate Kit and developed on a film (Exposition time: 11
minutes).
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