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Abstract

The structure of cutan, and a cutin/cutan mixture from the Agave americana leaf cuticle is herein described by use of
the technique of one and two-dimensional high-resolution magic angle spinning (HRMAS) NMR spectroscopy, with
added information from solid-state '*C cross-polarization magic angle spinning (CPMAS) and Bloch decay NMR spec-
troscopy. Cutin in the cutin/cutan mixture is found to contain ester functionalities, in line with previous degradative
approaches. Furthermore, epoxy groups, free primary alcohols and carboxylic acid groups are also observed in cutin.
A significant new finding is the evidence for a-branched fatty acids/esters in cutin. Cutan has mainly free primary
hydroxyls, as well as long-chain carboxylic acids, which have been previously predicted to form ester linkages with tri-
hydroxylated benzene units. Another significant finding in cutan is the evidence for benzenecarboxylic acids that are
ester linked with fatty alcohols. The long-chain polymethylenic groups in cutan are shown to express a high degree

of crystallinity similar to that observed in soil organic matter.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Microorganisms degrade labile fractions in plant
residues to CO,, and the resistant components are stabi-
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lized in the form of macromolecular humic substances in
soils and sediments by a process that is described as
‘selective preservation’ of resistant biomolecules (Der-
enne and Lageau, 2001). Studies on organic matter in
soils and sediments (SOM) as well as fossil fuels have
shown that they are rich in long-chain polymethylenic
functional groups (Nip et al., 1986a,b; Tegelaar et al.,
1991, 1995; Collinson et al., 1994; van Bergen et al.,
1994). In terrestrial systems, these components are be-
lieved to derive from plant cuticles containing the bio-
polymers cutin and cutan, and suberized parts of plant
organs containing suberin (Nierop, 1998). It has also
been shown that the aliphatic carbon content increases
with increasing SOM decomposition (Baldock et al.,
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1997), which shows that these components are diagenet-
ically resistant and survive unaltered over time, although
it has been suggested that cutin does not show a high
level of persistence in some soils (Kogel-Knabner
et al., 1989).

Most cuticular matrices are made up of extractable
waxes, and non-extractable polymeric lipid components,
cutin and cutan. Cutin, a polyester, is depolymerized
and solubilized upon saponification, while cutan is the
non-saponifiable and non-extractable polymer found in
certain cuticles. While some cuticles have only cutin,
and no cutan (e.g., Lycopersicon esculentum, i.e., tomato
fruit); others have only cutan (e.g., Beta vulgaris); and
some others may have both (e.g., Agave americana leaf)
(Jeffree, 1996).

Studies involving depolymerization of cutins using
reactions such as alkaline hydrolysis, transesterifica-
tion, and hydrogenolysis with LiAlH, in THF, fol-
lowed by identification by gas chromatography-mass
spectrometry (GC-MS) after derivatization, indicate
that cutins are composed of Cis and C;g hydroxy
and epoxy fatty acids (Kolattukudy, 1980). Monomer
concentration is found to be species-dependent (Hollo-
way, 1984) and dependent on the age of the cuticle
(Riederer and Schonherr, 1988). The literature on
the structure of cutin has been reviewed extensively
(Kolattukudy, 1980, 1984, 2001, 2002; Holloway,
1984, 1994; Blee, 2002).

A. americana is a xerophytic monocotyledon whose
leaves have a thick cuticle that is known to contain
both cutin and cutan. Depolymerization studies indi-
cate that A. americana cutin contains mainly C;g fatty
acid derived monomers such as 9,10,18-trihydroxyoc-
tadecanoic acid; 9,10-epoxy-18-hydroxyoctadecanoic
acid; and 10,16-dihydroxyhexadecanoic acid (Espelie
et al., 1982). The resistant residue that remains after
depolymerization (saponification) of cutin is cutan,
whose structure is only partially understood. Pyrolysis
gas chromatography-mass spectrometry (Py-GC-MS)
of A. americana cutan yields a homologous series
of n-alkanes, n-alk-l-enes, and o,m-alkadienes (Nip
et al., 1986a,b; Tegelaar et al., 1989), which are thought
to derive from thermal degradation of the polymethylenic
chains. Tetramethylammonium hydroxide (TMAH)
thermochemolysis of 4. americana cutan gives mono-
meric products that include fatty acid methyl esters
(FAMES) of varying chain lengths (C,5—Cj;y, with a high
concentration of C,;—Cs), a number of 1,3,5-trimeth-
oxylated benzene derivatives, and a few benzene carbox-
ylic acid derivatives (McKinney et al., 1996). Using the
TMAH data in combination with the *C cross-polariza-
tion magic angle spinning nuclear magnetic resonance
spectroscopy (CPMAS NMR) data, a structure for the
biopolymer with a backbone of 1,3,5-trihydroxylated
aromatic rings was proposed. It is believed that the hy-
droxyl groups on the aromatic rings form ester linkages

with fatty acids (McKinney et al., 1996). However, there
is not enough information to predict the nature of the
cross-link between the aromatic rings.

Schouten et al. (1998) subjected 4. americana cutan
to ruthenium tetroxide (RuQ,) oxidation, and a number
of monocarboxylic acids (C;¢—Cs4)- and o,m-dicarbox-
ylic acids (mainly Co, but also C,s—Cs4) were obtained.
Based on reactions with model compounds, this
technique was found to cleave alkyl chains of aromatic
rings, double bonds, and ethers. The unknown cross-link
between aromatic rings was proposed to be a C;-link,
which upon RuQ, treatment gives the Co dicarboxylic
acid. Schouten et al. (1998) believe that the Cys—Csq
dicarboxylic acids are esterified at both ends with aro-
matic hydroxyl groups, which revert to the C,s—Csy
dicarboxylic acids upon treatment with RuQO,.

Villena et al. (1999) used exhaustive ozonolysis for
solubilizing A. americana cutan, followed by oxidative
cleavage of the ozonides and GC-MS analysis of the
resulting acids after derivatization. The major prod-
ucts are C4—Cy o, o-dicarboxylic acids (71%), which
the authors believe, are derived from double bonds
and ethers based on changes in the infrared spectra.
In addition, X-ray diffraction studies show narrow ba-
sal distances, thus suggesting that cutan is highly
cross-linked.

Degradative studies are invasive and are therefore
able to provide only inferences about cross-linking and
other kinds of connectivities between monomers. Insol-
ubility of the cuticular biopolymers has made it difficult
for solution-state NMR techniques to be applied for
structure determination. High-resolution magic angle
spinning (HRMAS) NMR spectroscopy allows for the
analysis of materials that swell, become partially soluble,
or form true solutions in a solvent even when some
solids are still present (Keifer et al., 1996; Millis et al.,
1997). Stark et al. (2000) and Fang et al. (2001) used
heterocorrelated multiple-quantum coherence (HMQC)
NMR spectroscopy for comparing the structure of in-
tact lime cutin swelled in dimethylsulfoxide (DMSO)
with that of an oligomer (obtained by selective hydro-
lysis of hindered esters using iodotrimethylsilane)
dissolved in CHCI;. The quantitative nature of the tech-
nique was confirmed by comparing spectra from dry and
wet cutin (Stark et al., 2000). In a recent study (Desh-
mukh et al., 2003) we utilized two-dimensional HRMAS
spectroscopy to identify some new cross-links and struc-
tural units in tomato cutin. CPMAS NMR spectroscopy
has been used to identify the major carbon functional-
ities present in intact biopolymers, but two-dimensional
techniques are essential for resolution of overlapping
signals.

We report here a one- and two-dimensional HRMAS
NMR study coupled with a one-dimensional CPMAS
and Bloch decay '*C study for characterization of the
molecular architecture of (a) a cutin/cutan mixture,
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and (b) cutan, isolated from A. americana leaf cuticle.
We examined the cutin/cutan mixture to learn about
cutin, because cutin could not be isolated independently
of cutan from the Agave cuticle. One-dimensional 'H
HRMAS, two-dimensional total correlation spectros-
copy (TOCSY), heteronuclear single quantum coherence
(HSQC), and nuclear overhauser effect spectroscopy
(NOESY) are performed on the biopolymers swollen
in DMSO. Detailed through-bond connectivities and
assignments are possible based on the data obtained.
To our knowledge this is the first published account of
HRMAS NMR spectroscopic structural analysis of cu-
tin and cutan from A. americana leaves.

2. Materials and methods
2.1. Isolation of cutan from A. americana leaves

A. americana leaves were cut into small pieces
(approximately 4 cm x4 cm), split into half, and the
fleshy interiors were removed before suspending them
in a solution of oxalic acid (0.4% w/v) and ammonium
oxalate (1.6% w/v) at 40 °C for 2-3 days. The cuticles
were easily separated from the bulk of the leaf and
resuspended in a fresh oxalic acid and ammonium
oxalate solution for one day to remove any associated
matter. Cuticles were washed, freeze-dried, and ground
in liquid nitrogen. Dried and ground cuticles were sol-
vent extracted successively with chloroform, methanol,
and 1:1 chloroform/methanol at gentle reflux for 12 h.
The extraction was repeated three times until the dried
extracts were free of dissolved material. The solvent
extracted residue was treated with 1% KOH in 96%
methanol for 2 h for removal of polyester cutin (Hol-
loway, 1984). The washed and dried residue remaining
after saponification was treated with 4.5% sodium
paraperiodate solution (pH adjusted to 4.1 with acetic
acid) for 12 h, followed by refluxing in H,O for 3 h to
remove any residual polysaccharides (Zelibor et al.,
1988). The residue was washed and freeze-dried to ob-
tain cutan.

2.2. Isolation of cutin/cutan mixture from A. americana
leaves

Solvent extracted A. americana cuticles obtained as
before, were treated with 4.5% sodium paraperiodate
solution (pH adjusted to 4.1 with acetic acid) for 12
h. The residue was separated by filtration, resuspended
in H,0O, and refluxed for 2 h (Zelibor et al., 1988).
This treatment removed the polysaccharides in the
material, and the residue contained only the cutin
and cutan biopolymers. Cutin could not be isolated
in its pure form from cutan.

2.3. NMR spectroscopy

Solid-state CPMAS '3C NMR spectra using the
ramp-cross polarization (CP) technique (Hediger et al.,
1993), and two-pulse phase modulated (TPPM) decou-
pling (Bennett et al., 1995) technique, were obtained
with a Bruker 300 MHz NMR-spectrometer (Bruker
Analytic GmbH, Germany). The following optimized
experimental parameters were used: ramp-CP contact
time of 2 ms; recycle delay time of 1 second; sweep width
of 27 kHz (368 ppm) and line broadening of 50 Hz.
90°'H and '3C pulse lengths were under 5 ps. The chem-
ical shifts were referenced to the carboxyl signal of gly-
cine as an external secondary standard with a shift of
176.03 ppm. Freeze-dried samples were placed in a 4
mm rotor, and spun at a frequency of 13 kHz at the ma-
gic angle (54.7° to the magnetic field). A contact time of
2 ms was determined to be optimum for all types of car-
bon functionalities. The Bloch decay (BD) MAS '*C
NMR spectra were acquired using an 18° pulse angle
and a recycle delay of 2 s.

HRMAS NMR experiments were carried out on a
Bruker Avance 600 MHz DRX spectrometer, fitted with
a 'H, '°C, "N HRMAS probe. Sample (~30 mg) was
swollen in DMSO-ds and packed into a 4 mm Ziconia
rotor with a Kel-F cap. All spectra were obtained using
9 kHz spinning speed. Proton spectra were collected
with composite pulse presaturation using 256 scans, 25
ppm sweep width, and 2 s recycle delays. For the
A. americana cutan, a T, filter was created with a CPMG
sequence, with presaturation, to create a delay of 60 ps,
to help reduce baseline role. TOCSY {256 scans, TD
(Fy) 1024, TD (F,)} were acquired using time propor-
tional phase incrementation (TPPI), and a mixing time
of 50 ms. HSQC {196 scans, TD (F;) 1024, TD (F>)
512, J' (‘H-'3C) 145 Hz} were acquired using sensitivity
enhancement and gradients for coherence selection with
decoupling during acquisition. All the two-dimensional
datasets were processed using sine-squared functions
with phase shifts of 90° in both dimensions. NOESY
{512 scans, TD (F,) 1024, TD (F,)} were acquired using
time proportional phase incrementation (TPPI), and a
mixing time of 75 ms.

3. Results and discussion
3.1. Agave cutinlcutan mixture

CPMAS '3C solid-state NMR spectroscopy is a tech-
nique that is useful for studying carbon functionalities in
insoluble samples, but gives lines that are broader than
those observed for materials in solution, mainly from
the chemical shift anisotropy and the lack of molecular
motion. In HRMAS techniques, one utilizes conven-
tional liquids NMR pulse sequences to obtain signals
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Table 1
Carbon and proton pairs identified in Agave americana cutan and cutin/cutan mixture with respective chemical shifts (ppm)
Symbol Type 'H shift 13C shift
(ppm) (ppm)
A CHj;-CH,-CH,-CH,-R 0.8 14
A, CH;-CH,-CH,-CH>-R 1.3 30
B, R-CH,-CH,-CH,-CO-O-CH,-CH,-CH,-R 4.0 67
B, R-CH,-CH,-CH,-CO-O-CH,-CH,-CH,-R 1.5 30
B; R-CH,-CH,-CH,-CO-0O-CH,-CH,-CH,-R 1.2 26
C, R-CH,-CH,-CH,-CO-O-CH,-CH,-CH,-R 23 34
C, R-CH,-CH,-CH,-CO-O-CH,-CH,-CH,-R 1.7 22
D, R-CH,-CH,-CH,-OH 33 63
D, R-CH,-CH,-CH,-OH 1.4 34
D; R-CH,-CH,-CH,-OH 1.3 26
F, R-CH,-CH,-CO,H 2.2 36
F, R-CH,-CH,-CO,H 1.6 25
o
a )J\ 2.4 45

G \/\% OR

HR

"R
H i 4.8 74
H\)J\ a

0
J Ar-CO-O-CH,—CH,-R 4.2 67
K R—CH,~CH—CH—CH,— R

\/ 2.7 56

(6]
L R-CH,-CH=CH-CH,-R 5.25 130

from solid materials whose molecular mobilities have
been modified to narrow the lines broadened mainly
by dipole—dipole interactions in solids. Materials swol-
len in DMSO have enhanced molecular mobility, and
magic angle spinning removes or minimizes effects of
chemical shift anisotropy, dipole—dipole interactions
and magnetic susceptibility line broadening (Keifer
et al., 1996; Millis et al., 1997; Stark et al., 2000; Fang
et al., 2001).

Using two-dimensional techniques, we identify
carbons and protons that fall into groups on the ba-
sis of their structures as A-type (terminal methyls

and main-chain methylenes), B-type (methylenes at-
tached to the oxygen (O)-side of an ester), C-type
(methylenes attached to the carbonyl (C=O0) side of
an ester), D-type (methylenes in free primary alco-
hols), F-type (methylenes in free fatty acids), G-type
(methines in a-branched carboxylic acids/esters), H-
type (methines attached to ester-linked mid-chain
hydroxyls), J-type (methylenes attached to the oxygen
(O)-side of esters between aliphatic alcohols and aro-
matic carboxylic acids), K-type (methines in epoxide
groups), and L-type (methines in olefinic linkages)
(Table 1).
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Fig. 1. High resolution magic angle spinning (HRMAS) 'H-'H
total correlation spectroscopy (TOCSY) NMR spectrum of
Agave americana cutin/cutan mixture, swollen in DMSO-ds,
while spinning at 9 kHz.

TOCSY identifies through bond couplings between
protons in the same spin system. Figure 1 shows the
HRMAS TOCSY spectrum for the Agave cutin/cutan
mixture. In this sample, which is dominated by signals
from the polyester cutin, esters are identified easily.
For B-type resonances (Table 1), the cross-peak at 4.0
ppm is from protons on methylenes (CH,) directly at-
tached to the oxygen atom of esters (B;), which is further
coupled to protons with chemical shift 1.5 ppm (CH,s B
to the O, B,), and 1.2 ppm (CHss vy to the O, Bj). The
cross-peak at 2.2 to 2.3 ppm is from protons on CH,s
that are directly attached to carbonyls (C=0) in ester
or carboxylic acid functional groups (C or F-type).
These CH,s are coupled to protons at 1.5 ppm (CH,s

20
30

F 40

50

8 D '60

 ppm

ppm 4 3 2 1
Fig. 2. High resolution magic angle spinning (HRMAS)
'H-13C heteronuclear single quantum coherence (HSQC)

NMR  spectrum of Agave americana cutin/cutan mixture,
swollen in DMSO-d;, while spinning at 9 kHz.

B to CO) and 1.2 ppm (CH,s y to CO). This, in addition
to the HSQC cross-peaks discussed below (Fig. 2), is di-
rect evidence for the expected presence of ester type
functionalities in cutin of the Agave cutin/cutan mixture.
Primary alcohols are present as indicated by the peak at
3.3 ppm (D-type) from protons in CH, units directly
bonded to free terminal hydroxyls (D), which couple
to protons at 1.4 ppm (CH,s B to OH, D,). This corre-
lates well with known Agave cutin monomers, such as
9,10,18-trihydroxyoctadecanoic acid, 9,10-epoxy-18-
hydroxyoctadecanoic acid, and 10,16-dihydroxyhexa-
decanoic acid (Espelie et al., 1982), that have primary
alcohol groups. The cross-peak at 2.7 ppm is from
methine protons (CH) that are directly involved in epox-
ide formation (K-type), which are coupled to protons at
1.3 ppm (a- to epoxide, see also cross-peak K in Fig. 2).
This correlates well with products containing epoxides
obtained from depolymerization. Epoxides are found
only in cutin, since these signals are absent in the spectra
obtained for cutan (see later). The cross-peak at 5.2 ppm
is from protons on olefinic carbons (L-type), which cou-
ple with protons at 2.0 ppm (o to double bond).

The TOCSY spectrum of Agave cutin/cutan mix-
ture (Fig. 1) also exhibits a cross-peak at 2.4 ppm
(G) in addition to the one at 2.2 ppm from straight
chain fatty acids/esters (C/F). This peak at 2.4 ppm
is from methines that are attached to carboxyl groups
in a-branched fatty acids/esters (structure G, depicted in
Table 1). Such methines have an alkyl substituent in
addition to the carboxyl group. These methine protons
couple with peaks at 1.5 ppm ( CH,) and 1.2 ppm (y
CH,). There is further confirmation for this peak from
the cross-peak seen in the HSQC spectrum of the Agave
cutin/cutan mixture, which shows the chemical shift of
attached carbons as being 45 ppm (shown later). Such
a peak at 2.4 ppm has also been observed in the
HRMAS spectra of tomato cutin (Deshmukh et al.,
2003). Fang et al. (2001) observed a similar peak in
the 'H NMR spectra of lime cutin, but did not make
such a specific assignment. Esters of branched fatty acids
are known to require harsher saponification conditions
for depolymerization as compared to esters of straight
chain fatty acids (Fujii et al., 1986). It is expected that
this difficulty would be exacerbated in esters of o-
branched fatty acids, due to steric effects. It is possible
that under the depolymerization conditions used in pre-
vious studies, most of the branched fatty acids remain as
components of oligomers and are therefore undetected
by gas chromatography.

HSQC correlates the proton chemical shift with
that of the carbon to which it is directly attached.
The cross-peaks that have been identified in the
spectrum (Fig. 2) have been labeled by letters whose
assignments are found in Table 1. Cross-peaks B; re-
sult from CH,s directly attached to singly bonded
ester O atoms and B, from CHjs B to the ester O
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atoms. The y carbon atoms and protons (Bs3) are as-
signed by deduction as part of a large cross-peak that
includes other species. The cross-peak labeled C; is
consistent with CH,s o to C=O of esters, and also
the same units in fatty acids (F;). However, the units
B to the C=0 group in fatty acids or esters (C,, F»)
display two signals with a proton shift of 1.5 ppm
and carbon shifts of 22 and 25 ppm. Differentiation
of these two peaks from the small chemical shift
differences in the HSQC is difficult using shifts re-
ported in the literature. However, the cross-peak
(1.5, 22 ppm) is missing in cutan, which is obtained
after the saponification reaction that cleaves esters
(see Fig. 7 later). We believe that the signals in the
box labeled ‘C,F,’ have significant contribution from
esters as well as free acids, with the peak at a 13C shift
of 22 ppm that is lost upon saponification assigned to
esters (C»).

In addition to esters, terminal alcohols can also be
identified. The carbons and protons in a primary alcohol
chain are described by D; (CH, o to OH), D, (B-CH,),
and D3 (y-CH,, this cross-peak falls under a crowded re-
gion that contains cross-peaks from other aliphatic moi-
eties). The Agave cutin/cutan mixture does not show
peaks for secondary alcohol groups, since a peak attrib-
utable to the corresponding methine (3.2, 72 ppm) is ab-
sent. Peak G (2.4, 45) is an intense cross-peak consistent
with methines in o— branched carboxylic acids or esters.
Dostolova et al. (1983) have reported '*C chemical shifts
of a-substituted long chain carboxylic acids and esters,
which correlate well with the values observed for G.
The units B and vy to the functionality in such structures
are difficult to distinguish as they coincide with similar
units in straight chain esters (C) and fatty acids (F).
The main chain methylene and terminal methyl groups
in the long polymethylenic chains that contain these es-
ter and acid units are described by cross-peaks A, and
A, respectively.

In the one-dimensional 'H HRMAS spectrum of cu-
tin/cutan (Fig. 3), the small shoulder around 1 ppm is
from terminal methyl groups (A;), while the largest peak
in the spectrum at 1.3 ppm is from main-chain CH; (A,).
The '*C NMR spectra (Fig. 4) show an aliphatic region
characterized by a small peak at 14 ppm from terminal
methyl groups (A) and a large peak from main-chain
CH, (A;). The main-chain CH, groups are composed
of both amorphous chains (29 ppm) and crystalline
chains (32 ppm) (Hu et al., 2000). Although the CPMAS
spectrum shows almost equal quantities of the two enti-
ties, the Bloch decay spectrum, indicates a higher peak
intensity for the amorphous domains. This is mainly be-
cause the amorphous domains are under-represented in
the CPMAS spectrum due to lower cross-polarization
efficiency on account of their mobility. Assignments of
other signals in the '*C and '"H spectra can be made
on the basis of the two-dimensional data. The carboxyl

H,0

A,

ppm 7 6 5 4 3 2 1

Fig. 3. High resolution magic angle spinning (HRMAS) 'H
NMR spectrum of Agave americana cutin/cutan mixture,
swollen in DMSO-d;, while spinning at 9 kHz.

(@) CPMAS
Crystalline A, == Amorphous A,

By, D,
Carboxyl - Aromatic H iK

(b) Bloch decay

T T T T T
150 100 50 0 ppm

Fig. 4. Solid-state (a) cross-polarization magic angle spinning
(CPMAS) *C NMR spectrum of Agave americana cutin/cutan
mixture while spinning at 13 kHz, with ramp-CP contact time
of 2 ms, recycle delay of 1 s, and spectral width of 27 kHz.
(b) Bloch decay '*C NMR spectrum of Agave americana
cutin/cutan mixture while spinning at 13 kHz, pulse angle of
18°, recycle delay of 2 s, and spectral width of 27 kHz.

(172 ppm) and aromatic (105, 160 ppm) signals seen in
the 1°C spectra, and the olefinic signals (5.2 ppm) seen
in the 'H spectra are the other signals that can be as-
signed to the indicated structures in Table 1.

The NMR spectra of the Agave cutin/cutan mixture
are dominated by signals from cutin. This is to be
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expected, since the yield of cutan is less than 30% of the
starting material. The special feature of Agave cutin is
the presence of epoxide groups, which is evident in the
TOCSY spectrum and which is confirmed by the HSQC
data. There is also evidence for a-branched carboxylic
acids (G), both in the TOCSY and in the HSQC, which
have not been identified before in Agave cutin but found
to be present only recently in tomato cutin (Deshmukh
et al., 2003). Such functionalities are likely sites for
cross-linking and are probably responsible for the exis-
tence of amorphous chains in the cutin/cutan mixture.
A high degree of cross-linking does not allow long chain
polymethylenes to line up in a frans configuration that
leads to high crystallinity.

HsC

O——CH,

HaC

To further corroborate the '"H NMR assignment for
the a-branched fatty acids, we performed computational
studies and employed efficient chemical shift assignment
programs to support the experimental assignment at 2.4
ppm. Using a truncated model shown above for the o-
branched carboxyl linkage, we computed the optimized
geometry of two different conformers of the methyl ester
above, and then computed the NMR chemical shifts
using density functional theory. The fully optimized

Average Values
o-H 2.07
B-H 1.63
y-H 1.26

Conformer A

geometries were computed at the B3LYP/6-31G(d) level
of theory in the gas phase, and then the '*C and 'H
NMR chemical shifts were computed with the GIAO
algorithm (Cheeseman et al., 1996) and the B3LYP/6-
311+G(2d,p) level of theory (Becke, 1993; Hehre et al.,
1986; Lee et al., 1988; Miehlich et al., 1989) in conjunc-
tion with the Gaussian 03 suite of programs (Frisch et
al., 2004). For these calculations, tetramethylsilane
(TMS) was used as a reference and computed in the
analogous fashion.

As shown in Fig. 5, the two conformers differed with
respect to the orientation of the methine (C-H) group
relative to the C=0 group of the ester. The more stable
conformer was structure A, and it was favored by only
0.6 kcal/mol over structure B in the gas phase. Each of
the two conformers generate slightly different values
for the '*C and "H NMR chemical shifts, but in general,
they are quite similar for their average values of the
chemical shifts (Table 2). In particular, the a-branched
methine C—H is calculated to have a '"H NMR chemical
shift of 2.07 to 2.14 ppm in conformers A and B, respec-
tively. In conformer B, the methine C-H is eclipsed to
the C=0 group and appears further downfield in the
spectrum. These calculated chemical shifts are in reason-
able agreement with the experimentally observed values
for the cuticular materials, especially when one recog-
nizes that the chemical shift of the o methine is highly
dependent on the orientation of the carbonyl group
and that this orientation could be determined by the
cross-linking of the long alkyl chains of the biopolymer.

We also employed an efficient software program
from Spectrum Research, LLC (Madison, WI, USA)
to predict the chemical shifts for the o methine group
as well as the B and y methylenes of a structure similar
to that shown above but having a nine-carbon alkyl

Average Values
a-H 2.14
B-H 1.53
v-H 1.29

Conformer B

Fig. 5. Calculated structures and chemical shifts (B3LYP/6-311+G(2d,p)//B3LYP/6-31G(d), relative to tetramethylsilane) for the two

conformers (A and B) of the cutin model.
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Table 2
Average values of the '*C and "H NMR chemical shifts (ppm)
for cutin model conformers A and B relative to tetramethylsi-
lane at the B3LYP/6-311+G(2d,p)//B3LYP/6-31G(d) level of
theory®

Position Conformer A Conformer B
13¢ g 130 g

Cc=0 186.05 - 184.87 -
a-C 50.97 - 53.38 -
B-C 42.16 - 37.97 -
v-C 36.34 - 39.25 -
o-H (C-H) - 2.07 - 2.14
B-H (CH,) - 1.63 - 1.53
v-H (CH,) - 1.26 - 1.29

Density functional theory: Parr and Yang (1989).
B3LYP/6-31G* method: Becke (1993); Miehlich et al. (1989),
Lee et al. (1988), Hehre et al. (1986).
GIAO algorithm: Cheeseman et al. (1996).
Gaussian 03: Frisch et al. (2004).

% See Fig. 5 for the structures of A and B.

ester group rather than the methyl ester. Both carbon
and proton chemical shifts match well with those listed
for structure G in Table 1. The assignments for
cross-correlated protons in the TOCSY spectrum also
match well with predicted values of 1.5 and 1.2 ppm
for the B and vy protons, respectively.

Some of the assignments can be confirmed using het-
eronuclear multiple bond correlation (HMBC) NMR
spectroscopy, but the HMBC is at least two orders of
magnitude less sensitive than HSQC. The 'H signals
are weak even in the HSQC and our efforts to obtain
an HMBC spectrum were not successful. Although glyc-
erol has been identified as a product of depolymerization
of cutins, its concentration is very low in tomato cutin
(Graca et al., 2002). While unesterified glycerol shows
chemical shifts of (3.7, 67 ppm) and (3.4, 78 ppm) for
the CH, and CH units, when esterified, the same units
have chemical shift of (4.3, 62-66 ppm) and (5.2, 68—
75 ppm), respectively. There are no visible signals in this
region of Fig. 2, and it is likely that they are below the
detection limit.

3.2. Agave cutan

Cutan is the non-extractable and non-hydrolyzable
component of the A. americana cuticle. The TOCSY
spectrum of A. americana cutan (Fig. 6) shows evidence
for methylenes directly attached to the carboxyl groups
in aliphatic fatty acids/esters (F-type) from the peak at
2.2 ppm, which is coupled to protons at 1.5 ppm (B
CH,) and 1.2 ppm (y CHs,). In order to differentiate be-
tween esterified and unesterified acids it is necessary to
examine signals from the f CH, units in the HSQC spec-
trum (carbon shift of 22 and 25 ppm, respectively, C,, F,

ppm 4 3 2 1

Fig. 6. High resolution magic angle spinning (HRMAS) 'H-'H
total correlation spectroscopy (TOCSY) NMR spectrum of
Agave americana cutan, swollen in DMSO-dg, while spinning at
9 kHz.

ppm

ppm 7 6 5

Fig. 7. High resolution magic angle spinning (HRMAS) 'H-'H
nuclear Overhauser effect spectroscopy (NOESY) NMR spec-
trum of Agave americana cutan, swollen in DMSO-ds, while
spinning at 9 kHz.

in Fig. 2). The peak at 22 ppm in the HSQC spectrum of
the cutin/cutan mixture is lost during saponification, and
is absent in the HSQC spectrum of cutan (see below).
This suggests that, the resonance at 22 ppm results from
an ester linkage. The peak at 25 ppm is not affected by
saponification, indicative of either the presence of
unesterified acids or a different kind of ester. This
appears to suggest that cutan may not contain esters
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and this contrasts with the structural model of cutan
proposed by McKinney et al. (1996) which contains
C;—C5; n-alkyl carboxylic acid groups that form esters
with phenolic hydroxyls in 1,3,5-trihydroxylated aro-
matic structures. However, in esters derived from the
coupling of phenols and aliphatic fatty acids, the
cross-peak for the CH, unit B to the ester CO (C,) is
shifted from 22 ppm to 25 ppm due to the presence of
the electron-withdrawing aromatic ring. This resonance
overlaps that of the cross-peak F, normally assigned
to the B CH, of unesterified long-chain fatty acids. Thus,
we conclude that the cross-peak at (1.5, 25) is indeed
that of a phenolic ester of the type described by McKin-
ney et al. (1996), with some undetermined contribution
from B CHjs of long-chain fatty acids.

The peak at 2.4 ppm (labeled G in Fig. 6) is from o-
branched carboxylic acids, which couples to protons at
1.5 and 1.2 ppm (o and B CH, units, respectively). The
cross-peak labeled D at 3.3 ppm is from CH, units o
to the free terminal hydroxyls in long-chain primary
alcohols (D in Table 1), which are released from ester
linkages during the saponification reaction. ®-Hydroxy
fatty acids are known to be released as monomers in
the saponification of cutin. Their presence in cutan has
not been described. Such units could explain the produc-
tion of dicarboxylic acids from RuQ,4 oxidation of cutan
(Schouten et al., 1998). The peak at 3.3 ppm couples
with peaks at 1.4 and 1.3 ppm (o and B CH, units,
respectively).

The cross-peak at 4.2 ppm (J) is from methylenes at-
tached to the O of ester-linked aliphatic alcohols (Table
1). It is likely that these alcohols form esters with aro-
matic carboxylic acids since this peak is somewhat
shifted downfield as compared to the corresponding
peak in esters formed between long-chain fatty acids
and alcohols (B-type, 4.0 ppm). These methylene pro-
tons are coupled to protons at 1.4 ppm ( to O), and
1.2 ppm (y to O). McKinney et al. (1996) obtained ben-
zene carboxylic acid methyl ester derivatives from
TMAH thermochemolysis analysis of Agave cutan,
which could have been released by the transesterification
of such esters. There is further evidence for esters of aro-
matic acids from a NOESY spectrum of cutan (Fig. 7) in
the form of through-space NOEs between the aromatic
ring protons (8.0 ppm, o to carbon containing CO,H
group) and the protons on the CH, groups directly at-
tached to the singly bonded ester O-atom (4.2 ppm).
As explained by McKinney et al. (1996) and Schouten
et al. (1998), these esters could have survived saponifica-
tion due to protection afforded by the hydrophobic long-
chain n-alkyl groups.

The TOCSY cross-peak at 5.2 ppm (Fig. 6) is from
protons on olefinic carbons (L-type) that are coupled
to protons at 2.0 and 1.3 ppm (o and B CH, units,
respectively). Finally, the cross-peak at 4.8 ppm is from
methine protons that are directly attached to mid-chain

A N
©o 20

E. -

2\ .4———D3
<> Ay | £ 30
F, «» 2

! _T\Dz
DMSO —» © 40
Methanol —» & £ 90
e D, : £ 60
70

t ppm
ppm 4 3 2 1

Fig. 8. High resolution magic angle spinning (HRMAS)
'"H-'>C heteronuclear single quantum coherence (HSQC)
NMR spectrum of Agave americana cutan, swollen in DMSO-
dg, while spinning at 9 kHz.

hydroxyl esters (H-type). This assignment is based on
chemical shifts in known compounds (SDBSWeb). This
proton is coupled to protons at 1.5 ppm (o protons) and
1.3 ppm (B protons).

The HSQC spectrum of cutan (Fig. 8) shows the
presence of several types of C-H systems. The main
C-H system is that of methylenes in long-chain alkyl
structures. While the small methyl cross-peak indicates
that some of these are from long alkyl chains, primary
alcohols, as is evident from cross-peaks for CH, groups
in structures D, D,, and D;, appear to be significant
components, consistent with the TOCSY data. There
are also peaks for long-chain carboxylic acids/esters, as
seen from cross-peaks F; and F,. These most likely rep-
resent long-chain fatty acids that are ester linked to aryl-
O systems of the nature described previously (McKinney
et al., 1996). Signals for a-branched carboxylic acids,
seen in the TOCSY are not observable. Also, other sig-
nals seen in the TOCSY spectrum such as esters of aro-
matic carboxylic acids (J), and esters of mid-chain
hydroxyls (H) are not seen. These species are perhaps
present at low concentrations and thus are not observa-
ble by the HSQC experiment, which is much less sensi-
tive than the TOCSY experiment.

The 'H spectrum (Fig. 9a) shows a distinct peak for
terminal methyl groups at around 0.9 ppm (A;), and a
large peak from main-chain CH, characterizes the re-
gion between 1.3 and 1.5 ppm. The spectrum shown in
Fig. 9(b) was collected using a CPMG sequence with a
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(a) 'H spectrum

(b) T,filtered 'H spectrum

Aromatic

8.0 7.41-2 6.6

J
§s:
ppm 7 6 5 4 3 2 1
Fig. 9. High resolution magic angle spinning (HRMAS) NMR
spectrum of Agave americana cutan, swollen in DMSO-dq,
while spinning at 9 kHz: (a) "H-spectrum and (b) T,—filtered
"H-spectrum.

60 ps delay. This acts as a T, filter, which helps to re-
move baseline roll and reduce the linewidth of the peaks.
An intense peak from long-chain n-alkyl fatty acids (2.2
ppm) is observed, which finds confirmation in the HSQC
and TOCSY data. Other proton signals are: aromatic es-
ters (J, 4.2 ppm), esters of mid-chain hydroxyls (H, 4.8
ppm), and olefinic protons (L, 5.2 ppm). Signals from
aromatic protons are observed at 6.6, 7.2, 7.4, and
8.0 ppm.

The 'C spectra of cutan (Figs. 10a,b) show a small
peak at 14 ppm from terminal methyl groups (A;) and
a large signal for the main-chain CH, (A,). This signal
is made up of a dominant peak at 32 ppm for the crys-
talline polymethylenic chains, and a shoulder at 29 ppm
for the amorphous chains. Both the CPMAS and Bloch
decay spectra are virtually identical, except for the sig-
nal-to-noise ratio, and show that the crystalline poly-
morph is the dominant structural motif for alkyl
groups in cutan. Some of the other aliphatic peaks
(D; and H) have been assigned on the basis of the
two-dimensional data (Table 1). The remaining peaks
include aromatic signals at 105 ppm (H-Ar), 107 ppm

(a) CPMAS

Carboxyl Aromatic

HJ Crystalline A,
L /\ LL Dl «~ -

183 172160 107 105

746‘763 o Amorphous A,

Ay

/

(b) Bloch decay

T T T T T T T T
250 200 150 100 50 0 ppm

Fig. 10. Solid-state (a) cross-polarization magic angle spinning
(CPMAS) 3C NMR spectrum of Agave americana cutan while
spinning at 13 kHz, with ramp-CP contact time of 2 ms, recycle
delay of 1 s, and spectral width of 27 kHz. (b) Bloch decay '>C
NMR spectrum of Agave americana cutan while spinning at 13
kHz, pulse angle of 18°, recycle delay of 2 s, and spectral width
of 27 kHz.

(H-Ar), 160 ppm (O-Ar), and carboxyl at 172 ppm,
as assigned before (McKinney et al., 1996). In addition,
the peak at 183 ppm is probably derived from carbox-
ylic functionalities as well. McKinney et al. (1996) had
originally assigned this peak as ketone, but there is no
evidence for ketones from the present two-dimensional
data.

There may be different types of hydroxylated aromatic
ring systems in the Agave cutan backbone. McKinney
et al. (1996) showed the presence of trihydroxylated (meta
to each other) benzene rings that form ester linkages with
fatty acids from NMR and TMAH analysis. We have
been able to suggest the existence of benzene carboxylic
acids in ester linkages with fatty alcohols. 3,5-Dimethoxy
benzoic acid methyl ester was a significant product ob-
tained in the TMAH analysis by McKinney et al.
(1996), and the peaks seen in the aromatic region of the
one-dimensional 'H spectrum support such a structure.
Figure 11 shows possible structures for monomer units
in cutan with the predicted 'H chemical shifts.

4. Conclusions
What differentiates Agave cutin from other well-

studied cutins, such as tomato and lime fruit cuticles,
is the presence of epoxide groups. The predominant
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Fig. 11. Proposed monomer structural units in Agave americana cutan, with chemical shifts for aromatic protons shown.

signals are from ester linkages, although the spectra
also show the presence of free terminal alcohols and
olefinic carbons. The o-branched carboxylic acids,
which have been identified in cuticles only in the re-
cent past (Deshmukh et al., 2003), were also found
in these cuticles. Such functionalities offer opportuni-
ties for cross-linking, and are the explanation for the
presence of amorphous chains in the cutin/cutan
mixture.

Blee (1998) has suggested a mechanism for cross-
linking in cutin, resulting in more condensed regions,
i.e., cutan, through reactions between epoxy groups
and hydroxy substituents of adjacent cutin monomers,
leading to ether bonds. However, a cross-peak at (3.5,
70 ppm) in the HSQC spectrum expected from methyl-
enes adjacent to the O atoms in such ether bonds, is
not observed. After evaluating the current dataset as
well as the data available in the literature, we do not
believe that ether linkages exist in cutan as believed
by Blee (1998) and Villena et al. (1999). We have been
able to uncover an important structural unit in the
non-saponifiable and non-extractable biopolymer cutan
found in the A. americana leaf cuticles. The revised
structure of cutan proposed by us (Fig. 12) has an aro-
matic backbone as before, but with additional carbox-
ylic acid functionalities, along with the previously

proposed aromatic hydroxy (phenolic) functionalities.
These groups form ester linkages with long-chain alco-
hols, and long-chain carboxylic acids, respectively. The
model incorporates units that include a-branched car-
boxylic acids (G), esterified secondary alcohols (H),
free primary alcohols (D), and olefinic linkages. We
have retained the C, linker in our model, which was
previously proposed by Schouten et al. (1998), and
which explains the predominant Cy dicarboxylic acid
product during RuO, treatment.
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Fig. 12. Proposed structure for Agave americana cutan, shown with the various types of functional units (A-L) that are listed in Table
1. The units for n vary from 25 to 32 based on the work of Schouten et al. (1998) and McKinney et al. (1996). Values for m are at least 6
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