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Abstract Coptotermes formosanus Shiraki is a well-known wood-feeding termite, which can
degrade not only cellulose and hemicellulose polysaccharides, but also some aromatic lignin
polymers with its enzyme complex to the woody biomass. In this study, a very abundant protein
was discovered and purified, using a three-step column chromatography procedure, from the tissue
homogenate of the salivary glands and the gut of C. formosanus. Mass spectrometric analysis and
the following peptide searching against the mRNA database toward this termite species indicated
that the novel protein was a hemocyanin enzyme, termed as Hemol, which further exhibited a
strong oxidase activity in the substrate bioassays toward ABTS [2,2"-Azino-bis (3-ethylbenzothiaz-
oline-6-sulfonic acid)], as well as other aromatic analogues, such as catechol and veratryl alcohols.
This oxidative protein was an acid-favored enzyme with a molecular weight at 82 kDa, and highly
active at 80 °C. These findings indicated that the novel protein, hemocyanin, discovered from the gut
system of C. formosanus, might be an important ligninolytic enzyme involved in the biomass
pretreatment processing, which will potentially enhance the digestibility and utilization of biomass
polysaccharides in termite digestive systems.
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Introduction

Lignocellulose from plants consisting of cellulose, hemi-cellulose, and lignin has been considered as
an important resource for biofuels. Biological utilization of lignocellulose typically begins with a
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pretreatment process, followed by the hydrolysis and fermentation processes. Conventional physical
and chemical pretreatments are usually energy intensive and environmentally unfriendly [1]. To
alleviate the problem, much attention has recently been drawn to biological pretreatments, in which
lignin is modified by oxidative metalloenzymes such as laccases and peroxidases, followed by the
hydrolysis of the bonds between lignin and carbohydrates by feruloyl esterases [2, 3].

Lignin-modification enzymes have been found in fungi and insects. Examples include
filamentous basidiomycetes (white- or brown-rot fungi) such as Phanerochaete chrysosporium
[4, 5] as well as wood-feeding insects such as Coptotermes formosanus [6, 7]. Using the
method of tetramethylammonium hydroxide thermochemolysis to probe lignin modification,
Geib et al. [8] reported three types of lignin modification in lower termite Zootermopsis
angusticollis: (1) side chain oxidation, (2) ring hydroxylation, and (3) ring demethoxylation.
Ke et al. [9] reported that lignin undergoes structure change in the gut of C. formosanus as
revealed by pyrolysis-gas chromatography/mass spectrometry and thermogravimetry. Despite
these observations, enzymes responsible for lignin modification in the insect gut remain mostly
unknown except for the well-studied laccases and peroxidases.

King et al. [10] identified a highly expressed oxidase, annotated as a hemocyanin, from a
Limnoriid wood borer Limnoria quadripunctata. Lignin-decomposing function of this hemo-
cyanin has been proposed in light of the lack of laccases and peroxidases in this species.
Mainly found in the hemolymph of many arthropods and molluscs, hemocyanin is a copper
protein, which serves as an oxygen transport molecule by binding 1 dioxygen molecule (O,)
between the two copper atoms [11]. Interestingly, hemocyanins from insects such as silkworm
Bombyx mori, moth Galleria mellonella [12], and tarantula Eurypelma californicum [13], as
well as some crustaceans [14], have been found to exhibit phenol oxidase activity. Limited
proteolysis or chemical denaturation may increase this activity. Since the basic structure units
of lignin are phenol derivatives, the phenol oxidase activity may also oxidize lignin. However,
experimental evidence to support this speculation remains absent.

In this paper, we report the purification of a major ABTS [2,2"-Azino-bis (3-ethylbenzo-
thiazoline-6-sulfonic acid)] oxidase (Hemol) from the tissue homogenate of main digestive
organs (salivary gland and gut) of C. formosanus and its high homology to hemocyanin.
Analysis of its enzymatic activities revealed that Hemol oxidized veratryl alcohol and
catechol, providing experimental evidence that supports the lignin-modification activity of
hemocyanin. Hemocyanin may thus serve to modify lignin in the insect’s gut to increase the
accessibility of other wood-degrading enzymes such as cellulases and hemicellulases. Thus
Hemol may be further explored as a candidate enzyme for biological pretreatment of lignin.

Materials and Methods

Termite

Wood-feeding termite, C. formosanus Shiraki, were originally collected from the campus of
Zhongshan University, Guangzhou, People’s Republic China, and maintained in the laboratory
at 25+2 °C. A total of 3,000 worker termites were carefully dissected, and the salivary glands
and guts were collected and kept frozen at —20 °C in 50 mM Naz;PO, buffer (pH 7.0) until use.

Protein Purification

The tissues of the digestive organs of C. formosanus, including the salivary glands and the gut
system, were homogenized on ice using a homogenizer in the presence of 1 mM PMSF
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(phenylmethanesulfonyl fluoride) and subsequently sonicated. The homogenate was centri-
fuged at 12,000xg for 10 min at 4 °C, the supernatant collected and buffer exchanged into
20 mM Tris-Cl (pH 8.0) using a HiTrap desalting column (GE Healthcare, Chalfont, St. Giles,
UK). The homogenate proteins were fractionated using cation-exchange chromatography (5-
ml HiTrap Q HP column, GE Healthcare) with step-elution by 0 tol M NaCl in 20 mM Tris-
Cl, pHR8.0. Fractions exhibiting high oxidase activities on ABTS were pooled and further
purified using hydrophobic interaction chromatography (1-ml HiTrap Phenyl HP column, GE
Healthcare) with step-elution by 1 to 0 M (NH4),SO4 in 50 mM Naz;PO,, pH 7.0. Fractions
with high ABTS oxidase activity were pooled, buffer-exchanged into 20 mM Tris-HCI (pH
8.0) using the HiTrap desalting column, and further purified using anion-exchange chroma-
tography (1-ml HiTrap DEAE FF column, GE Healthcare) with step-elution by 0 tol M NaCl
(in 20 mM Tris-HCI, pH 8.0). Highly active fractions were pooled and subject to SDS-PAGE
(sodium dodecyl sulfate-polyacrylamide gel electrophoresis) and non-denaturing PAGE anal-
yses to determine the protein purity. The protein content was determined by the BCA method
using a BCA assay kit (Beyotime, Jiangsu, People’s Republic China).

Mass Spectrometric Analysis of the Purified Protein

The purified protein, termed Hemol, was eluted from the SDA-PAGE gel and sent to Shanghai
Boyuan Biological Technology Co., LTD (Shanghai, People’s Republic China) for MS
analysis (ABI, MALDI-TOF/TOF 4800 mass spectrograph) after trypsinization [15]. Protein
identification was performed using MAS-COT Distiller (http:/www.matrixscience.com/,
Matrix Science, UK) against the protein database translated from the mRNA sequences of
C. formosanus’s gut (unpublished data) using a significance threshold of p<0.05. The cDNA
sequence of hemol was deposited in GenBank under the accession number: KF718963.

Enzyme Assays

For all enzyme assays, the reaction mixture consisted of 20 pl enzyme preparation, 200 pl
substrate solution, 320 pl buffer (200 mM), and 360 ul water. Buffers used included: glycine-
HCI, pH 1.5~3.5, sodium acetate, pH 4.0~5.5, and sodium phosphate, pH 6.0~7.0, For protein
purification, the enzyme assay was performed at 30 °C and pH 4.0 for 30 min, using ABTS as
the substrate. The reaction was terminated by placing the assay tube on ice for 2 min before
0Dy, reading using a spectrophotometer [16]. For optimal pH determination, the enzyme
assay was performed at 80 °C for 150 s in various buffers with pH ranging from 1.5 to 7.0. For
optimal temperature determination, the enzyme assay was carried out at pH 2.5 for 150 s under
various temperatures. For pH tolerance tests, the purified enzyme was pretreated in buffers
with different pH at 80 °C for 1 h, and the remaining activity was determined at 80 °C, pH 2.5
for 150 s. For thermostability tests, the purified enzyme was pretreated at 80 °C, pH 2.5 for
with various time intervals and the remaining activity determined under the same conditions
for 150 s. Catechol oxidase activity [17] and veratryl alcohol (3,4-dimethoxybenzyl alcohol)
oxidase activity [18] were determined at 80 °C, pH 2.5 for 150 s. The optical density of the
oxidation product was measured at 420 nm (catechol oxidase) or 310 nm (veratryl alcohol
oxidase) using a spectrophotometer. The substrate concentration of ABTS, veratryl alcohol,
and catechol were 0.5, 1, and 50 mM, respectively; and the extinction coefficients of the
oxidation products were 36,000, 9,256, and 3,450 M!'em !, respectively. All the enzymatic
activities showed in the manuscript were calculated based on a standard assay by subtracting a
blank control in the absence of enzymes and subtracting an enzyme control in the absence of
substrates. One unit of the specific enzyme activity (U) was defined as the number of
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micromoles of the oxidation product produced per minute per milligram protein. The K, value
was measured using the Lineweaver—Burk method under optimal conditions.

Results
Purification of Hemol

The tissue homogenate was obtained from the digestive organs of the wood-feeding termite,
C. formosanus, and subject to SDS-PAGE analysis. As shown in Fig. 1a, a major protein of an
apparent molecular weight of about 82 kDa was observed (lane 1). To determine the function
of this protein, a three-column chromatography procedure was set up to purify the protein.
First, the tissue homogenate was fractionated by a cation-exchange column (HiTrap Q HP).
The bound proteins were step-eluted with a 0—1 M of NaCl gradient and assayed for the ABTS
oxidase activity. SDS-PAGE analysis of the pooled active fractions showed that the protein
purity was substantially increased (lane 2, Fig. la). The pool was further purified by a
hydrophobic interaction (HIC) column (HiTrap Phenyl HP). The bound proteins were step-
eluted with a 1-0 M (NH4),SO,4 gradient and active fractions pooled. This chromatography
step further increased the purity of the protein (Lanes 3 and 5, Fig. 1a). Finally, the protein was
purified by an anion-exchange column (HiTrap DEAE FF column). The bound proteins were
step-eluted with a 0—1 M NaCl gradient. After this step, the purified active component
appeared homogeneous as analyzed by both SDS-PAGE (lane 6, Fig. la), and non-

A

1 2 3 4 5 6 1 2

Fig. 1 Purification of Hemol from the tissue extract of C. formosanus by the three-column chromatography
procedure. At each step, the eluted fractions were examined for the ABTS oxidase activity. The highly active
fractions were pooled and subject to gel electrophoresis analysis. a SDS-PAGE analysis. Lane I: crude tissue
extract; lane 2: high activity pool from the HiTrap Q HP column; /lane 3: high activity pool from the HiTrap
Phenyl HP column; /ane 4: protein molecular weight standards; /ane 5: another high activity pool from the
HiTrap Phenyl HP column; /ane 6: high activity pool from the HiTrap DEAE FF column. b Non-denaturing
PAGE analysis. Lane I: crude tissue extract; lane 2, high activity pool from the HiTrap DEAE FF column. Gels
were stained by Coomassie blue for protein visualization
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denaturing PAGE (lane 2, Fig. 1b). The activity of the final purified Hemol against ABTS was
6.4 times larger than that of the original tissue homogenate.

Mass Spectrometry and Bioinformatic Analyses of Hemol

The identity of the purified protein was determined by peptide-mapping analysis using mass
spectrometry. As shown in Table 1, the result of MALDI-TOF/TOF analysis revealed that the
protein matched a hemocyanin from the transcriptome of C. formosanus with up to seven ions
scores >25 (p<0.05) and the sequence coverage of 23 %. Accordingly, we named the protein
to be Hemol. Based on its mRNA sequence, Hemol has 668 amino acid residues, with a
calculated molecular weight of 82.3 kDa and pl value of 7.73. The apparent molecular weight
of Hemol as determined by SDS-PAGE analysis (Fig. 1a) matches the expected size, which
further confirms its identity of the purified protein to be the Hemol.

BLAST search of the Hemol protein sequence against the NR database revealed that the
best hit for Hemol is a hexamerin from Reticulitermes speratus (Genbank accession number:
BAG48838.1; http://www.ncbi.nlm.nih.gov), with a similarity of 80 %. Hexamerins are
hemocyanin-derived storage proteins that have lost the ability to bind copper ions and transport
oxygen. Results of Pfam domain searches revealed three domains of hemocyanin: an alpha
domain, a copper containing domain, and an Ig-like domain, with E values <10~** (http://
pfam.sanger.ac.uk).

The Optimal pH and Temperature of Hemol

The pH dependence of the ABTS oxidase activity of the purified Hemol was determined at
80 °C for 150 s with pH ranging from 1.5 to 7.0. As shown in Fig. 2, Hemol was active
mainly under acidic conditions (pH<6), displaying the optimal pH of 2.5 under the assay
conditions. After this pH, the activity declined with increasing pH. The activity finally
disappeared at pH 7.0. The temperature dependence was determined at the optimal pH of
2.5 under the assay conditions with temperature ranging from 20 to 90 °C. Interestingly, the
enzyme activity increased with increasing temperature until it peaked at the optimal temper-
ature of 80 °C (Fig. 3).

Thermostability and pH Tolerance of Hemol

It is interesting that the Hemoldisplayed high activity at high temperatures (80-90 °C). We
thus examined if the enzyme is stable at its optimal temperature (80 °C) and optimal pH of 2.5.
The ABTS oxidase activity was not stable under the assay conditions. It lost about 30 % of its
activity after 1-h incubation and about 80 % of its activity after 4 h (Fig. 4). On the other hand,
with 1-h incubation at 80 °C and different pH, Hemol1 retained about 50-70 % of its activity
under acidic conditions with pH ranging from 1.5 to 4.0 (Fig. 5). It was most stable at pH 2.0.

Effect of Different Reagents

To determine the effects of various chemical additive on the enzyme activity of the purified
Hemol, the enzyme was incubated with different metal ions (1 mM Mg**, Ca®*, Co**, Cu*",
or Zn>"), a chelator (10 mM EDTA), or a detergent (0.1 % SDS) at room temperature for
10 min before the ABTS oxidase activity assay was performed at 80 °C (pH 2.5) for 150 s with
the assay mixture containing the same amount of respective additive. As shown in Fig. 6,
1 mM Cu?" and Zn®" enhanced the enzymatic activity by about 60 and 20 %, respectively,
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Fig. 2 pH dependence of the ABTS oxidase activity of the purified Hemol. Enzyme assays were performed at
80 °C for 150 s. Glycine-HCI buffer were used for pH 1.5 to 3.5; acetate buffers for pH 4.0 to 5.0; and phosphate
buffers for pH 6.0 to 7.0. No activity above pH 7.0 was detected. Error bars represent standard deviations (n=3)

while 1 mM Co®" and 0.1 % SDS reduced the activity by about 30 and 40 %, respectively. The
effect of 1 mM Mg*", Ca®" or 10 mM EDTA was statistically insignificant (p=0.13) in a one-
way ANOVA analysis (Excel 2007, Microsoft, USA).

Specific Activities on Different Substrates

To determine if Hemo1 has the capability to modify lignin, the oxidase activity against catechol and
veratryl alcohol, the latter being the simplest lignin model compound. The activity against ABTS
was also determined for comparison. Among the three substrates tested, Hemol exhibited the
highest activity toward ABTS with the specific activity of 89.11 mU/mg and K,, value of 44 uM
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Fig. 3 Temperature dependence of the ABTS oxidase activity of the purified Hemol. Enzyme assays were
performed at pH 2.5 for 150 s. Error bars represent standard deviations (n=3)
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Fig. 4 Stability of the ABTS oxidase activity of the purified Hemolat 80 °C, pH 2.5. The enzyme assay was
performed for 150 s. Error bars represent standard deviations (n=3)

(Table 2). Hemol also displayed a weak catechol oxidase activity and veratryl alcohol oxidase
activity with the specific activities of 0.14 and 0.11 mU/mg, respectively.

Discussion

The discovered novel oxidase, Hemol, identified from the gut system of a wood-feeding
termite, C. formosanus, was a thermostable and versatile oxidase against various aromatic
compounds. It is reported that the hemocyanin identified from tarantula Eurypelma
californicum is a thermostable enzyme that can be active at 90 °C [19]. In this study, Hemol

140%
3 120%
=
< 100%
S 80%
3 60%
o
Z  40%
=
20%
09/! T T T 1
0 1 2 3 4
Time (h)

Fig. 5 Stability of the ABTS activity of the purified Hemol1 at different pH values. Hemol was pretreatment for
1 h at 80 °C in 100 mM buffer with pH ranging from 1.5 to 3.5 (Glycine-HCI) or at 4.0 (acetate buffer) before
enzyme assay was performed at 80 °C, pH 2.5 for 150 s. Error bars represent standard deviations (n=3)
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Fig. 6 Effects of metal ions, a denaturant (SDS), and chelator (EDTA) on the ABTS activity of the purified
Hemol. Hemol was incubated with 1 mM of Mg**, Ca>*, Co*", Cu®", Zn®", 0.1 % SDS, orl0 mM EDTA for
10 min at room temperature before enzyme assay was performed at 80 °C, pH 2.5 for 150 s in the presence of the
same amount of respective additive. Error bars represent standard deviations (n=3)

purified from C. formosanus was also found to be highly active at 90 °C. In addition, tarantula
hemocyanin has been reported to primarily oxidize L-dopa and its derivatives (catechol
derivatives) [13], but we found that this novel Hemol from C. formosanus exhibited a versatile
oxidase function toward ABTS, catechol, as well as veratryl alcohols. Hemol was actually
very abundant in the digestive system of C. formosanus (Fig. 1), which may indicated that
Hemol is an inevitable enzyme that plays an important oxidase function to woody biomass.
Hemol might be involved in the biological pretreatment processing toward lignocellulosic
biomass and may functionally cooperate with other lignolytic enzymes, such as laccases,
peroxidases, and other oxidases, found in the gut system of C. formosanus. As a matter of fact,
one of the reaction substrate of Hemol, Veratryl alcohol, that has a higher redox potential than
phenol [20], is the smallest lignin model compound typically used for assessing if an enzyme
to modify lignin [21]. The veratryl alcohol oxidase activity exhibited by Hemol suggests that
it may play a role in lignin modification in the gut system of C. formosanus to assist the in situ
lignocellulose pretreatment process [22]. Our data also indicated that H,O, at 0.1 mM did not
have any effect on the enzymatic activities of Hemol, suggesting that the enzyme uses oxygen
as an oxidant, instead of H,O,. This property implies a sharp contrast to that of the recom-
binant laccase, RfLacA, from another wood-feeding termite, Reticulitermes flavipes [23],

Table 2 Specific activities on different substrates

Substrates Specific activities * (mU/mg) K, (LM)
ABTS 89.11+£7.23 44
Veratryl alcohol 0.11+0.07 n.d.
Catechol 0.14+0.07 n.d.

n.d. not determined
0.1 mM H,0, had little effect on the activities of Hemol
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which can employ H,O, as an oxidant. In addition, RfLacA does not oxidize ABTS while
Hemol exhibited a high specific activity toward this substrate. Clearly, these two enzymes
mentioned above exhibit important differences in substrate specificity. If these two types of
enzymes co-exist in a termite’s gut system, it is likely that they may complement each other to
enhance the lignin degradation processing.

From the evolutionary point of view, arthropod hemocyanins, arthropod phenol oxidases,
crustacean pseudohemocyanins, and other insect storage hexamerins are closely related [24],
which actually come into a protein superfamily. Hemocyanins are generally a kind of copper-
containing proteins, consistent with our observations that 1 mM Cu®" can significantly
(»<0.05, ¢ test) enhance the ABTS oxidase activity of Hemol (Fig. 6). The oxidase activity
of many hemocyanins indeed requires activation by detergent or partial proteolysis [24].
However, the native crustacean hemocyanins would exhibit the oxidase activities without
adding any detergent or proteolysis [14]. Similarly, the ABTS oxidase activity of Hemol from
C. formosanus did not require any activation processing by SDS treatment to enhance its
activity. The limited chelating effect of EDTA to the activities of Hemo1 in Fig. 6 was probably
due to the low pH value (2.5) greatly limiting its chelating effect, the interference of glycine
buffer to EDTA, as well as the intrinsic stable binding between Hemol and copper ions.

Annotations of the mRNA sequence databases of C. formosanus and other wood-feeding
termites, such as R. flavipes and Zootermopsis nevadensis, reveal that there are at least two
hemocyanin-like proteins in these wood-feeding insects [25, 26], which suggested that
hemocyanins indeed exist in these kinds of wood-feeding termites, and their lignin-
modification functions for biomass pretreatment might be prevalence [27]. However, it is
not clear whether or not all of these hemocyanin-like proteins have the similar functions to
degrade the recalcitrant lignin compounds in woody biomass. More studies are needed for
better understanding of their biological functions, particularly for why the unique duplicated
hemocyanins exist in these wood-feeding insects.

Wood-feeding termites are among the most efficient natural biomass deconstructing systems,
which can utilize not only cellulose and hemicellulose polysaccharides, but also some aromatic
lignin polymers with its unique enzyme complex [27, 28]. The novel lignolytic enzyme, Hemol,
may play a specific and inevitable role in the biomass pretreatment processing in the gut system of
C. formosanus. Examination of lignolytic enzyme constitutes and their responsible functions in
the wood-feeding termites, in order to identify the novel mechanisms in biomass pretreatment
processing, may be the main focus in the future to develop the nature-inspired technology for
further improving managed industrial processing in biomass conversion [27].
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