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Urushiol derivatives have vast potentials for using as coating materials. However, the cured coatings are quite brittle, limiting their
applications. In this study, urushiol-furfural (UFUR) was chosen as an example of urushiol derivatives and a liquid crystal (LC)
epoxy resin, tetramethylbiphenyl diglycidyl ether (TMBPDE), was for the first time utilized to modify UFUR. Fourier transform
infrared spectroscopy and solid-state '*C nuclear magnetic resonance showed the reactions between TMBPDE and UFUR after the
UFUR/TMBPDE composite resin was cured. Differential scanning calorimetry analysis showed that the T, significantly increased
after the addition of TMBPDE. Thermogravimetry analysis indicated that the cured UFUR/TMBPDE composite resin exhibited
increasing thermodecomposition temperature as the TMBPDE concentration increased, indicating its great potential for high
temperature applications. Moreover, the presence of TMBPDE enhanced the toughness of UFUR as observed by impact test and
reflected in the morphologies observed from SEM images of fracture surfaces. It would also be novel and effective to modify urushiol

derivatives by the LC polymer.

1. Introduction

Oriental lacquer, known as the king of paints, has been used
as coating materials for several thousand years in China [1].
It is a unique invention of uninterrupted civilization with
7000 years and becomes one of the most important sources
of the chemistry in China [2]. Oriental lacquer is cut from
phloem of the lacquer tree, an important economic tree of
China [3]. The dried lacquer coatings possess a beautiful
surface and high durability. Therefore, it has been used as
decorative coatings to make life more beautiful and has
become the symbol of wealth and status in ancient China
[2, 4]. Lacquer has been also widely used in chemical, textile,
industry, ship-building, mechanical, and electrical products
[5]. However, the limited production causes the high price of
natural lacquer, which limits its application [6]. Lacquer paint
dries by enzymatic oxidation of laccase and autoxidation of
urushiol unsaturated side chains [7]. The curing progress
is really slow and is strongly affected by the environmental
conditions such as humidity and temperature [8]. Moreover,
lacquer has poor flexibility, adhesion, alkali resistance, and
ultraviolet degradation resistance. Therefore, modification of

original lacquer is essential to expand its application fields
[9]. Takahisa et al. [10] developed hybrid lacquers composed
of natural lacquer and amine-functionalized organic silane
compounds that showed good drying property at low relative
humidity. Kanehashi et al. [11] reported hybrid microwave-
adsorption materials prepared from natural lacquer, epoxy,
and organic silane compounds. The results suggested that
the chemical reactions among natural lacquer, epoxy, and
organic silane improved the hybrid properties such as drying,
hardness, and molding.

In general, urushiol, which was the main component of
lacquer, was extracted from lacquer and chemically modified
to obtain the urushiol derivatives. The urushiol derivatives
exhibited superior properties and were used in various
fields. In 1960, urushiol formaldehyde resin was synthesized
by condensation reaction of urushiol and formaldehyde,
which was a significant progress for lacquer modification
in China [12]. Zhang and He [13] used inorganic boron
to modify the urushiol formaldehyde polymer. Compared
with urushiol formaldehyde resin, urushiol organic boron
product has a higher antioxidant capacity, heat resistance,
and transient high temperature performance. In addition,
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Liu [14] synthesized urushiol-furfural resin (UFUR) which
could be formulated to a varnish with excellent abrasion-
resistance. However, the varnish was very brittle. Therefore,
they modified the UFUR by epoxy E-12. The modified var-
nish showed excellent mechanical properties, especially the
abrasion-resistance, corrosion protection, and alkali resis-
tance. UFUR could be cured by heating and it own some
superior properties. Therefore, it is quite necessary to find
new ways to modify UFUR.

Liquid crystal (LC) epoxy resins have been investigated
because of their unique properties, for example, low shrink-
age upon curing, good thermal stability, and excellent ther-
momechanical properties [15]. They combine the advantages
of both LCs and epoxy resins. Compared to ordinary epoxy
resins, crosslinked LC epoxy resins have higher fracture
toughness [16]. Traditional epoxy resins can be improved by
introducing LC domains into the amorphous matrix [17].
Unlike other toughening methods such as incorporating
rubber particles, the presence of LC domains will notlead to a
decrease in the glass transition temperature (Tg) or moduli of
the material. These desirable properties make LC epoxy resins
good candidates for a wide range of potential applications,
such as optical switches, electronic packaging, and matrices
for high performance composites [15]. Many efforts were
directed towards the increase of toughness by introduction
of LC epoxy resins in epoxy resins [18-21]. For example,
Punchaipetch et al. [18, 19] copolymerized diglycidyl ether of
4,4-dihydroxybiphenol (DGE-DHBP) with diglycidyl ether
of bisphenol F networks and cured it with an anhydride
curing agent as the matrix resins. DGE-DHBP enhances the
toughness of the blended epoxy samples without decreasing
the modulus of samples. However, to the best of our knowl-
edge there are few researches on modification of UFUR with
LC polymers.

In the current study, UFUR was chosen as an example
of urushiol derivatives and an effective modification method
was proposed. A LC epoxy resin, tetramethylbiphenyl digly-
cidyl ether (TMBPDE), was utilized to modify UFUR for
the first time. The LC property of TMBPDE was investi-
gated by polarized optical microscope (POM). The effects of
TMBPDE on the T, thermal stability, and impact strength
of the UFUR/TMBPDE composite resin were analyzed. The
fracture surfaces of UFUR/TMBPDE composite resins were
investigated by scanning electron microscope (SEM).

2. Materials and Methods

2.1. Materials. TMBPDE was supplied from Gansu Research
Institute of Chemical Industry with an epoxy equivalent
weight of 192. UFUR was purchased from Wuhan GuoQi Co.,
Ltd., China. Dimethylbenzene, acetone, and other chemicals
were supplied by Tianjin Kemiou Chemical Reagent Co.,
Ltd., China, and used as received. The chemical structures of
TMBPDE and UFUR are shown in Figure 1.

2.2. Sample Preparation. A certain amount of TMBPDE
was dissolved in acetone to obtain a solution with the
concentration of 25 wt%. Dimethylbenzene solution of UFUR
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was taken in a beaker. Then, a given ratio of TMBPDE
was added and mixed for 10 min at room temperature. The
mixture was placed in fume hood to volatilize most solvents
at room temperature. For preparation of samples for impact
strength test, the above mixture was heated at 80°C for 0.5h
and immediately poured into a preheated mold (inside size:
80 mm X 10 mm x 4 mm) at room temperature. The samples
in the molds were cured at 80°C for 4h, 110°C for 4h, and
160°C for 4 h in an air-circulating oven. All samples prepared
for other characterizations were cured as follows. The mixture
was coated onto the treated galvanized iron sheets, dried at
room temperature for 1-3h, and cured at 110°C for 2h and
160°C for 2 h in an air-circulating oven.

2.3. Characterization and Test. In order to study the effects
of TMBPDE on the properties of UFUR, different contents of
TMBPDE were added. Samples with the TMBPDE contents
of 0%, 5%, 15%, and 30% with respect to UFUR were marked
as TMBPDE-0, TMBPDE-5, TMBPDE-15, and TMBPDE-30,
respectively.

LC property of TMBPDE was investigated using a polar-
ized optical microscope (POM) from Leica (model DM
4500P equipped with a Linkam LTS-350 hot stage and TMS-
94 temperature controller). A small amount of TMBPDE was
placed on a microscope slide and then covered with a piece of
cover glass. The formation and development of the LC phase
were examined under polarized light. The sample was heated
and cooled repeatedly from room temperature to 140°C at a
rate of 10°C/min to investigate the change of birefringence.

The structure analyses of UFUR/TMBPDE composite
resin upon curing were conducted via FTIR spectra and
solid-state nuclear magnetic resonance (NMR) spectra. FTIR
spectra was recorded in a spectrum 100 FTIR spectrometer
(FT'S3000, BIORAD, USA) in the range from 4000 cm™! to
400cm™". A potassium bromide pellet was used to support
the IR sample. The sample was spread thinly on the potassium
bromide pellet with a spatula, and the potassium bromide
pellet was used as a blank. The solid-state ">C NMR spectra
were recorded on a JNM-ECA400 (JEOL Co. Ltd., 100 MHz)
using zirconium sample tubes with the CP/MAS method.

The effects of TMBPDE on the T, and thermal stability of
the composite resin were investigated by differential scanning
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FIGURE 2: DSC thermogram of TMBPDE.

calorimetry (DSC) and thermogravimetry (TG) analysis with
a simultaneous thermal analysis (DSC/DTA-TG, NETZSCH,
STA 409 PC Luxx, Germany) under the nitrogen atmosphere
at a heating rate of 10°C/min from 30°C to 500°C.

Impact strength was measured by an impact testing
machine according to the GB/T1843-2008 standard. The
samples were tested by the cantilever beam impact testing
machine (Chengde Precision Tester XC-22, China). The sam-
ple was placed into the sample well and the pendulum bob fell
through a vertical height on the surface. The morphologies of
the fracture surfaces after impact tests were coated with gold
and observed using SEM (Philips XL30, Dutch).

3. Results and Discussion

3.1. The UFUR/TMBPDE Composite Resin. It was generally
believed that the ordered structure that was formed during
cured process improved the toughness of the modified resins.
If the composite resin was cured during the LC temperature
range, more ordered mesogenic domains would be formed.
Therefore, it is necessary to determine the LC tempera-
ture range. To investigate mesomorphic phase transition of
TMBPDE, DSC and POM studies were carried out. The
DSC thermogram of TMBPDE is shown in Figure 2. Only
one endothermic peak was observed at about 107°C in the
heating scan, which was the melting of TMBPDE. However,
the clearing point of LC was not found. The thermal behavior
of some liquid crystal monomer is not well understood. For
example, Liu et al. [22] found two phase transition peaks in
the heating scan of DSC. Li and coworkers [15] were not able
to detect any LC phase of 4,4'-diglycidyloxybiphenyl (BP)
upon heating or observed a LC phase by POM. However,
upon reacting with sulfanilamide, a smectic LC phase started
forming after 20 min of the curing reaction. The TMBPDE
had similar structure as BP. We were also not able to detect
any LC phase of TMBPDE upon heating by DSC.

As we know, POM is a powerful tool for characteriza-
tion of liquid phases. In order to clarify the mesophases

of TMBPDE under POM, the samples were prepared by
sandwiching a tiny power between two glass plates. Figure 3
shows the POM images of TMBPDE taken at different
temperatures (200x magnification). TMBPDE started to melt
at 107°C, which is in good agreement with the DSC data. At
the same time, LC birefringence was formed, which presents
highly birefringent and nematic liquid crystal behavior. The
texture color changed with increasing temperature. When the
temperature was higher than 117°C, the POM image turned to
be completely dark due to the disappearance of the LC phase.

In order to examine the reaction between UFUR and
TMBPDE in the composite resin during the curing process,
the FTIR spectrums of UFUR and UFUR with 15% TMBPDE
before and after being cured were carried out. The results are
shown in Figure 4. After the addition of TMBPDE, the peak at
910 cm ™" due to the absorption of the epoxy group appeared.
After the UFUR/TMBPDE composite resin was cured, the
peak at 910 cm ™' disappeared and the peak at 3400 cm ™" due
to the hydroxyl groups decreased, suggesting that polymer-
ization between the epoxy group and the hydroxyl groups
had occurred. A decrease in the hydroxyl group peak also
promoted the autoxidation of UFUR.

The solid-state ">C NMR spectra of TMBPDE, UFUR,
and cured TMBPDE/UFUR composite resin are shown in
Figure 5. The peak at ca. 17 ppm belonging to carbon of
methyl on the urushiol aromatic ring of TMBPDE was
detected in the spectrum of TMBPDE/UFUR composite
resin. For TMBPDE, the oxygen atom substituted carbons
on the epoxy group were detected at ca. 45 ppm and 52 ppm
(Figure 5(a)). After the TMBPDE/UFUR composite resin was
cured, the peaks of these carbons disappeared (Figure 5(c)),
indicating that polymerization between TMBPDE and UFUR
had occurred during curing.

In conclusion, although the LC phase of TMBPDE could
not be detected by DSC, it could be observed by POM. The LC
temperature range was from 107°C to 117°C. During curing,
UFUR/TMBPDE composite resin was cured at 110°C for 2h
and then 160°C for 2 h. At 110°C, TMBPDE presented a LC
phase and it had enough time for the mesogenic segments
to form LC domains during the curing process [15]. Figure 6
shows POM images of UFUR/TMBPDE composite resin
taken at different temperatures (100x). The LC phase starts
to appear above 100°C. As the temperature increased, the LC
phase did not disappear. After being further cured at 160°C
for 2 h, the LC domains would be “locked” in the network of
the composite resin.

3.2. Thermal Properties. The cured thermosets are in glass
state at room temperature. When the temperature was above
its T,, the uncured molecules could move in the micro-
Brownian motion, which decreased the rigidity and strength.
Therefore, the Tg is an important index to measure the
heat resistance and available range of thermosetting resins.
Therefore, it is necessary to study the effect of TMBPDE
on the T, of the composite resins. The relationship between
the T, and the TMBPDE content of the composite sample

was valuated by DSC. As shown in Figure 7, T, of UFUR
was about 187.2°C. For UFUR/TMBPDE composite resins,
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(d)

FIGURE 3: POM images of TMBPDE at different temperatures (200x): (a) 100°C; (b) 107°C; (¢) 110°C; (d) 118°C.
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FIGURE 4: FTIR spectra of samples ((a) UFUR; (b) TMBPDE-15
(uncured); (c) TMBPDE-15 (cured)).

when TMBPDE content was less than 15%, T, of the com-
posite resin increased as the TMBPDE content increased.
When 15% TMBPDE was added, the T, of the composite

resin increased from 187.2°C to 232°C. However, when the
TMBPDE content reached 30%, the T, of the composite

resin decreased to 224.1°C. Huang et al. [23] found that the

(c)

(b)

(a)

1. 1 - 1 T -~ 1T ~ 1T " 1
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FIGURE 5: *C CP/MAS NMR spectra of samples ((a) TMBPDE; (b)
UFUR; (c) TMBPDE-15 (cured)).

novel liquid crystalline polymers, polydiethyleneglycol bis(4-
hydroxybenzoate) terephthaloyl and block copolymer, could
enhance the T, of the o-cresol formaldehyde epoxy resin
remarkably due to the rigid segments in the liquid crystalline
polymers. Therefore, in this study, it is also proposed that
the rigid segments in TMBPDE are the main reason why
TMBPDE can improve T, of the composite resins. However,
when the TMBPDE content was improved to 30%, T, was
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(d)

FIGURE 6: POM images of UFUR/TMBPDE composite resin at different temperatures (100x): (a) 90°C; (b) 100°C; (¢) 110°C; (d) 160°C.

TaBLE 1: Thermodata obtained from DSC (T,) and TG (T).

Remarks T, °C) T,(C)
TMBPDE-0 187 330
TMBPDE-5 195 335
TMBPDE-15 232 345
TMBPDE-30 224 352

lower than the former but much higher than that of UFUR.
We found similar phenomenon to Huang et al. [23], who
found that T', of the blends first increased and then decreased
as the content of the liquid crystalline polymers is increasing.
It was proposed that the molecular weight of TMBPDE was
small. Therefore, when 30 wt% of TMBPDE was added, the
structure density of the curing network would decrease,
leading to the slight decrease of T, of TMBPDE-30. However,
this problem will need to be further gone into.

Effects of TMBPDE on thermal stability of the compos-
ite resins were also investigated. Figure 8 shows the TGA
curves for UFUR/TMBPDE composite resins with different
TMBPDE contents. The thermal degradation temperature
(T;) was defined as the temperature when the samples lost
5% of their initial weight, and the results were summarized
in Table 1. It can be seen that the T;s of all UFUR/TMBPDE
composite resins were higher than that of pure UFUR,

indicating that the addition of TMBPDE enhanced thermal
stability of UFUR. For the composite resins, the T);s increased
with the TMBPDE contents. When the content of TMBPDE
was 15%, the T; of the composite resin increased to 352°C.
The high value of the decomposition temperature can be
ascribed to the presence of the biphenyl as rigid block.
Therefore, TMBPDE strongly enhances the thermal stability
of the UFUR/TMBPDE composite resin.

3.3. Impact Strength. Figure9 shows the comparison of
impact strength as a function of the TMBPDE contents. There
was an increase in the impact strength of the composite
resin on addition of the TMBPDE. When 30% TMBPDE was
added, the UFUR/TMBPDE composite resin showed a four-
fold increase in impact strength compared to pure UFUR.
Punchaipetch [19] also has reported that the incorporation of
a relatively small amount of the LC epoxy (diglycidyl ether
of 4,4'-dihydroxybiphenol) could significantly enhance the
toughness and T, of the blended epoxy samples.

The impact surfaces were investigated by SEM, as shown
in Figure 10. The cured UFUR exhibited a brittle type of
fracture behavior. For the cured composite resin with 5%
TMBPDE, the fracture surface was very sharp with no plastic
deformation. The crack grew in one direction because of the
minimum resistance. When the addition of TMBPDE was
increased to 15%, the rigid segments which were crosslinked
in the UFUR matrix could absorb some impact energy,
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FIGURE 8: Thermogravimetric analysis of UFUR/TMBPDE compos-
ite resins with different TMBPDE contents.

resulting in improvement of the toughness. Therefore, the
fracture surface exhibited ductile fracture with a river pattern
where the multiple lines begin as a single line at the initiation
point. For the composite resin with 30% TMBPDE, the
furrow pattern at the starter crack region is found to be much
bigger and coarser than that with 15% TMBPDE. Therefore,
the toughness of TMBPDE-30 was higher than TMBPDE-15
by SEM.

The LC possesses a unique hierarchical microstructure
in which, in the absence of external fields, they tend to

International Journal of Polymer Science
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FIGURE 9: Impact strength of UFUR/TMBPDE composite resins
with different TMBPDE contents.

form a macroscopically disordered polydomain, where each
LC domain is defined as a region of uniform orientation
[24]. For the LC thermoset, it exhibits exceptionally high
fracture toughness. At low stress, crazes first take place
within the isotropic amorphous domains and grow along
the stress direction. Finally the crazes are hampered by the
LC domains, which improved the impact strength of the LC
thermoset [25]. For the UFUR/TMBPDE composite resin in
our study, during curing, the LC phase of TMBPDE was
“frozen” into the network, forming anisotropic LC domains
surrounded by a macroscopically disordered polydomain.
Therefore, the microdeformation and fracture mechanism
of the LC thermoset could be extended to the case of the
UFUR/TMBPDE networks and explain the reason for the
impact strength improvement of the composite resin.

4. Conclusions

TMBPDE was utilized to modify the urushiol derivative,
UFUR. The results showed that the T, significantly increased
after the addition of TMBPDE. The UFUR/TMBPDE com-
posite resin with 15% TMBPDE had a higher T, by 45°C
compared with the pure UFUR. TGA analysis showed that the
cured UFUR/TMBPDE composite resin exhibited increasing
thermodecomposition temperature as the TMBPDE concen-
tration increased, indicating its great potential for high tem-
perature applications. Moreover, the presence of TMBPDE
enhanced the toughness of UFUR as observed by impact test
and reflected in the morphologies observed from SEM images
of fracture surfaces. In conclusion, TMBPDE significantly
enhanced the toughness of UFUR without sacrificing high
T, and thermodecomposition temperature. It is supposed
that the improvements of the properties are the effects of the
mesogenic domains distributed in the network. These results
also suggest that it would be a novel and effective way to
modify other urushiol derivatives by a LC polymer.
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FIGURE 10: Impact surfaces of UFUR/TMBPDE composite resins ((a) TMBPDE-0; (b) TMBPDE-5; (c) TMBPDE-15; (d) TMBPDE-30).
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Lacquer stellacyanin was isolated and purified from lacquer acetone powder by continuous Sephadex column chromatographies
using Sephadex C-50, DEAE A-50, and C-50 gels. The purified lacquer stellacyanin had a blue color with one major and three minor
bands around 26 k Dain SDS PAGE. Trypsin- and chymotrypsin-treated lacquer stellacyanins were examined by LC/MS/MS to
determine three N-glycosylation sites (N28, N60, and N102) and were further analyzed by MALDI TOF MS, indicating that the N-
linked glycans were attached to the three asparagine (Asn) sites, respectively. In addition, after trypsin digestion and PNGase A and
PNGase F treatments to cleave N-linked glycans from the Asn sites, it was found that lacquer stellacyanin had a xylose containing
a biantennary N-linked glycan with core fucosylation consisting of 13 sugar residues (a complex type N-linked glycan) by MALDI

TOF MS analysis. This is the first report on the structure of an N-linked glycan in lacquer stellacyanin.

1. Introduction

Lacquer sap is a naturally occurring paint that is polymerized
by laccase, an oxidoreductive enzyme of catechols, to give a
durable film with a glorious surface. Lacquer sap is a water-in-
oil emulsion composed mainly of urushiols, polysaccharides,
glycoproteins, laccase, and stellacyanin [1]. Among them,
stellacyanin, like laccase, is a copper-containing glycoprotein;
it was first characterized as a blue glycoprotein by Keilin and
Mann in 1940 [2]. Lacquer stellacyanin is a low molecular
weight (approximately 20 kDa) protein with a single polypep-
tide chain of 107 amino acid residues and a Cu atom. Since
the glycoprotein was identified as stellacyanin [3], proteins
similar to lacquer stellacyanin have been isolated from
cucumber [4], zucchini peel [5], spinach leaf [6], and horse-
radish root [7]. These glycoproteins are plant specific glyco-
proteins belonging to the phytocyanin subclass of the cupre-
doxins. Stellacyanin is an electron transfer protein [8] and is
involved in a redox process during primary defence, lignin

formation, and cell-to-cell signalling transmission; however,
the exact physiological function is still unclear [9-11]. In
addition, N-linked glycans in plant glycoproteins have been
shown to affect catalytic activity, thermostability, lignin for-
mation, folding or subcellular localization, and secretion
[12, 13]. Recently, it was found that N-linked glycans may
play a role in plant pathogen integration and functional
pattern recognition receptors [14]. Removal of complex type
N-glycans from plant glycoproteins by mutational modifica-
tion of N-linked glycans in several plants, Arabidopsis and
tobacco, has demonstrated no or little effect on plant growth
[15]. For the structural analysis of the carbohydrate compo-
sition of lacquer stellacyanin, no results have been published
except a paper on chromatographic separation of monosac-
charides of stellacyanin hydrolysate by Peisach et al. in 1967
[16].

We have investigated the structure and specific biological
activities of lacquer polysaccharides in Japanese and Chinese
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lacquer saps. The lacquer polysaccharides with the number-
average molecular weight of M,, = 10 x 10° — 30 x 10° were
analysed by high resolution NMR measurement, revealing
that the lacquer polysaccharides were acidic polysaccharides
and had a (1 — 3)-f3-D-galactopyranan main chain with com-
plex branches consisting of glucuronic acid in the terminal
[17]. The lacquer polysaccharides were found to reduce the
growth of sarcoma 180 tumour in mice and had blood
coagulation-promoting activity compared to that of control
[18]. After sulfation, lacquer polysaccharides showed potent
anti-HIV and low blood anticoagulant activities. These spe-
cific biological activities should originate from the acidic
branched structure [18]. In addition, treatment with diluted
alkaline aqueous solution revealed that lacquer polysaccha-
rides were constructed of association of low molecular weight
polysaccharides [19].

Glycosylation is one of the most common and important
modifications of peptides that changes the functions of
proteins. In general, N-linked glycans are located at an
asparagine (Asn) residue of the tripeptide sequence, Asn-X-
Ser or Thr, where X is any amino acid except proline [20].
There are three possible N-glycosylation sites (Asn-X-Seror
Thr) in the amino acid sequence of stellacyanin (N28, N60,
and N102) [21]. Mass spectrometry (MS) is valuable and
rapid analytical techniques to analyse structures of glycans
in proteomics and proteins by a combination with enzymatic
treatments [22]. In this study, we report for the first time the
structural analysis of N-linked glycans present in lacquer stel-
lacyanin by both matrix assisted laser desorption/ionization
time of flight mass spectrometry (MALDI TOF MS) and
liquid chromatography mass spectrometry coupled with elec-
trospray ionisation tandem mass spectrometry (LC/MS/MS)
after enzymatic digestion for the elucidation of stellacyanin
functionality in lacquer sap.

2. Materials and Methods

2.1. Materials. Lacquer acetone powder was prepared by
addition of acetone to lacquer sap according to the method
reported by Reinhammar [23]. CM-Sephadex C-50 and
DEAE-Sephadex A-50 were purchased from Healthcare
Bio-Sciences AB, Sweden. Trypsin from porcine pancreas
(>10,000 units/mg), a-chymotrypsin from bovine pancreas
(61.75 units/mg), dithiothreitol (DTT), iodoacetamide (IAA),
and trifluoroacetic acid (TFA) were obtained from Sigma
Aldrich, Japan. Peptide-N-Glycosidase A (PNGase A) from
almond and Peptide-N-Glycosidase F (PNGase F) were pur-
chased from Roche. Other reagents, Arthrobacter ureafaciens
sialidase from Nakalai, a BlotGlyco glycan purification and
labeling kit (BS-45603) from Sumitomo Bakelite Co., Ltd.,
2,5-dihydroxybenzoic acid (DHB) as a matrix for MALDI-
TOF/MS from Bruker Daltonics GmbH, 10-20% gradient gels
(E-T1020L), EZ marker standards (AE-1440), and Coomassie
blue for SDS-PAGE analysis from ATTO Corporation, Japan,
were used.

2.2. Isolation and Purification of Lacquer Stellacyanin from
Acetone Powder. Lacquer acetone powder (20 g), which was
prepared by the method of Reinhammar [23], was dissolved
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in 200 mL of 0.01 M potassium phosphate buffer solution (pH
6.0) and then stirred overnight at 4°C. The mixture was cen-
trifuged and then filtered to remove any insoluble materials.
The filtrate was chromatographed on a CM-Sephadex C-50
column (250 mm X% 40 mm) to collect lacquer laccase and stel-
lacyanin as blue colorbands eluted with 0.1 M .and 0.2 M phos-
phate buffer solution (pH 6.0), respectively. Lacquer stella-
cyanin was further purified by DEAE-Sephadex A-50 column
chromatography (500 mm x 20 mm) and subsequent CM-
Sephadex C-50 column chromatography (500 mm x 20 mm)
gradually eluted with 0.005M, 0.025M, 0.05M, and 0.1M
phosphate buffer solutions. The eluent with a blue colour was
finally desalted by dialysis with deionized water overnight
and then freeze-dried to give 0.233g (1.17%) and 0.083 g
(0.42%) of pure lacquer laccase and stellacyanin, respectively.

2.3. Preparation of Copper-Free Stellacyanin. Blue stella-
cyanin (56 mg) was dissolved in 20% aqueous trichloroacetic
acid solution (10 mL), and the mixture was stirred until the
blue color disappeared. After dialysis against deionized water
overnight, it was then freeze-dried to give colorless stella-
cyanin without copper. The purity and molecular weights of
the purified stellacyanin were measured by SDS-PAGE and
MALDI TOF MS, respectively.

2.4. Enzymatic Digestion and N-Glycan Labeling. Lacquer
stellacyanin (1 mg) was suspended in 0.1 M NH,HCO; solu-
tion, DTT (5 uL, 120 mM) was added, and then the mixture
was incubated for 30 min at 60°C. To the mixture was added
10 uL of TAA (123mM) and it was incubated in the dark
for 1h at room temperature to give carboxamide-methylated
stellacyanin, which was used without purification for the next
enzymatic digestion. Trypsin (1 mg) or chymotrypsin (1 mg)
solution in 1mL of 0.1M NH,HCO; (10 uL) was added to
the above carboxamide-methylated stellacyanin solution and
incubated overnight at 37°C and 25°C, respectively, to digest
stellacyanin, and then the mixture was heated to 95°C to
denature trypsin or chymotrypsin.

The trypsin-digested stellacyanin was deglycosylated
by adding 0.25U PNGase A at pH 5.0 (adjusted by
0.1%HCOOH) and 5U PNGase F at pH 8.5, respectively,
overnight at 37°C. The digested N-glycans were labeled with
N®-((aminooxy)acetyl)tryptophanylarginine methyl ester
(a0WR) by using a BlotGlyco glycan purification and labeling
kit according to the manufacturer’s protocol and then the
aoWR-labelled glycans were purified by a clean-up column
according to the manufacturer’s protocol [24]. The chymot-
rypsin-digested stellacyanin was also treated with 0.25U
PNGase A and 5 U PNGase E respectively, by the same pro-
cedure as above to give aoWR-labelled glycans.

2.5. Sialidase Treatment. Lacquer stellacyanin (0.5 mg) was
treated with Arthrobacter ureafaciens sialidase (L.OU in
50 mM Tris/HCI buffer) overnight at pH 5.6 and 37°C to
confirm the presence or absence of sialic acid in the glycans.

2.6. MALDI TOF MS. The MALDI TOF MS spectrum was
recorded on an Ultraflex II instrument (Bruker Daltonics)
in reflection mode with an acceleration voltage of 25kV in
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the positive ion mode (positive voltage polarity). The MS
spectrum was automatically provided by using FlexControl
software 3.0 version. External calibration was carried out
with singly charged monoisotopic peaks of peptide standards
(1046.5 Da angiotensin II, 1296.6 Da angiotensin I, 1347.7 Da
substance P, 1619.8 Da bombesin, and 2093.0, 3474.5 ACTH
CLIP peptides). DHB matrix in acetonitrile/water (3:7,
v/v) was used for the MALDI TOF MS measurements of
the aoWR-labelled N-glycans, trypsin-digested peptide, and
glycopeptide mixture. The aoWR-labelled N-glycans were
mainly detected as protonated molecular ions [M+H]™. Sialic
acid residues in glycan were esterified by a methyl group
(-COOH—-COOCHj,; mass signal increases +14.02), and the
exact masses of glycans were calculated as glycan exact mass
[M] = [observed m/z] — 447.21 + 18.01 — (14.02 xn) — 1.00,
where 447.21 is the mass of the aoWR labelling reagent and n
is the number of sialic acids.

2.7. LC/MS/MS. LC/MS/MS was performed using a liquid
chromatography (Shimadzu LC system) tandem mass spec-
trometry (AB SCIEX API 4000 Q TRAP) system with Turbo
spray source and electrospray ionization (ESI). An ODS
column (TSK-Gel ODS-80Ts (5 ym) with ID 2.5 mm x 15 cm
and a TSK guard cartridge (5 gm) with ID 3.2 mm x 1.5 cm)
was used at 30°C. The eluents used were (A) 0.1% TFA in 90%
acetonitrile and (B) 0.1% TFA in 10% acetonitrile with a flow
rate of 0.2 mL/min in a gradient program for 120 min. And
MS/MS spectra were acquired in the positive ionization mode
with an acquisition time of 0.63 spectra per second.

Also, the following MS data were acquired by enhanced
MS (EMS), in which the scan rate was 4000 Da/s, scan range
was 100-2800 Da, fixed linear ion trap (LIT) full time was
10 ms, and QO was off check. The enhanced resolution MS
(ER), in which scan rate was 250 Da/s, fixed LIT full time was
10 ms, and Q0 was on, and information dependent acquisition
(IDA) criteria were inserted to select the 1-3 most intense
peaks; ions greater than 400 (m/z) and smaller than 1500
(m/z) and peak intensity which exceeds 50000 cps were
chosen. Finally, two enhanced product ion (EPI) experiments
were performed, in which scan rate was 4000 Da/s, scan range
was 100-2500, fixed LIT full time was 50 ms, and QO was
trapping on.

MS data were processed with DataAnalyst 4.0 by using a
default setting for glycopeptide analysis. Peptide sequences in
glycopeptides obtained by proteases were annotated by Bio-
Analyst (peptide sequence), and MS/MS analyses of attached
glycans were interpreted manually. Protein information is
available in UniProt with ID number P00302 and entry name
STEL_TOXVR (http://www.uniprot.org/uniprot/P00302).

3. Results and Discussion

3.1. Purification and Molecular Weight of Lacquer Stellacyanin.
Scheme 1 shows the analytical scheme of the lacquer stella-
cyanin by enzymatic hydrolysis. The lacquer stellacyanin was
isolated and purified from lacquer acetone powder, which
was obtained by addition of acetone to lacquer sap, by
continuous column chromatographies of Sephadex C50 and
DEAE A50 gels. Figure 1 shows the (a) SDS-PAGE profile,

(b) MALDI TOF MS profile, and (c) amino acid sequence
of lacquer stellacyanin. The purified lacquer stellacyanin was
confirmed by SDS-PAGE, which revealed that the lacquer
stellacyanin had one major and three minor bands around
26 kDa. The bands were very close to each other as shown
in Figure1l(a). We used this lacquer stellacyanin without
further purification. Figure 1(b) shows the MALDI TOF MS
spectrum of the lacquer stellacyanin using DHB as the matrix,
in which several signals, at least four peaks, appeared around
17000-19000 Da with one strong and three weak signals.
The strongest signal appeared around 18700 Da. These results
suggested that the lacquer stellacyanin is not a single protein
but consists of isoenzymes of the same protein. The molecular
weights by the SDS-PAGE electrophoresis were larger than
those of MALDI TOF MS, probably due to the linear struc-
ture by SDS. Figure 1(c) exhibits the amino acid sequence
of the lacquer stellacyanin according to the literature [21].
The lacquer stellacyanin had 107 amino acid residues and the
molecular weight of the amino acid residues was 12296 Da.
Therefore, the molecular weight of the carbohydrate portions
of the lacquer stellacyanin is around 7000 Da.

3.2. LC/MS/MS Analysis of Glycopeptides. For identification
of the N-glycosylation sites in the lacquer stellacyanin,
trypsin-digested peptides and glycopeptides were directly
analysed by LC/MS/MS without any separation and purifica-
tion because LC/MS/MS is a high resolution tool for analysis
of mixed samples with the liquid chromatography (LC)
system. We used two different proteases, trypsin and chy-
motrypsin, to obtain three possible N-glycosylation sites that
contain Asn with an N-linked glycan from the amino acid
sequence of stellacyanin. For identification of glycopeptides,
the mixture of the trypsin-digested peptides and glycopep-
tides was selectively detected by extracted ion chromatog-
raphy (XIC) to reveal that it contains a glycan marker ion
of m/z 204.1 due to glucosamine, GIcNAc". The marker ion
was extracted by total ion chromatography (TIC) in the
LC/MS profile, and then it appears in several separated areas
in the XIC. We identified the three glycopeptides with an N-
linked glycan at Asn28, Asn60, and Asnl02, based on the
peptides’ theoretical masses; these were WASN, K (m/z =
605.2), NYQSCNg DTTPIASYNTGBBR (m/z = 2291.9), and
VHIN,,VIVR (m/z = 9375) as shown in Tablel. The
MS/MS spectrum of the glycopeptides was analysed, and
then the signals at m/z = 204.1 (GlcNAc,), m/z = 366.1
(Gal+GlIcNAc), and m/z = 512.1 (Fuc+Gal+GlcNAc) due to
fragment ions of N-linked glycans as well as the b and y type
fragment ions of oligopeptides cleaved at the glycosidic bond
were very frequently observed. After confirmation of the N-
glycopeptides derived by trypsin in the MS/MS, the charac-
terization of the attached N-linked glycans was based on their
product ion spectra.

The LC/MS/MS spectra of trypsin-digested lacquer stel-
lacyanin are shown in Figure 2. The TIC and XIC containing
the m/z = 204.1 ion signal due to GIcNAc are presented
in Figures 2(a) and 2(b). A glycopeptide WASN,;K with
Asn at Asn28 was observed around 13-15min in the TIC,
and the most intense ion signal at m/z = 605.2 corre-
sponded to the molecular weight of the oligopeptide part.
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FIGURE 1: Stellacyanin isolated from lacquer sap: (a) SDS-PAGE profile, (b) MALDI TOF MS profile, and (c) amino acid sequence of lacquer

stellacyanin. N-glycosylation sites at Asn28, Asn60, and Asnl02 are underlined. ¥ and |: trypsin and chymotrypsin cleavage sites, respectively,
and B: unidentified amino acid residue, N (asparagine) or D (aspartic acid).
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TABLE 1: Observed N-glycopeptides derived enzymatic digestion of lacquer stellacyanin.

Glycosylation Trypsin-derived glycopeptides Chymotrypsin-derived glycopeptides N-glycan

Site Peptide (mass) Obs.m/z  Peptide (mass) Obs. m/z Mass  Composition®
888.12/2 919.19/2 1188.42 GlcNAc2 Hex3 Fucl Xyll
1070.85/2 1101.88/2 1553.56 GIcNAc3 Hex4 Fucl Xyll

Asn 28 WASNK (604.29) 1144.03/2  ASNKTF (666.34) 1175.03/2 1699.61 GIcNAc3 Hex4 Fuc2 Xyll
1326.56/2 1357.50/2 2064.75 GlcNAc4 Hex5 Fuc2 Xyll
1399.88/2 1430.63/2 2210.80 GlcNAc4 Hex5 Fuc3 Xyll
1154.68/3 1264.51/2 1188.42 GlcNAc2 Hex3 Fucl Xyll

Asn 60 NYQSCNDTTPIASYNGTBBR 1276.85/3 QSCNDTTPIASY nd" 1553.56  GlcNAc3 Hex4 Fucl Xyll

(2290.93) 1324.24/3 (1356.57) 1014.33/2 1699.61 GlcNAc3 Hex4 Fuc2 Xyll

1496.33/3 1184.74/3 2210.80 GIcNAc4 Hex5 Fuc3 Xyll
981.40/2 nd 1042.37 GIcNAc2 Hex3 Xyll
703.41/3 926.74/2 1188.42  GIcNAc2 Hex3 Fucl Xyll
776.31/3 nd 140750 GIcNAc3 Hex4 Xyll

Asn 102 VHINVTVR (936.55) 825.35/3 HINVTV (681.38) nd 1553.56  GIcNAc3 Hex4 Fucl Xyl
1237.38/2 1553.56 GlcNAc3 Hex4 Fucl Xyll
873.47/3 1182.87/2 1699.61 GIcNAc3 Hex4 Fuc2 Xyll
1310.40/2 1699.61 GIcNAc3 Hex4 Fuc2 Xyll
1044.45/3 1438.56/2 2210.80 GlcNAc4 Hex5 Fuc3 Xyll

*Monosaccharides represented as GlcNAc, N-acetylglucosamine; Hex, mannose or galactose; Fuc, fucose; Xyl, xylose.
®nd: not detected.

TaBLE 2: MALDI TOF MS assignment of the N-linked glycans from lacquer stellacyanin.

Peak Observed m/z* Theoretical m/z" N-linked glycan®

number PNGase A PNGase F N-glycan aoWR-glycan

1 2642.08 2641.60 2192.27 2640.48 (HexNAc)4 (Hex)5 (Fuc)3 Xyl
2 2495.98 2495.83 2046.74 2494.95 (HexNAc)4 (Hex)5 (Fuc)2 Xyl
3 — 2349.64 1900.50 234771 (HexNAc)4 (Hex)5 (Fuc) Xyl
4 2130.84 2130.08 1681.60 2129.81 (HexNAc)3 (Hex)4 (Fuc)2 Xyl
5 1984.78 1984.60 1535.55 1983.76 (HexNAc)2 (Hex)4 (Fuc) Xyl
6 1838.68 1838.63 1389.49 1837.70 (HexNAc)3 (Hex)4 Xyl

7 1619.5 — 1170.41 1618.62 (HexNAc)2 (Hex)3 (Fuc) Xyl

*MALDI TOF MS signal digested with PNGase A and PNGase E
bTheoretical molecular weight of N-linked glycan.

“HexNAc: N-acetylglucosamine, Hex: mannose or glucose, Fuc: fucose, and Xyl: xylose.

From the observed molecular weight in Figure 2(c) and
the MS/MS profile of the glycopeptides between 605.4 and
2286.7 [8], the N-linked glycan at Asn28 was characterized as
(HexNAc)4(Hex)5(Fuc)3Xyl, a complex type glycan obtained
from the product ion spectrum with doubly charged m/z =
1399.87. Other forms of the complex type glycans were
observed in Asn28, as shown in Table 2.

The trypsin-derived N-glycopeptide NYQSCNDTTPI-
ASYNTGBBR (m/z = 2291.7) bearing Asn60 was observed
as a long peptide with only one GlcNAc residue attached
to the peptide in the MS/MS spectrum as presented in
Figure 3(a). However, when we used chymotrypsin for the
digestion of lacquer stellacyanin, an N-linked glycan was
obtained in an oligopeptide, QSCNDTTPIASY (m/z =1356.5)

by LC/MS/MS analysis as shown in Figure 3. As a result, the
same N-linked glycan structure of HexNAc,Hex;Fuc;Xyl,
was also identified at Asn60. We also found that the same
complex type glycan was connected at Asnl02 by both trypsin
and chymotrypsin digestions and subsequent LC/MS/MS
analyses. These results are summarized in Table 1.
Trypsin-digested oligopeptides and oligoglycosyl pep-
tides were also applied to MALDI TOF MS without any
further purification. Signals between m/z = 700 and 4500
were observed from both trypsin-digested oligopeptides and
oligoglycosyl peptides (data are shown in supporting infor-
mation). The strongest signal appeared at m/z = 44874 due to
the glycopeptides at Asn60 bearing a complex type N-linked
glycan with the molecular weight of 2192. From the MALDI
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FIGURE 3: LC/MS/MS spectra of (a) trypsin- and (b) chymotrypsin-derived N-glycopeptide from lacquer stellacyanin. Observed mass
numbers at m/z = 2291.7 (a) and m/z = 1356.5 (b) were due to oligopeptides, NYQSCNDTTPIASYNTGBBR and QSCNDTTPIASY at Asn60

site, respectively.

TOF MS analysis, the fucose and xylose-containing complex
type biantennary glycan was linked at the three Asn sites in
lacquer stellacyanin. Fucose and xylose should be attached to
the GIcNAc next to Asn and at the central mannose residues,
respectively.

3.3. MALDI TOF MS Analysis of N-Linked Glycans in Lac-
quer Stellacyanin. After isolation and purification of the
lacquer stellacyanin, trypsin and chymotrypsin digestions
were carried out, respectively, to give digested peptides and
glycopeptides. Each product was further treated with PNGase
A and PNGase F, respectively, to cleave N-linked glycans from
Asn to afford N-linked glycans, which were labelled by using
the BlotGlyco glycan purification and labeling kit to give
the aoWR-labelled N-linked glycans. The aoWR-labelled N-
linked glycans were mixed with the matrix (DHB) and then
subjected to MALDI TOF MS to provide initial information
on the relative quantities of N-linked glycans presented in
lacquer stellacyanin. Figure 4 shows the MALDI TOF MS
spectra of the aoWR-labelled N-linked glycans after (a)
PNGase A and (b) PNGase F digestion of the lacquer stel-
lacyanin. The observed mass numbers increased 447.21 due
to the aoWR labelling reagent compared to the underived N-
linked glycans. Although the signals appeared at the same m/z
positions in Figures 4(a) and 4(b), the intensity was slightly
different. These results suggest that the N-linked glycan in
the lacquer stellacyanin has fucose at the glucosamine next
to Asn because PNGase A releases N-linked glycans with and

without «-1,3-fucosylated GIcNAc next to Asn and PNGase
F cleaves N-linked glycans with «-1,6-fucosylated GlcNAc.
Table 2 shows the structure of N-linked glycans based on
the m/z in MALDI TOF MS spectra in Figure 4. The most
intense peak (number 1) at the m/z of 2642 was assigned
to a complex type N-linked glycan consisting of four glu-
cosamines (HexNAc), five hexoses (Hex), three fucoses (Fuc),
and one xylose (Xyl), that is, (HexNAc)4(Hex)5(Fuc)3Xyl
(those that follow have the same description) [2], suggesting
that the major oligosaccharide in lacquer stellacyanin was the
complex type N-linked glycan. This type of N-linked glycan
is the most common structure in plants, which has an «-1,3
linked fucosylated GIcNAc next to Asn, and a $8-1,2 linked
xylose should be attached to the central mannose residue
[20]. Other signal peaks, numbers 2-7 in Figure 4, decreased
the mass numbers from the m/z of 2642, indicating that one
or more sugar residues were cleaved from the N-linked glycan
(HexNAc)4(Hex)5(Fuc)3Xyl as illustrated in Figure 4. These
results suggest that lacquer stellacyanin has the same complex
type N-linked glycan in the three Asn sites.

In the MALDI TOF MS spectra of the lacquer stellacyanin
treated and untreated with sialidase, the two spectra were
identical. In addition, the signals at m/z = 292.1 due to
NeuAc, m/z = 274 due to NeuAc-H,O, and m/z = 6571 due
to Hex+HexNAc+NeuAc are diagnostic or marker ions orig-
inating from sialylated glycopeptides. However, none of these
signals appeared in the LC/MS/MS spectra. These results sug-
gest that the N-linked glycan in lacquer stellacyanin had no
sialic acids.
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FIGURE 4: MALDI TOF MS profiles of aoWR-labelled N-linked glycans after (a) PNGase A and (b) PNGase F treatment of lacquer stellacyanin.

N-glycan mass = [observed mass — 447.21 + 17].

4. Conclusion

By enzymatic digestions and a combination of MALDI TOF
MS and LC/MS/MS analyses, we revealed the structures of
the N-linked glycan and oligoglycopeptides at the three Asn
residues (Asn28, Asn60, and Asnl02) in lacquer stellacyanin,
indicating that the N-linked glycan had the same structure
at the three Asn sites and was a biantennary complex type
N-linked glycan containing fucose at GIcNAc next to Asn
and xylose at the central mannose residues. The complex
type N-linked glycan confirmed in lacquer stellacyanin is the

most common N-linked glycan in plants. No sialic acids were
identified in the lacquer stellacyanin. This is the first report on
the structural characterization of N-linked glycans in lacquer
stellacyanin from Rhus vernicifera, a phytocyanin family of
plant glycoproteins. Characterization of N-linked glycans in
lacquer laccase is also under investigation.
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Preparation of urushiol derivatives was carried out in response to the drug industry’s increasing demand for new synthetic
anticancer agents. Urushiol methylene acetal derivatives were synthesized in high yields by reaction of urushiol with methylene
chloride under the catalytic action of NaOH. Four kinds of urushiol methylene acetal monomers were separated by silica-gel
column and preparative HPLC, and their structures were elucidated by extensive spectroscopic methods, including ID-NMR and
2D-NMR (*H, PC-NMR, 'H-'HCOSY, HSQC, and HMBC) as well as TOF-MS. They were identified as 3-[pentadecyl] benzene
methylene ether (compound 1), 3-[8'-pentadecatrienyl] benzene methylene ether (compound 2), 3-[8',11'-pentadecatrienyl]
benzene methylene ether (compound 3), and 3-[8',11',14'-pentadecatrienyl] benzene methylene ether (compound 4). This research

provides a theoretical reference for exploration of these interesting and potentially bioactive compounds.

1. Introduction

Urushiols are major components of the sap of the lacquer
tree (Rhus verniciflua Stokes, Anacardiaceae) that is widely
cultivated in northeastern Asian countries including China,
Korea, and Japan [1]. Urushiol is a typical phenolic compound
which consists of o-dihydroxybenzene (catechol) coupled
with a saturated or unsaturated alkyl side chain of 15 or
17 carbons and is an amphipathic compound [2]. Urushiol
has been used as a traditional folk medicine in China and
has antioxidant, antimicrobial, and anticancer activities [3].
However, urushiol can cause hypersensitive reaction, and it
is sensitive to oxidation and polymerization, which reduce
its activities [4]. As a result, the usefulness of urushiol as
a potential therapeutic agent has been limited. Therefore,
nonallergenic urushiol derivatives may be useful as bioactive
compounds in the human body. It is thought that the
phenolic hydroxyl group of urushiol is the main cause of

allergic reaction and polymerization [5]. Synthesis of the
urushiol ester and silyl derivatives has been reported and
their anticancer activities have been demonstrated [6, 7].
Recently, studies showed that acetal derivatives of phenolic
compounds also have prominent antioxidant, antimicrobial,
and anticancer activities, and the acetal-type groups have
the advantages of including simultaneous protection of two
hydroxyls and easy removal of a partial deprotection [8, 9],
but, till now, there has been no report about the preparation
of acetal derivatives of urushiol and its monomers.

In view of the research status of urushiol and the great
potential of urushiol as a potent material in new drug research
and development, our study was aimed at synthesizing
urushiol methylene acetal derivatives, separating urushiol
methylene acetal monomers of various unsaturated degrees,
and characterizing their structures. The urushiol methylene
acetal derivatives were obtained by linking methylene acetal
chains to the two adjacent hydroxide groups of urushiol,
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and urushiol methylene acetal monomers of 0-3 degrees
of unsaturation were separated by silica-gel column and
preparative high performance liquid chromatography. The
structures of the urushiol methylene acetal monomers with
0-3 degrees of unsaturation were elucidated by extensive
spectroscopic methods, including 1ID-NMR and 2D-NMR
(*H, ®C-NMR, 'H-'HCOSY, HSQC, and HMBC) as well as
TOF-MS and chemical analysis. Our studies provide poten-
tially important information for further development of new
urushiol derivatives and provide new leading compounds for
the research on clinical drugs.

2. Experiments

2.1. General Experimental Procedures. IR spectra were mea-
sured on a Horiba FT-710 spectrophotometer. NMR spectra
were recorded at 303K on a Bruker AV-500 NMR (‘H
NMR, 500 MHz; *C NMR, 125 MHz) instrument with TMS
in CDCl; as the internal standard. The 2D-NMR, HSQC,
HMBC, and 'H-'"H COSY experiments were performed
using standard Bruker pulse sequences. The TOF-MS exper-
iment was performed on an Agilent orthogonal TOF-MS
system equipped with an ESI source. The GC-MS system
consisted of an Agilent 6890 N gas chromatograph and an
Agilent 5973 N mass spectrometer. Column chromatography
was performed on silica gel (100-200 ym, Qingdao Marine
Chemical Co., Ltd., China). Preparative HPLC was per-
formed using a Shimadzu LC-20A instrument. Thin-layer
chromatography (TLC) was performed on precoated silica gel
GF254 plates (Qingdao Marine Chemical Co.).

2.2. Materials. Urushiol was obtained by extraction of the sap
of a Chinese lacquer tree with acetone and removal of the
solvent with vacuum concentration. All solvents and reagents
were purchased from Nanjing Jitian Chemical Reagents
Company (Nanjing, China) and were of analytical grade.

2.3. Synthesis of Urushiol Methylene Acetal Derivatives. This
compound was prepared by a modified procedure based on
the method of Werschkun and Thiem [10]. A 2L, 4-neck
round bottom flask (equipped with an N, inlet, overhead
magnetic stir drive, addition funnel, thermocoupler, and
condenser) was filled with 100mL CH,Cl, and 300mL
DMSO, heated to 110°C, and refluxed for 0.5h; then, 100 g
urushiol in 500 mL DMSO via one addition funnel and
NaOH (40 g) in 100 mL water via another addition funnel
were simultaneously added to the flask over 1 hour. The
temperature was kept at 110°C for 3 h; after completion of
the reaction, the mixture was diluted with water and stirred
for 30 min at room temperature. It was then extracted with
petroleum ether (3 x 1L), and the combined petroleum
ether layer was washed with water (3 x 500 mL), dried with
anhydrous Na,SO,, and concentrated in a rotary evaporator
to give the crude urushiol methylene acetal derivatives.

2.4. Separation of Urushiol Methylene Acetal Monomers.
Crude urushiol methylene acetal derivatives (60g) were
subjected to silica gel column chromatography (diameter
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TaBLE 1: °C NMR spectral data of compounds 1, 2, 3, and 4 in
pyridine-d; (6 ppm).

Carbon 1 2 3 4

1 146.5 146.9 146.8 146.9
2 145.3 145.4 145.5 145.4
3 124.4 1295 129.4 129.4
4 1225 124.4 124.5 1245
5 121.2 122.2 122.5 122.2
6 116.2 116.5 116.2 116.5
! 29.7 29.8 29.7 29.8
2’ 29.6 29.7 29.6 29.7
3 29.6 29.6 29.6 29.6
4 29.6 295 29.6 29.6
5' 295 295 295 295
6 29.4 29.4 29.4 29.4
7' 293 274 273 273
8 293 130.2 130.4 130.5
9’ 29.3 130.4 128.6 1277
10’ 29.4 276 26.4 25.8
1’ 29.3 29.3 128.5 1275
12/ 295 295 130.6 129.8
13’ 319 319 279 26.7
14' 226 226 226 114.8
15’ 14.1 14.1 13.9 136.9
-0-CH,-O- 76.5 77.0 772 77.4

60 mm x length 800 mm) and eluted with a stepwise gradient
mixture of EtOAc-Pet. ether (1:99; 2:98; 3:97; 5:95; 6:94;
8:92; 10:90). Fractions of 100 mL each were collected and
controlled by TLC examination, and fractions with similar
R values were combined, yielding three major fractions (A-
C). Fraction A (15g) was subjected to preparative HPLC
(Hypersil ODS-2,250 x 10 mm i.d., CH;CN-H, O (95: 5, v/v),
4 mL/min) to afford compounds 1, 2, 3, and 4.

2.5. Compound 1 (3-[Pentadecyl] Benzene Methylene Ether).
Compound 1 is a colorless oil: IR (KBr) ymax (cm™): 1640,
1052; 'H (500 MHz, DMSO-d6) and *C NMR (125 MHz,
DMSO-d6) (see Tables 1 and 2); TOF-MS (m/z): 331 (M-
H], 135[M-C,,H,,], 105[M-C,sH,,~CH,~2H], and 77[M-
C,sH;,-CH,0, + 2H] (calculated for C,,H;,0,, 332).

2.6. Compound 2 (3-[8'-Pentadecatrienyl] Benzene Methylene
Ether). Compound 2 is a colorless oil: IR (KBr) ymax
(ecm™'): 1640, 1598, and 1052; 'H (500 MHz, DMSO-d6)
and >C NMR (125 MHz, DMSO-d6) (see Tables 1 and 2);
TOF-MS (m/z): 329 [M-H]~, 148[M-H-C;3H,], 135[M-
C,4H,;],105[M-C,;H,,~CH,-2H], 91[M-C,;H,,-CH,-0],
and 77[M-C,;H,,-CH, 0O, + 2H] (calculated for C,,H,,0,,
330).

2.7. Compound 3 (3-[8',11'-Pentadecatrienyl] Benzene Methy-
lene Ether). Compound 3 is a colorless oil: IR (KBr) ymax
(ecm™'): 1630, 1598, and 1052; 'H (500 MHz, DMSO-d6) and
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TaBLE 2: "H NMR spectral data of compounds 1, 2, 3, and 4 in pyridine-d5 (8 in ppm, J in H,).

Carbon 1 2 3 4

1

2

3

4 6.72(m) 6.77(m) 6.79(m) 6.79(m)

5 6.68(m) 6.69(m) 6.70(m) 6.71(m)

6 7.25(s) 727(s) 7.28(s) 7.27(s)

! 2.56(t, | = 7.50) 2.61(t, J = 7.50) 2.59(t, ] = 7.50) 2.61(t, J = 7.50)

2' 1.60(m) 2.61(m) 1.63(m) 1.77(m)

3’ 1.58(m) 2.58(m) 1.60(m) 1.74(m)

4 1.58(m) 2.58(m) 1.53(m) 1.33(m)

5 1.58(m) 2.55(m) 1.48(m) 1.60(m)

6' 1.58(m) 2.55(m) 1.46(m) 1.65(m)

7' 1.30(m) 2.55(m) 2.56(m) 2.09(m)

8 1.30(m) 5.38(t, J = 3.5) 5.44(t, ] = 4.5) 5.68(t, ] = 4.0)

9' 1.25(m) 5.35(t, J = 4.0) 5.39(t, ] = 4.0) 5.65(t, ] = 4.0)

10’ 1.25(m) 2.04(m) 2.81(m) 2.89(m)

1’ 1.25(m) 1.65(m) 5.37(t, ] =5.0) 5.48(t, J = 3.5)

12' 1.25(m) 1.63(m) 5.34(t, ] = 4.5) 5.46(t, ] = 4.0)

13’ 1.25(m) 1.33(m) 2.06(m) 2.84(m)

14’ 1.25(m) 1.31(m) 1.41(m) 5.42(m)

15’ 0.87(t, ] = 6.3) 0.92(t, ] = 6.3) 0.95(t, ] = 6.3) 5.39(d, J = 5.0)

-O-CH,-O- 5.92(s) 5.94(s) 5.94(s) 5.99(s)

3C NMR (125 MHz, DMSO-d6) (see Tables 1 and 2); TOF-
MS (m/z): 327 [M-H]~,175[M-C,,H,o-2H], 161[M-C ,H,, -
2H], 148[M-H-C,;H,,], 135[M-C,H,;], 91[M-C,;H,,-
CH,-0], and 77[M-C,;H,,-CH,0O, + 2H] (calculated for
Cy,H3,0,,328).

2.8. Compound 4 (3-[8',11',14'—Pentadecatrienyl] Benzene
Methylene Ether). Compound 4 is a colorless oil: IR (KBr)
ymax (cm_l): 1630, 1598, and 1052; 'H (500 MHz, DMSO-
d6) and *C NMR (125 MHz, DMSO-d6) (see Tables 1 and
2); TOE-MS (m/z): 325 [M-H]~, 135[M-C,,H,;], 105[M-
C,sH,5-0], 91[M-C,;H,;—CH,-0], and 79[M-C,;sH,s-
CH, 0, + 4H] (calculated for C,,H;,0,, 326).

3. Result and Discussion

3.1. Synthesis of Urushiol Methylene Acetal Derivatives. Cate-
chol methylene acetal is an important pharmaceutical inter-
mediate that is vital for the synthesis of quinolones; it is
traditionally synthesized through a nucleophilic substitution
reaction of catechol with methylene chloride under the
catalytic action of NaOH [11]. Urushiol is a typical phenolic
compound possessing a catechol structure and an alkyl side
chain of 15 or 17 carbons [12]; it has two adjacent phenolic
hydroxyl groups on the benzene ring, so a practical method
for preparation of catechol methylene acetal is desirable for
natural product synthesis and process chemistry of urushiol.
It is well known that the phenolic hydroxyl groups of urushiol
can cause skin problems and is easy to oxidate [13], so it
is necessary to modify and protect the phenolic hydroxyl

groups of urushiol. Because acetal-type protecting groups
possess significant advantages, such as simultaneous pro-
tection of two hydroxyls, easy removal, and the possibility
of a partial deprotection [14], the preparation of urushiol
methylene acetal can not only increase the stability but also
preserve the original biological activity of urushiol.

Conversion of urushiol to the urushiol methylene acetal
consists of three steps, and the reaction mechanism is shown
in Figure 1. First, the two adjacent phenolic hydroxyl groups
of urushiol lose two hydrogen ions in the presence of
NaOH, resulting in formation of catechol anions; secondly,
catechol anions react with methylene chloride by bimolecular
nucleophilic substitution with NaOH being the base to give
the intermediate product of catechol methyl chloromethyl
ether anions; finally, the intramolecular substitution reaction
of the intermediate product gives the final product of urushiol
methylene acetal.

To obtain the best yields of urushiol methylene acetal,
the reaction conditions including reaction time and reaction
temperature were optimized; the results showed that the
best reaction time is 2-3 h, the best reaction temperature is
105-115°C, and the yield of urushiol methylene acetal can
reach over 80%. In addition, during the reaction process,
some urushiols may oxidize and polymerize, leading to the
destruction of the catechol structure, thus the reaction of
polymerized urushiols will not give the product of urushiol
methylene acetal, but produce by-products possessing an
alcohol structure. It was reported that the yields of by-
products could be reduced by preventing increases in the
concentration of catechol anions by adding NaOH gradually
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FIGURE 1: Aldolization mechanism of synthesis of urushiol methy-
lene acetal.
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FIGURE 2: Total ion chromatography of urushiol methylene acetal by
GC-MS.

and using enough DMSO solvent [15]. Furthermore, because
the reaction products are composed of a water phase (NaOH
solution) and an organic phase (DMSO, methylene chloride,
urushiol methylene acetal, and by-products), in view of the
low polarity of urushiol methylene acetal, petroleum ether
was selected to extract urushiol methylene acetal from the
reaction products.

After the reaction and extraction of petroleum ether, the
chemical structures and yield of crude urushiol methylene
acetal were determined from the IR spectrum and HPLC. The
IR spectrum showed the characteristic peak of ether bonding
groups at 1100 cm™', and the hydroxyl groups of urushiol
at 3431cm™" disappeared, which indicates that the hydroxyl
groups were all converted to ether-bonding groups by the
reaction. The results of HPLC analysis indicate that the yield
of urushiol methylene acetal was 83.5%.

3.2. Separation of Urushiol Methylene Acetal Monomers. The
crude urushiol methylene acetal obtained was further puri-
fied by silica gel column chromatography and preparative
HPLC to obtain urushiol methylene acetal monomers. First,
crude urushiol methylene acetal was subjected to silica gel
column chromatography and eluted by a gradient of EtOAc
and Pet. Ether, yielding three major fractions (A-C) accord-
ing to the TLC examination. The results of TLC analysis
showed that the R f value of fraction A is 0.5, which is similar
to that of urushiol, and the R values of fractions B and C
were 0.8-0.95, which indicated that fractions B and C had
greater polarity than fraction A. It was judged that fractions B
and C consisted of by-products of the reaction and polymers
of urushiol. When fraction A was analyzed by GC-MS
(Figure 2), the GC-MS chromatogram revealed four major
peaks, whose m/z were 332, 330, 328, and 326, respectively.
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Meanwhile, the mother nucleus fragment at 135 m/z was
found in all four major peaks through analysis of fragment
ions from samples. It was deduced that the mother nucleus
fragment of 135 m/z was produced by splitting of urushiol
methylene acetal, and its structure is shown in Figure 3. Based
on the GC-MS analysis, fraction A was demonstrated to be
purified total urushiol methylene acetal. Finally, fraction A
was separated by preparative HPLC affording four kinds of
urushiol methylene acetal monomers: compound 1 (0.86 g),
compound 2 (1.03 g), compound 3 (1.17 g), and compound 4
(0.92g).

3.3. Characterization of Urushiol Methylene Acetal Monomers.
The compounds’ structures were elucidated mainly by 500-
MHz NMR analysis, including 1D-NMR and 2D-NMR ('H,
BC-NMR, 'H-'HCOSY, HSQC, HMBC, and ROESY), and
TOF-MS, and by comparison with literature data [16, 17].

Compound 1 was assigned a molecular formula of
C,,H;40,, as deduced from the [M-H]™ ion at m/z 331 in
negative ion mode TOF-MS. Its IR spectrum exhibited strong
absorption bands at 1640 and 1052cm ™" due to a benzene
ring and ether functional groups. The 'H NMR spectrum of
compound 1 showed signals indicative of three protons on a
benzene ring at 6H 6.72, 6.68, and 7.25 (H-4, H-5, and H-6)
and an alkyl group at 8H 0.87-1.60 (H-1'-15"). These signals
are characteristic of 1,2-dihydroxy-3-alkyl-benzene, strongly
suggesting that compound 1 is an urushiol-type compound.
The characteristic NMR signals for a methylene acetal group
were observed in the 'H NMR spectrum of 1, with a singlet
of two methylene protons at &y 5.92. The existence of the
HMBC correlation between H-1' (8} 2.56), C-2 (8C 145.3),
and C-4 (8C 122.5) confirmed that C-1" of the alkyl group
bonded at C-3 of a benzene ring. The molecular formula
and 'H and ">C NMR spectra indicated that the alkyl group
contained 15 carbons. Based on the above-discussed results
and comparison of spectral data with the literature, the
structure of compound 1 was identified as 3-[pentadecyl]
benzene methyl.

Compound 2 was assigned a molecular formula of
C,,H;,0,, as deduced from the [M-H]™ ion at m/z 329
in negative ion mode TOF-MS. Its IR spectrum exhibited
strong absorption bands at 1640, 1598, and 1052 cm™" due to
a benzene ring, olefinic, and ether functional groups. The
'H and *C NMR spectra of compound 2 were similar to
those of 1 (Table 1), indicating that compound 2 was also an
urushiol-type compound. The IR, molecular formula, and
'H and C NMR spectra indicated that the alkyl group
of compound 2 had one double bond. The position of the
double bond in the alkyl group was determined by the H-H
COSY, HSQC, and HMBC spectra. In the HSQC spectrum,
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FIGURE 4: Structures of urushiol methylene acetal monomers
(compounds 1, 2, 3, and 4).

the methyl proton (H-15') signal of a triplet at 8y 0.92
correlated with the *C signal at 8. 14.1, showing that the 1*C
signal was assigned to C-15'. The cross-peak between C-15'
signal at 8. 14.1 and proton signal at §;; 1.33 observed in the
HMBC spectrum assigned the proton signal to H-13". The H-
13’ signal at &}; 1.33 had a cross-peak with the *C signal at
8¢ 29.3, indicating that the C signal was C-11". The H-11'
signal at 8y 1.65 which correlated with the ">C signal at &
29.3 from the HSQC spectrum showed a cross-peak with the
B signal 8. 130.4, in the HMBC spectrum, so the >C signal
was assigned to C-9', indicating that the double bond was
located at C-9'~C-8'. In the HMBC spectrum, C-9' showed
a cross-peak with the proton signal at 8 2.55 assignable to
H-7' adjacent to a double bond at C-8', and C-8' showed a
cross-peak with the proton signal at dy; 2.04 assignable to H-
10" adjacent to a double bond at C-9'.

Based on the above-discussed results, the structure of
compound 2 was identified to be 3-[8'-pentadecatrienyl]
benzene methylene ether (see Figure 4).

Compound 3 was assigned the molecular formula of
C,,H;,0,, as deduced from the [M-H]- ion at m/z 327 in
negative ion mode TOF-MS. Its IR spectrum exhibited strong
absorption bands at 1630, 1598, and 1052 cm ™" due to benzene
ring, olefinic, and ether functional groups. The 'H and BC
NMR spectra of compound 3 were similar to those of 1
(Table 1), indicating that compound 3 was also an urushiol-
type compound. The IR, molecular formula, and 'H and **C
NMR spectra indicated that the alkyl group of compound 3

had two double bonds. The position of the double bond in the
alkyl group was determined by the H-H COSY, HSQC, and
HMBC spectra. In the HSQC spectrum, the methyl proton
(H-15") signal of a triplet at 8;; 0.95 correlated with the *C
signal at 8. 13.9, showing that the '*C signal was assignable to
C-15'. The H-15' signal at 85 0.95 was coupled with the proton
signal at 8y 1.41 in the H-H COSY spectrum assignable to H-
14'; furthermore, the H-14" signal at 8y; 1.41 coupled with the
proton signal at 8 2.06 was assignable to protons adjacent
to a double bond, and these signal relationships indicated
that a double bond was located at C-12'-C-11". The H-13
signal at 8y; 2.06 had a cross peak with the *C signal at
8 128.5, indicating that the ">C signal was C-11'. The H-
11’ signal at 8y 5.37 which correlated with the ">C signal
at O 128.5 from the HSQC spectrum showed a cross-peak
with the C signal 8. 128.6 in the HMBC spectrum, so
the "°C signal was assigned to C-9'; this indicated that the
second double bond was located at C-9'~C-8'. In the HMBC
spectrum, C-9' showed a cross-peak with the proton signal
at 8 2.56 assignable to H-7' adjacent to a double bond at
C-8', and C-8' showed a cross-peak with the proton signal
at &y 2.81 assignable to H-10" adjacent to a double bond at
C-9'. Based on the above-discussed results, the structure of
compound 3 was identified to be 3-[8',11'-pentadecatrienyl]
benzene methylene ether (see Figure 4).

Compound 4 was assigned a molecular formula of
C,,H;,0,, as deduced from the [M-H]- ion at m/z 325 in
negative ion mode TOF-MS. Its IR spectrum exhibited strong
absorption bands at 1630, 1598, and 1052 cm " due to benzene
ring, olefinic, and ether functional groups. The 'H and *C
NMR spectra of compound 4 were similar to those of 1
(Table 1) indicating that compound 4 was also an urushiol-
type compound. The IR, molecular formula, and 'H and **C
NMR spectra indicated that the alkyl group of compound 4
had three double bonds. The position of the double bonds in
the alkyl group was determined by the H-H COSY, HSQC,
and HMBC spectra. The proton signal of a doublet at §; 5.39
which correlated with the *C signal at 8. 136.9 from the
HSQC spectrum showed a cross-peak with the proton signal
at 8y 5.42 in the H-H COSY spectrum, which indicated that
one double bond was located at C-15'-C-14". In the HMBC
spectrum, C-15" also showed a cross-peak with the proton
signal at &} 2.84 assignable to H-13' adjacent to a double bond
at C-14'. The H-14' signal at 8y, 5.42 which correlated with the
B3C signal at 8. 114.8 from the HSQC spectrum had a cross-
peak with the °C signal at 8 129.8, indicating that the °C
signal was C-12' and that the second double bond was located
at C-12'-C-11'. In the HMBC spectrum, C-12" also showed a
cross-peak with the proton signal at §;; 2.89 assignable to H-
10" adjacent to a double bond at C-11". The cross-peak between
proton signal at 8y; 5.46 assigned to H-12" from the HSQC
spectrum and proton signal at 8y 5.48 observed in the H-
H COSY spectrum assigned the proton signal to H-11". The
H-11" signal at & 5.48 showed a cross-peak with the *C
signal 8¢ 1277, in the HMBC spectrum, so the >C signal
was assigned to C-9'. This indicated that the third double
bond was located at C-9'~C-8'. In the HMBC spectrum, C-9’



also showed a cross-peak with the proton signal at 6y 2.09
assignable to H-7' adjacent to a double bond at C-8'. Based
on the above-discussed results, the structure of compound
4 was identified to be 3-[8',11',14-pentadecatrienyl] benzene
methylene ether (see Figure 4).

4. Conclusions

We synthesized novel urushiol methylene acetal deriva-
tives and separated four kinds of urushiol methylene acetal
monomers which possess 0, 1, 2, and 3 double bonds in
the alkyl side chain. This study produced valuable leading
compounds to help further the design and development of
more potent anticancer agents. In addition, further studies
on the structure-anticancer activity relationship of urushiol
methylene acetal derivatives will be carried out.
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Organic analysis and inorganic analysis are generally based on different physical principles, and for this reason it is difficult to
analyze resins and pigments simultaneously. For these reasons, we have performed Py-GC/MS measurements of red-, yellow-,
and green-colored lacquer films app