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Figure 1 Structure of 2-MHG and target 10,16-dihydroxyhexadecanoyl
derivatives: 10,16-dihydroxy palmitate 1-MAG (2) ethylene glycol 10,16-
dihydroxy palmitate (3), 2-propanyl 10,16-dihydroxy palmitate (4) and 1,3-
dimethoxyglyceryl 10,16-dihydroxy palmitate (5). 
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Abstract: Members of the CUS family, suspected to be responsible 

for cutin polymerization, have shown in vitro activity towards sn-2 

glyceryl ester (2-MAGs). To assess the selectivity of CUS enzymes 

towards esters with different headgroups, the CUS1 mediated in 

vitro polymerization of four monomers of 10,16-

dihydroxyhexadecanoic acid was investigated. Our results 

demonstrated that CUS1 is more selective towards sn-2 glyceryl 

ester, reinforcing the hypothesis that 2-MAGs are the monomeric 

precursors of the plant polyester cutin. Additionally, the absence of 

oxygen atoms in the headgroup negatively impacts the efficiency of 

polymerization. 

Introduction 

The colonization of land by plants 470 million years ago1,2 was 
largely possible thanks to several key evolutionary advantage 
such as the cuticle, a layer that covers the aerial organs and 
protects them against desiccation, pathogen attack and other 
environmental stresses.3 The cuticle is mainly composed of a 
series of soluble lipids, collectively known as cuticular waxes, 
embedded in a polyester of ω-hydroxy fatty acids and glycerol 
called cutin.4–6 The monomeric composition of cutin varies 
between plant species, organs and ontogeny.7,8 There are many 
unanswered questions regarding cutin biosynthesis, particularly 
regarding the mechanism of polymerization.9 
 In recent years, there have been significant advances in 
the understanding of cutin biopolymerization. It was shown that 
a subfamily of glycerol 3-phosphate acyltransferases (GPATs) 
enzymes are required for cutin synthesis.10 In addition to their 
sn-2 specific glycerol-3-phosphate:acyl CoA acyltransferase 
activity, GPAT4 and GPAT6, which are both involved in cutin 
synthesis, also possess a phosphatase activity, resulting in the 
formation of 2-monoacylglyceryl esters (2-MAGs).11  
Moreover, it was shown that the 2-MAG derivative of the most 
abundant monomer in tomato cutin, 2-mono(10,16-
dihydroxyhexadecanoyl)glycerol (2-MHG; 1),12,13 accumulates in 
the surface lipids of the fruit carrying the cutin deficient 1 (cd1) 
mutation, which severely reduces the amount of polymerized 
cutin.13 The cd1 mutation suppresses the formation of the 

extracellular cutin synthase-like (CUS) protein CUS1, which 
suggests that cutin synthesis occurs though a series of 
extracellular transesterification reactions, releasing glycerol in 
the process. Furthermore, CUS1 has shown in vitro activity 
towards 2-MHG, resulting in the formation of oligomers.13,14  
 While the mechanism of action of CUS1 has not been 
determined at the time of writing, it was proposed that the 
CUS1-catalyzed polymerization reaction follows a ping-pong bi-
bi mechanism.14,15 According to this mechanism, the enzyme 
would first react with an equivalent of 2-MHG to form an acyl-
enzyme intermediate and releasing glycerol. This acyl-enzyme 
complex can then react with a second equivalent of 2-MHG to 
form a dimeric product and recover the enzyme as shown on 
Scheme 1.14,15 Further polymerization can be achieved by using 
longer oligomeric chains as substrates, adding one unit of 10,16-
dihydroxypalmitic acid for each cycle. The complex nature of this 
mechanism renders classical enzymatic kinetic studies, such as 
the Michaelis-Menten kinetics,16 unsuitable for the study of 
CUS1. Indeed, several reaction steps are at play for the 
disappearance of the starting material while further 
polymerization has an impact on the amount of dimers, making it 
hard to rely on either parameter for kinetic studies.  
 Due to the lack of information regarding the tertiary 
structure of the enzyme. the recognition pattern between CUS1 
and its substrates is also unknown. The aim of this project is to 
assess the selectivity of CUS1 towards a series of 10,16-
dihydroxypalmitic esters with different headgroups in order to 
provide some insight of the recognition pattern of CUS1 and its 
substrates. 
 For this purpose, sn-1 glyceryl (2), ethylene glycol (3), 2-
propanol (4) and 1,3-methoxy-2-propanol (5) esters were 
selected based on their resemblance to the corresponding sn-2 
glycerol ester (1). The target molecules are displayed in Figure 1 
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Results and Discussion 

The synthesis of each derivatives was carried out from product 6, 
an intermediate previously described in the synthesis of 2-
MHG.13 The first step consisted in the oxidation of the free 
alcohol of 5 to the corresponding carboxylic acid. This was done 
either by the use of TEMPO and PhI(OAc)2

17, or through a two-
step procedure, in which it was first oxidized to the aldehyde 
through a Dess-Martin oxidation18 followed by a Pinnick 
oxidation19 to achieve carboxylic acid 7. This carboxylic acid was 
subjected to four different Steglich esterification20 using a variety 
of alcohols, forming products 8–11 in yields ranging from 58 to 
80%, as can be seen in Scheme 2. The final steps in each 
synthesis consisted on the removal of the protecting groups. The 
TBS groups of each precursors were removed by treatment with 
HF affording intermediates 12 and 13 and target compounds 4 
and 5 as seen on Scheme 3. The formation of products 2 and 3 
required the additional cleavage of the benzyl ethers, from their 
respective precursors 12 and 13, by hydrogenolysis. It is worth 

noticing that products 1–5 present a chiral center in the 
secondary alcohol, and were synthesized as racemic mixtures 
for products 1,3,4 and 5 or diastereomeric mixture for product 2.  
 Each of the synthesized esters, as well as 2-MHG, were 
subjected to a 24-hour incubation with recombinant CUS1 
obtained as described in Yeats et al. 2012,13 and analyzed by 
MALDI-TOF (Figure 2 and 3). These analysis shows that CUS1 
is relatively permissive regarding the monomer headgroup, as 
the enzyme has shown some activity for each compound, while, 
in the absence of CUS1, no polymerization was observed (data 
shown in the supporting information). Amongst all of the tested 
esters, 2-MHG (Figure 2) was found to polymerize the best. This 
result is consistent with the natural accumulation of 2-MHG in 
cd1 mutant fruits and further corroborates the theory that cutin 
monomeric precursors are indeed 2-MAGs. Comparatively, sn-1 
ester 2 (Figure 3A) seems to polymerize to a lesser extent as 
judged by the relative intensity of oligomeric peaks in the MALDI 
spectra of both sn-1 ester 2 and 2-MHG enzymatic products. 
The presence of oligomers up to the hexamer was observed and 
indicates that CUS1 is selective towards sn-2 glyceryl esters but 
is also capable of polymerizing sn-1 glyceryl esters. 

Scheme 2 Formation of 10,16-bis((tert-butyldimethylsilyl)oxy)hexadecanoic acid (6) and its esterification with different alcohols to form products 8–11. The 
yields presented here corresponds to the overall yield over all steps. 

Scheme 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. 2014.14 
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. Similarly to what was observed for sn-1 glycerol 2, 
oligomers are present in the case of ethylene glycol ester 3 
enzymatic product (Figure 3B), while only dimerization is 
observed in the case of isopropyl ester 4 (Figure 3C). These 
results hint at the importance of the presence of the oxygen 
atoms for polymerization. In the case of 1,3-dimethoxypropanol 
ester 5 (Figure 3D), polymerization was also observed, up to the 
tetramer. While the apparent absence of oligomers with a higher 
degree of polymerization indicates that polymerization is 
hindered by the presence of the methyl groups, it is unclear if 
this is due either to the absence of potential hydrogen bond 
donating interaction or to steric clash induced by the larger 
methyl group. Interestingly, the presence of hydrolyzed dimer 
(m/z of 581) was observed in the polymerization product of ester   
5 while this hydrolysis product seems to be absent in the 
polymerization products of the other esters. This observation 
suggests that either the presence of the methyl groups might 
promote the hydrolysis of the headgroup or that this ester is 
more prone to hydrolyze under the polymerization conditions. 
Additionally, no hydrolysis was observed for both the trimer and 

tetramer suggesting that the presence of the headgroup might 
be required for the recognition of the oligomer chain by CUS1.  

Conclusions 

Four derivatives of 2-MHG (2–5) with different headgroups were 
successfully synthesized and tested as substrates of CUS1 for 
the formation of 10,16-dihydroxyhexadecanoic acid oligomers. 
The presence of oligomers with up to six monomeric units was 
observed in the case of 1,3-dimethoxypropanol ester 5, ethylene 
glycol ester 3 and sn-1 glyceryl ester 2, while only the dimer was 
detected in the case of isopropyl ester 4.  
 These results show that CUS1 presents in vitro activity 
towards fatty acid esters different than 2-MAGs. The presence of 
oxygen atoms in the headgroup, either as free hydroxyl groups 
or as methyl ethers, seems to promote the recognition of the 
oligomer chain by the enzyme. This is hinted by the absence of 
oligomer chains of more than two units in the enzymatic assay 
using isopropyl ester 4 which lacks any headgroup oxygen 
atoms.  
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Scheme 3 Final deprotection of intermediates 8–11 affording target esters 2–5. 

Figure 2 MALDI-TOF analysis of the polymerization product of 2-MHG. Each product peaks are observed as their corresponding sodium adduct. 
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 CUS1 also showed activity towards sn-1 glyceryl ester 2, 
the migration product of 2-MHG. This was surprising based on 
the sn-2 selectivity displayed by cutin related GPAT enzymes. 
However, CUS1 seems to have higher activity with 2-MHG than 
its sn-1 counterpart, which further supports 2-MAGs as the 
monomeric precursor of cutin. 
 While this study provides information about the potential 
interactions between CUS1 and the headgroup of its substrates, 
the true nature of these interactions remains unknown. One way 
to unravel the enzyme-substrate interactions would rely on the 
determination of a CUS1 3D-structure through X-ray diffraction 
pattern of the protein crystallized with a suitable ligand. Current 
efforts are aimed at procuring crystals suitable for X-ray 
diffraction analysis.  

The possible role of the stereochemistry of the secondary 
alcohol of all substrates in the enzymatic polymerization was not 
explored, since it falls out of the scope of the present study. 
However, it poses an intriguing question that could be worth to 
study in the future. 
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