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Complementary degradative treatments with low-temperature hydrofluoric acid and methanolic
potassium hydroxide have been used to investigate the protective biopolymer cutin from Citrus
aurantifolia (lime) fruits, augmenting prior enzymatic and chemical strategies to yield a more
comprehensive view of its molecular architecture. Analysis of the resulting soluble oligomeric fragments
with one- and two-dimensional NMR and MS methods identified a new dimer and three trimeric esters
of primary alcohols based on 10,16-dihydroxyhexadecanoic acid and 10-oxo-16-hydroxyhexadecanoic
acid units. Whereas only 10-oxo-16-hydroxyhexadecanoic acid units were found in the oligomers
from hydrofluoric acid treatments, the dimer and trimer products isolated to date using diverse
degradative methods included six of the seven possible stoichiometric ratios of monomer units. A
novel glucoside-linked hydroxyfatty acid tetramer was also identified provisionally, suggesting that
the cutin biopolymer can be bound covalently to the plant cell wall. Although the current findings
suggest that the predominant molecular architecture of this protective polymer in lime fruits involves
esters of primary and secondary alcohols based on long-chain hydroxyfatty acids, the possibility of
additional cross-linking to enhance structural integrity is underscored by these and related findings

of nonstandard cutin molecular architectures.
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INTRODUCTION

Plant cuticles in the leaves and fruit of terrestrial plants
function primarily as protective barriers, controlling microbial
attack as well as the diffusion of water and chemicals (/). These
remarkable surfaces are capable of self-cleaning and can regulate
their superlative mechanical performance during ripening. They
consist of waxes and a structural support polymer, cutin. There
are no known solvents for cutins, suggesting that they are heavily
cross-linked polymers and/or bound to the plant cell wall. This
intractability has hampered investigation of their covalent
structure and domain architecture and thus has put limits on
our understanding of their functions.

To meet this challenge and augment the well-established
specifications of cutin monomeric constituents (2), the intact
biopolymers from various fruits and leaves have been studied
as dry or solvent-swelled solids using NMR spectroscopy (3—9)
to identify chemical groupings and possible cross-link sites. In
a complementary fashion, protocols that use enzymatic or
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chemical reagents to partially degrade the polymeric structure
have been used to generate soluble oligomeric fragments that
preserve the molecular architecture of the original cutin material.
For instance, hydrolytic reagents have been used to generate
homodimers and higher oligomers containing primary esters of
dihydroxyhexadecanoic acid from tomato fruit cutin (10, 11),
one of the most abundant monomers found in Cifrus and tomato
cutins (/2). In addition, a tetramer consisting of two units of
10,16-dihydroxyhexadecanoic acid and two units of 10-oxo-
16-hydroxyhexadecanoic acid was reported in lime fruit cutin
(13). Finally, a pentamer consisting of four 10,16-dihydroxy-
hexadecanoic acid units and a less common monomer, linked
entirely by secondary alcohol ester bonds, was reported from
enzymatic degradation of limes (/4).

In the present study, two complementary degradative proce-
dures, using hydrofluoric acid (HF) and potassium hydroxide
(KOH), respectively, have been used to generate soluble
oligomers from lime fruit cutin. Preliminary structural charac-
terization of these materials was described previously (5). Limes
were chosen for these and prior studies because they offer an
abundant source of cutin and have been reported to have a
relatively simple monomer composition (2, 15). Low-temper-
ature HF methods are known to cleave particular acetal bonds,
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removing sugars from glycoproteins but leaving the peptides
intact (16) and breaking glycosidic acetal linkages of neutral
sugars in polysaccharides in preference to amino or acidic sugars
(7). Thus, the oligomeric fragments derived in this fashion from
the cutin polyester may retain any hydroxyfatty acid linkages
to sugars of the cell wall polysaccharides. To ensure that the
resulting oligomers reflect the molecular structure of the polymer
to a significant degree, a traditional methanolic KOH treatment,
which breaks down accessible ester linkages readily, was also
used. In the current work, the soluble oligomers were elucidated
spectroscopically to gain insight into the chemical composition,
covalent bonding patterns, and cross-link architecture of the
cuticular polymer. These studies reveal that the monomers may
be assembled in any possible order, that ester cross-links are
rare or inaccessible to hydrolytic reagents, and that covalent
connection of cutin to cell wall polysaccharides is also possible.

MATERIALS AND METHODS

Isolation of Lime Fruit Cutin. Cutin was isolated from the skin of
lime fruits (Citrus aurantifolia) by a published three-step protocol (/8):
(1) peeling and subsequent separation of the cuticle by treatment with
pectinase; (ii) enzymatic digestion of cell wall polysaccharides with
successive cellulase, pectinase, and hemicellulase treatments; and (iii)
exhaustive dewaxing by successive Soxhlet extraction with methanol,
methylene chloride, and tetrahydrofuran. All reagents were obtained
from Sigma (St. Louis, MO) or Aldrich (Milwaukee, WI) Chemical
Cos. In a typical preparation, 200 limes yielded 5.0 g of dry cutin.

Lime Cutin Oligomers from HF. Anhydrous HF was reacted with
502 mg of powdered lime fruit cutin for 0.5 h at 0 °C and then quenched
with diethyl ether in liquid nitrogen, cleaving saccharide bonds to
produce oligomeric fragments (/9). The ether—HF-soluble mixture (120
mg) was evaporated to dryness, and the resulting ethyl ester reaction
products were extracted to yield chloroform- and water-soluble products
(95 and 22 mg, respectively). The chloroform fraction was dried and
then extracted with acetonitrile.

The acetonitrile extract was purified by reverse-phase high-
performance liquid chromatography (HPLC) using Hewlett-Packard
model 1100 equipment equipped with a quaternary solvent delivery
system and both UV and diode array detectors (Agilent, Santa Clara,
CA). Parallel observation of products lacking strong absorption at UV
wavelengths was conducted using a Varex MKIII evaporative light
scattering (ELSD) detector (Alltech, Deerfield, IL). Most separations
were done using a 0.5 mL/min flow rate, gradient elution (acetonitrile/
H,O/THF, varied from 75:20:5 to 95:0:5 over 20 min), and 5 um
analytical and semipreparative C18 columns. ELSD detection used
nitrogen gas pressurized at 26.6 psi and flowing at 2.19 L/min and a
drift tube temperature of 65 °C. The isolated compounds (typically
0.5—0.7 mg from each of 10—18 fractions) were checked for purity
by reinjection in two solvent systems using both UV and ELSD
detection.

Lime Cutin Oligomers from KOH. To produce lime cutin oli-
gomers with KOH, 500 mg of cutin was added to 100 mL of 1.5 M
KOH solution in methanol. The mixture was stirred at room temperature
overnight. Then, the reacted mixture was acidified to pH 5 with 10%
HCI and filtered. The unreacted residue was washed with water to
remove the salt, then dried in air prior to examination by magic-angle
spinning NMR. The filtrate was also dried in air, and the products were
then extracted with 30 mL of 1:1 v/v chloroform/methanol five times
until only white salt remained. The extracts were combined and dried
under vacuum.

The extracted products were subjected to silica gel column chro-
matography and eluted using a hexane/acetone system with step
gradients. Twenty fractions were collected, and each fraction was
purified further using high-performance thin-layer chromatography
(HPTLC) with a hexane/acetone elution system. Isolated compounds
(typical yield, 0.5 mg) were checked for purity as described above.

NMR Spectroscopy. A Varian UNITY INOVA spectrometer
operating at a 'H frequency of 599.95 MHz, outfitted with an inverse-
detection HX nanoprobe and pulsed field gradients, was used to collect
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NMR spectra of the cutin oligomers. Each 40 uL sample was dissolved
in CDCl; containing 1% tetramethylsilane (TMS) (Aldrich) to provide
a field-frequency lock and an internal chemical shift reference. Typical
experimental conditions for one-dimensional (1D) '"H experiments
included 16 repetitions separated by 2.0 s delays and a spectral width
of 7200 Hz defined by 26240 time-domain points. VNMR software
was used to process the data and integrate the 'H peak areas. Database
software from Advanced Chemistry Development (Toronto, Canada)
was used to make '*C and 'H chemical shift predictions.

To establish through-bond connections within and between monomer
units of the oligomer structures, both homo- and heteronuclear two-
dimensional (2D) NMR data were acquired. '"H—"H total correlation
spectroscopy (“clean” TOCSY) (20) experiments were conducted with
a mixing period of 70 ms and spin-lock field of 6.25 kHz to permit
polarization transfer throughout each scalar-coupled spin system. 'H-
detected heteronuclear multiple quantum coherence ('*C HMQC)
spectroscopy (27) with a magnetization transfer time corresponding to
!Jen = 140 Hz was used to identify bonded proton—carbon pairs. '*C
decoupling was done with the GARP sequence (22); coherence selection
and suppression of spectral artifacts were achieved using pulsed field
gradients (23, 24). Spectral widths of 7200 Hz for 'H and 27150 Hz
for '3C were typically used for HMQC experiments, which included a
relaxation delay of 1.0 s between transients and a 2D matrix of 2K x
256 points, zero-filled to 2K x 1K points to enhance spectral resolution.
Heteronuclear multiple-bond correlation ('*C HMBC) spectroscopy (25)
with a polarization transfer time corresponding to 3Jen = 10 Hz was
employed to delineate long-range proton—carbon interactions.

Mass Spectrometry. Mass spectral data were acquired on three
instruments: Agilent Technologies 1100 Series LC/MSD model G1946D,
model SL, and TOF-MS model 6210 (Santa Clara, CA). Electrospray
ionization (ESI) was carried out with a drying gas temperature of 175
°C, a nebulizer pressure of 40 psi, and a flow rate of 13 L/min. Masses
were scanned between 200 and 1500 m/z, using fragmenter values
between 60 and 250 V depending on whether molecular ions or
fragments were desired. The capillary voltage was set to 3500 V.
Samples were introduced into the mass spectrometer in a 1:1 mixture
of water and acetonitrile containing 0.1% acetic acid and 50 uM
ammonium acetate. ESI-MS” was conducted with ionization agents
including 0.1% formic acid and 10 mM ammonium formate in a
methanol—water solvent, whereas TOF-MS was done using 0.1% acetic
acid in methanol—water. Data were processed using Agilent Chem-
station software.

RESULTS AND DISCUSSION

Oligomers from HF-Treated Lime Cutin. As reported
previously (5), the typical yield of soluble products from this
treatment was 23%, a significant improvement over published
enzymatic methods (/4). The oligomeric compounds from HF-
treated lime cutin were isolated in the current study as ethyl
esters of carboxylic acids (presumably from workup with diethyl
ether) and had free alcohol groups at the other terminus,
suggesting that some ester linkages, as well as the expected
acetals, may be cleaved. Compound 1 (Figure 1) was elucidated
as a dimer containing two units of 10-oxo-16-hydroxy-hexa-
decanoic acid with a primary ester linkage. With the identifica-
tion of this dimer, each of the three possible primary ester
stoichiometries of the two predominant Citrus cutin monomers
(10-0x0-16-hydroxyhexadecanoic acid and 10,16-dihydroxy-
hexadecanoic acid) has been found among the degradation
products of lime fruit cutin (9, 12).

The ESI-MS spectrum exhibited three types of molecular ions:
miz 583 [M + H'], 600 [M + NH4"], and 605 [M + Na'],
corresponding to a molecular formula of C34HeO7. In the
absence of fragment ions, the positions of the oxo groups were
assumed from structures of the known monomers (/2).

The proposed molecular structure of 1 was supported by its
NMR spectra (Table 1). Integrated intensities in the 1D 600
MHz '"H NMR spectrum were reasonably consistent with the
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Figure 1. Significant HMBC (C—H) correlations for compound 1.
Table 1. NMR Spectral Data for Compound 1 (CDCls) from HF Treatment

position functional group? On (ppm)®  d¢ (ppm)®
1,1 COo0 173.9
2,2 CH,CO0 2.26 (t, 5H) 342
3—7,3—7,13,  (CHp), CHoCH.CH.C=0O,  1.24 (m)° 29.1
13, 14,14’ CH,CH,CH,0C
8,8,12,12 CH,CH,C=0 1.54 (b) 241
9,9, 11,11’ CH,C(O)CH; 2.36 t, 8H) 425
10, 10 C=0 211.0
15 CH,CH,0C=0 158 (b) 24.3
15 CH2CH,0H 160 (b) 28.0
16 CH,0C(0) 4.05 t, 3H) 63.8
16’ CH,OH 3.62 (t, 3H) 629
| CHACH,0C(0) 4.11(q, 2H) 60.1
I CH3CH.0C(0) 122t 3H)° 142

#Nuclei for which HMQC correlations were observed are shown in bold.
b Referenced to internal tetramethylsilane. Integrals and multiplicities from the 1D
"H spectrum are indicated in parentheses. ° Overlapping peaks and large relative
size make integration unreliable.

proposed structure: In addition to large (CH,), signals, key
resonances were observed for H-2,2" (2.26 ppm, t, 5H), H-9,9’
and H-11,11" (2.36 ppm, t, 8H), H-16" (3.62 ppm, t, 3H), H-16
(4.05 ppm, t, 3H), and H-I (4.11 ppm, q, 2H). The gradient-
assisted heteronuclear multiple quantum correlation (gHMQC)
2D NMR spectrum identified directly bonded protons and
carbons, showing diagnostic correlations for particular molecular
moieties: —CHCOO— (2.26, 34.2 ppm), —CH,C(O)CH,—
(2.36, 42.5 ppm), HOCH,— (3.62, 62.9 ppm), —CH,OC(O)—
(4.05, 63.8 ppm), and CH3;CH,OC(O)— (4.11, 60.1 ppm).
Numerous correlations were also observed for the bulk meth-
ylene groups. "H—'H TOCSY spectra supported through-bond
connectivities of the (CHy), groups with CHss that were shifted
downfield by oxygen (data not shown). Finally, gradient-assisted
HMBC spectroscopy (gHMBC) (Figure 1) gave information
on 'H—"3C pairs separated by two or three bonds. Cross-peaks
between '*C at 173.9 ppm and 'H nuclei at both 4.04 and 4.11
ppm were diagnostic for esters of primary alcohols (/3), strongly
supporting the proposed structure.

Compound 2 (Figure 2) was identified as a trimer consisting
of three 16-hydroxyl-10-oxo-hexadecanoic acid units. ESI-MS
exhibited two types of molecular ions: m/z 868 [M + NH4"]
and 873 [M + Na™], corresponding to a molecular formula of
CsoHgpO10. No fragments of these ions were available to confirm
the positions of the oxo groups assumed from earlier monomer
elucidations (/2), but the observation of isotopic peaks with
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Figure 2. Significant HMBC (C—H) correlations for compound 2.

Table 2. NMR Spectral Data for Compound 2 (CDCls) from HF Treatment

position functional group? On (ppm)® ¢ (ppm)®
1, 1,17 CO0 173.9
2,2,2" CH,COO 2.26, t, 6H 33.7

3-8, 3-8, 3"—8”,  (CHy)y CH,CH,C=0O, 0.8—2.0 (m)° 24.0,28.9

12—15, 12/—15/, CH,CH,0C=0,

127—15” CH,CH;0H
9,9,9”, 11,11, 11”7 CH,C(O)CH, 2.36, (t, 10H) 425
10, 107, 10” c=0 211.0
16” CH,0H 362,424 629
16, 167 CH,0C(0) 4051, 4H 638
[ CH4CH,0C(0) 411,924  60.1
I CH4CH;0C(0) 122 (1, 3H)  14.2

@Nuclei for which HMQC correlations were observed are shown in bold.
b Referenced to internal tetramethylsilane. Integrals and multiplicities from the 1D
"H spectrum are indicated in parentheses. © Overlapping peaks and large relative
size make integration unreliable.

50% of the parent peak intensity was in agreement with the
proposed trimer structure containing 50 carbons.

The molecular structure of 2 was supported by its NMR
spectra (Table 2). As anticipated from the similarity of their
monomeric building blocks, the 1D and 2D NMR spectra of 2
were similar to those of 1. Key gHMBC correlations, including
those that were diagnostic for esters of primary alcohols (13),
are summarized in Figure 2.

Several additional compounds were isolated by HPLC
methods. One- and two-dimensional NMR as described above
indicated two dimers composed of one unit each of 10,16-
dihydroxyhexadecanoic acid and 10-oxo-16-hydroxyhexade-
canoic acid but distinguished by their elution times. Although
their molecular structures could not be confirmed by MS
methods, provisional identifications could be made from the
NMR data because both the monomeric constituents and the
dimer structures are known (/, [13). Another compound,
provisionally identified as 3 (Figure 3), had both NMR features
resembling the oligomers described above and additional
characteristic spectroscopic signatures for sugar rings and double
bonds (Table 3).

The '"H NMR integrals, coupled with "H—'*C HMQC- and
HMBC-derived connectivity information, indicated the follow-
ing structural units that were essentially identical to 1 and 2:
four —CH,COO— groups (2.26, 34.7 ppm; HMBC at 174.0
ppm), three —CH,OC(O)— groups (4.04, 64.2 ppm and 4.09,
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Figure 3. Significant HMBC (C—H) correlations for provisionally identified compound 3. Fragments corresponding to sodium and ammonium adducts
from the designated cleavage were observed in the mass spectrum (see text). The positions of the midchain substituents are designated by analogy with

the predominant reported fruit cutin monomers (15).

60.4 ppm; HMBC to 174 ppm), two —CH,C(O)CH,— groups
(2.36, 42.8 ppm; HMBC to 211 ppm), two HOCH,— groups
(3.62, 62.7 ppm; HMBC to 32.6 ppm), one CH;CH,OC(O)—
group (4.11, 60.2 ppm), and one CH3CH,OC(O)— group (1.24,
14.0 ppm). Thus, in analogy to 1 and 2 from the same HF
treatment, compound 3 was deduced to be an ethyl ester-
terminated tetramer based on 10-oxo-16-hydroxyhexadecanoic
acid units linked by esters of primary alcohols. As noted in
Figure 3 and described for compound 1, ESI-MS of 3 yielded
strong peaks at m/z 600 and 605, in this case corresponding to
the ammonium and sodium adducts of two sequential midchain
0X0 monomeric units, that is, cleavage of the proposed structure
at a weak C—O bond. No ions corresponding to higher
molecular weights were observed in the mass spectrum, but the
MS provided confirmatory evidence for the dimer portion
comprised of two w-hydroxy-10-oxo-hexadecanoic acid mono-
mer units.

To devise a structural hypothesis consistent with the remain-
ing NMR data, we considered the known Citrus cutin mono-

mers, glycerol and dicarboxylic acids, found recently in other
cutins (26, 27) and plant oxylipins involved in plant defense
(28), which have also been reported covalently linked to sugars
(29). Although none of these possibilities was entirely consistent
with the NMR data, several structural conclusions could be
drawn from the data: (i) Compound 3 contains two additional
primary ester linkages, verified by 'H resonances at 2.26 ppm
(4H) that are linked in HMBC spectra to carboxyl carbons at
174 ppm; (ii) the third and fourth hydroxyfatty acid “legs” of
the structure do not bear midchain oxo, hydroxyl, or aliphatic
ester functionalities, for which diagnostic o-proton resonances
would be expected at 2.36 ppm or methine proton signals at
3.56 and 4.84 ppm, respectively; (iii) the —CH,COO— carbons
observed at 34.7 ppm are linked by HMBC to multiply bonded
groups at 6.54 and 6.59 ppm; and (iv) the protons at 6.54 and
6.59 ppm, which are directly bound to carbons at 140.7 and
141.5 ppm, also have long-range covalent links to a carbon at
186.7 ppm. Although no known cutin monomers account for
the spectral features described in iii and iv, for the sake of
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Table 3. NMR Spectral Data for Compound 3 (CDCls) from HF Treatment

position functional group? o (ppm)° dc (ppm)?
1, 1,17 CO0 174.0
2,2,2 2" CH,COO 2.26 (t, 8H) 3%2;834.7,
3-7,3-7,3"-7", (CHo), 1.2 (m)° 29.1
37 =7, 13,137, 13",
1377, 14, 14', 14”7, 14
8, 8,8, 8", CH,CH,C=0, ~1.6 (m)° 25.1
12,12, 127, 12", CH,CH,0C=0
15, 15’, 15”7, 15"
9,9, 11,11 CH,C(O)CH, 2.36 (t, 8H) 428
10, 10 CH,C(0)CH, 211.3
16, 16”; 16” CH,0C(0) 4.04 (t, 4H); 64.2, 60.4
4,09 (m, 2H)
16" CH,OH 3.62 (m, 2H) 62.7
| CH3CH,0C(0) 411 (morq, 2H) 60.2
Il CH3CH,0C(0) 1.24 (m)° 14.0
10”7, 10 CHO-X 4.20 (m, 2H) 727
X, X CH=CH 6.54, 6.59 (d,d, 140.7, 141.5
4H, J = 2.7)
X, X HC=CHC(0)CH=CH 186.7
1,1 sugar H-1, H-1" 5.62, 5.51 (d, d, 106.2, 107.5
1H, 1H, J = 2.7)
2,2 deoxy sugar H-2, H-2" 1,60,° 1.84 25.1
33 sugar H-3, H-3 3.84 or 3.93 67.3
(m, 2H ea)
4, 4 sugar H-4, H-4’ 3.89 (m, 2H) 67.3
55 sugar H-5, H-5 3.84, 3.85, or 67.3
3.93 (m, 2H)
6, 6” disaccharide 3.64, 3.75 63.1, 60.4

H-6, aglycon H-6" (m, 4H)

@Nuclei for which HMQC correlations were observed are shown in bold.
b Referenced to internal tetramethylsilane. Integrals and multiplicities from the 1D
"H spectrum are indicated in parentheses. ° Overlapping peaks and large relative
size of the (CHy), signals make integrations unreliable. The methyl group is buried
under the bulk methylenes in the 1D 'H spectrum but clearly distinguished in 2D
HMQC.

concreteness, Figure 3 displays two symmetric doubly bonded
fragments that could be attached at a midchain location or to a
carbonyl group.

In addition, compound 3 exhibited NMR signals with
diagnostic chemical shifts and coupling patterns for a disac-
charide, although its solubility in chloroform and acetonitrile
suggests a glycoside linked to the hydroxyfatty acid oligomer.
The provisional disaccharide structure and corresponding HMBC
correlations appear in Figure 3. Thus, although incomplete
spectral data prevent definitive verification of the structure of
3, many architectural features including a plausible linkage to
the cell wall are evident. Using ACD chemical shift simulations
and observed 2D NMR through-bond connectivities as a guide,
our hypothesis includes an ether linkage and deoxy hexose
sugars joined by a 51—6 linkage. A key element of the proposal
is a methine resonance at (4.20, 72.7 ppm), which is linked by
HMBC to the aglycone protons at 3.75 ppm and not coupled to
the sugar ring resonances. A 51—4 linkage, such as might be
expected from cellulose in the cell wall, was also consistent
with the observed 2D NMR correlations but in worse agreement
with the ACD simulations. Mild degradation protocols are under
development in our laboratory to permit fuller characterization
of these interesting structural moieties.

Separation and Identification of Oligomers from KOH-
Treated Lime Cutin. A 60% yield of soluble products was
achieved from this degradative treatment, far exceeding the 5%
obtained with porcine pancreatic lipase and 23% obtained with
low-temperature HF reagents, respectively. As expected from
prior monomer analyses (15, 30), the predominant products were
midchain substituted (oxo and hydroxy) hydroxyfatty acids (data
not shown). The oligomers from KOH treatment of lime fruit
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Figure 4. Significant HMBC (C—H) correlations for compound 4.

Table 4. NMR Spectral Data for Compound 4 (CDCls) from KOH
Treatment

position functional group? On (ppm)® oc (ppm)®

1,1, 17 CO0 173.9
2,2, 2" CH,CO0 2.26 (t, 8H) 34.4
3-7,3-7,3"=7", (CHa)n 1.24 (m)° 29.1

13, 14, 13, 14,

137, 14”7
8, 8", 87,12, 12°, 12”;  CH,CH,C=O0; 1.54 (m)° 25.1

9,97, 11,117 CH,CHOH
9,11’ CH,C(O)CH;, 2.36 (t, 5H) 426
10 Cc=0 211.0
10, 10” CHOH 3.56 (m,2H) 719
15, 15 CH,CH,0C=0 1.58 24.3
15" CH,CH,OH 1.60 28.0
16” CH,0H 3.62 (t, 2H) 62.5
16, 167 CH,0C(0) 4.04 (t, 4H) 63.8
[ CH;0C(0) 3.64 (s, 3H) 514

#Nuclei for which HMQC correlations were observed are shown in bold.
b Referenced to internal tetramethylsilane. Integrals and multiplicities from the 1D
"H spectrum are indicated in parentheses. ° Overlapping peaks and large relative
size make integration unreliable.

cutin were isolated as methyl esters of carboxylic acids, with
free alcohols at the other terminus.

Compound 4 (Figure 4) was determined as a trimer com-
prised of two units of 10,16-dihydroxyhexadecanoic acid and
one unit of 10-0xo-16-hydroxyhexadecanoic acid. As compared
with 1—3, this compound exhibited unique "H NMR resonances
attributable to secondary alcohol protons (10 and 10”, 3.56 ppm,
m) and the methyl group of a terminal ester (I, 3.64 ppm, s).
The secondary alcohol moiety was confirmed by a gHMQC
cross-peak for a directly bonded H—C pair at (3.56, 71.9 ppm)
and a gHMBC cross-peak between that carbon and the adjacent
methylene protons at (1.54, 71.9 ppm). No HMBC cross-peaks
were observed to the proton of the secondary alcohol group,
presumably because the resonance is weak and split into a
multiplet. Support for the proposed structure of 4 also came
from HMQC correlations summarized in Table 4, and linkages
of the monomers through esters of primary alcohols (/3) were
supported by a key HMBC cross-peak at (4.04, 173.9 ppm)
(Figure 4).
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Figure 5. Proposed MS fragmentation patterns for compound 4.

The ESI-MS spectrum of 4 exhibited three types of molecular
ions: m/z841.7 [M + H*], 858.7 [M + NH,"], and 863.7 [M
+ Na'l, corresponding to a molecular formula of C49HgyOy.
The isotopic peaks (molecular ions + 1) were about 55% as
intense as the original peaks, consistent with a trimer structure
containing 49 carbons. TOF-MS gave [M + H*™] and [M +
Na™] ions at 841.6765 and 863.6572, respectively, confirming
the C49Hg>0O;¢ molecular formula.

ESI-MS" experiments were also conducted to establish the
order of monomer units within the released cutin trimer. MS?
of the ion at m/z 841.7 corresponding to [M + H™] yielded
major peaks in the spectrum at 823.6, 805.6, and 787.6 from
the elimination of three successive H,O molecules. MS? of the
most intense 805.6 peak produced ions at m/z 787.6, 773.6,
553.3, 535.3, 301.2, 283.3, and 269.2, where the ions in bold
were also observed in MS?. As shown in Figure 5, the MS?
fragments correspond to breakage at “a” to yield 535.3 + 269.2,
breakage at “b” to yield 503.3 + 301.2, or breakage at “b”” and
“c” to yield 503.3 + 283.3, depending on which ester bond
breaks and whether a molecule of water has also been lost. Both
the 535.3 and the 503.3 fragments implicate adjacent monomer
units with midchain oxo and hydroxyl functionalities but are
not consistent with sequential 10-hydroxyhexadecanoic acid
units. Additionally, the absence of a fragment at 299 rules out
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Figure 6. Significant HMBC (C—H) correlations for compound 5. (The
order of the acyl-containing monomeric units is undetermined.)

a midchain oxo monomer at the methyl ester terminus of the
trimer. Finally, MS* of the strong peak at m/z 553.5 gave strong
ions at 535.7, 521.6, and 301.2, corresponding to the elimination
of H,O, a terminal CH30H group, and oxo-acylium group,
respectively. Together, these fragmentation data establish a
pattern of alternating midchain OH, oxo, and OH groups in the
lime cutin trimer 4.

Compound 5 (Figure 6) was identified as a trimer consisting
of one unit of 10,16-dihydroxyhexadecanoic acid and two units
of 10-ox0-16-hydroxyhexadecanoic acid. Its ESI-MS spectrum
exhibited two types of molecular ions, m/z 856 [M + NH4"]
and 861 [M + Na™], corresponding to a molecular formula of
C19HooO10. No M + H™ molecular ion or fragments were found,
but isotopic peaks with intensities about 55% as large as the
original peaks were consistent with a trimer structure containing
49 carbons. In the absence of fragments from cleavage of the
midchain functional groups, the positions of the midchain oxo
and hydroxyl groups were assumed from the structures of the
known monomers (/2) as before, and the sequence of monomer
units within the trimer remained undetermined.

The molecular structure of 5 was deduced from its NMR
spectra (Table 5). The 1D and 2D NMR data of compound §
were similar to those collected for 4, with the most significant
differences involving integrals of the respective 'H spectra. As
described above for compound 4, diagnostic peaks were
observed in the '"H NMR spectrum for secondary alcohol and
methyl ester groups at 3.56 and 3.64 ppm, respectively. Cross-
peaks at (3.56, 71.9 ppm) in gHMQC and at (1.54, 71.9 ppm)
in gHMBC served to confirm the presence of a secondary
alcohol group in 5, analogous to the spectral features exhibited
by 4. An HMBC correlation at (4.04, 173.9 ppm) implicated
the proposed monomer linkages through esters of primary
alcohols (73) (Figure 6).

DISCUSSION

The studies presented herein provide a more comprehensive
picture of the molecular architectures present in lime fruit
cutin, augmenting prior compositional information derived
from spectroscopic examination of the monomeric constitu-
ents, the intact solid biopolymer, and selected oligomers.
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Table 5. NMR Spectral Data for Compound 5 (CDCls) from KOH
Treatment

position functional group? On (ppm)® dc (ppm)°®

1, 1,17 COo0 173.9
2,2, 2" CH,CO0 2.26 (t, 7H) 344
3—7,3-7,3"=1", (CH2), 1.24 (m)° 29.1

13, 14, 13, 14,

137, 14”7
8, 8, 8", 12, 12, CH,CH,C=0; 1.54 25.1

127,97, 11”7 CH,CHOH
9,9, 11,11 CH,C(O)CH, 2.36 (1, 6H) 426
10, 10 Cc=0 211.0
107 CHOH 3.56 (m, 1H) 719
15, 15 CH,CH,0C=0 1.58 24.3
15" CH,CH,OH 1.60 28.0
16” CH,OH 3.62 (t, 2H) 62.5
16, 16 CH,0C(0) 4.04 (t, 4H) 63.8
[ CH;0C(0) 3.64 (s, 3H) 51.1

@Nuclei for which HMQC correlations were observed are shown in bold.
b Referenced to internal tetramethylsilane. Integrals and multiplicities from the 1D
"H spectrum are indicated in parentheses. ° Overlapping peaks and large relative
size make integration unreliable.

Although the modest yields of isolated products argue for
caution in interpretation, a number of conclusions may be
drawn regarding the biopolymer structure. As expected, the
constituents of most of the oligomers reported herein are 10-
oxo-16-hydroxyhexadecanoic acid (A) and 10,16-dihydroxy-
hexadecanoic acid (B), the most abundant monomers derived
from alkaline or acidic depolymerization. Taking into account
both current and prior studies of this fruit cutin, each of the
possible pairs of abundant monomers (AA, AB, BB) is
represented among the dimer products; similarly, three
different monomer compositions are represented among the
isolated trimers (AAA, AAB, ABB). These compositions are
reasonable, given that similar proportions of A and B account
for nearly 99% of the isolated monomers (/2). Nonetheless,
the HF treatment yielded 1 and 2 comprised of only 10-oxo-
16-hydroxyhexadecanoic acid units (A), perhaps because
products rich in B units are prone to further breakdown. By
contrast, the oligomers from KOH included a trimer with an
alternating BAB sequence, suggesting that both major
monomers could be available simultaneously for incorpora-
tion into the polymer during cutin biosynthesis. Such mixed-
monomer architectures also offer the possibility of strength-
ening the cutin polymeric network by hydrogen bonding
between midchain oxo and hydroxyl groups.

Although we have reported esters of secondary alcohols
from degradation of lime fruit cutin by porcine pancreatic
lipase (/4) or controlled alkaline hydrolysis (37), only dimer
and trimer esters of primary alcohols were isolated from the
soluble products of the current low-temperature HF and
methanolic KOH treatments. These treatments leave most of
the secondary ester moieties intact, hypothetically because
they are located in densely cross-linked regions that are
inaccessible to soluble degradative reagents and/or simply
more sterically hindered than the corresponding primary ester
linkages.

Our proposal of a hydroxyfatty acid tetramer linked to the
C¢ position of a hexose-based disaccharide adds to the
growing list of novel or minor plant cutin constituents, with
as-yet-undetermined structural and functional significance.
For instance, trace amounts of coumaric acid and from 1 to
15% glycerol monomers have been reported among the
soluble monomers from base hydrolysis of Lycopersicon
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esculentum fruits and Citrus aurantium leaves (26), whereas
>50% unsaturated dicarboxylic acids have been reported
from Arabidopsis thaliana stem epidermis (27). Among the
oligomers from mild degradative treatments that can reveal
essential cuticular biopolymer architecture, we have found a
pentamer including an atypical 1,7,16-trihydroxyhexadecanol
unit and linked entirely by esters of secondary alcohols (/4)
as well as a trimer with midchain esterification through a
secondary alcohol (9) from lime fruit cutin; Graga and co-
workers have isolated monoacylglyceryl esters from several
leaf cutins (26). Finally, cutin architectures involving
a-branched fatty acids/esters have been reported for intact
cuticles of L. esculentum fruit and Agave americana
leaves (7, 8), although the use of strongly oxidizing oxalate
and para-periodate solutions in sample preparation argues
for caution in the interpretation of these findings. Although
the predominant molecular architecture of the cutin biopoly-
mer in lime fruits evidenced to date involves esters of primary
and secondary alcohols based on long-chain hydroxyfatty
acids, it has been pointed out that such linkages result in
dendrimer architectures (27) rather than a cross-linked
architecture. Thus, a variety of “nonstandard” bonding
patterns, whether through ethers or to cell wall polysaccha-
rides, may also serve as molecular bridges that can bolster
the structural integrity of the plant cuticular netting and
modulate its resilient interactions with both the cell wall and
the wax constituents at its interface to the external environment.
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