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BIOTECHNOLOGICALLY RELEVANT ENZYMES AND PROTEINS
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Abstract Thermobifida fusca is a moderately thermophilic
soil bacterium belonging to Actinobacteria. It has been
known for its capability to degrade plant cell wall polymers
except lignin and pectin. To know whether it can produce
enzymes to facilitate lignin degradation, the extracellular
proteins bound to sugarcane bagasse were harvested and
identified by liquid chromatography tandem mass spectrom-
etry. Among the identified proteins, a putative copper-
containing polyphenol oxidase of 241 amino acids, encoded
by the locus Tfu 1114, was thought to presumably play a
role in lignin degradation. This protein (Tful114) was thus
expressed in E. coli and characterized. Similarly to common
laccases, Tfull14 is able to catalyze the oxidation reaction
of phenolic and nonphenolic lignin related compounds such
as 2,6-dimethoxyphenol and veratryl alcohol. More interest-
ingly, it can significantly enhance the enzymatic hydrolysis
of bagasse by xylanase and cellulase. Tfulll4 is stable
against heat, with a half-life of 4.7 h at 90 °C, and organic
solvents. It is sensitive to ethylenediaminetetraacetic acid
and reducing agents but resistant to sodium azide, a potent
inhibitor of laccases. Atomic absorption spectroscopy
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indicated that the ratio of copper to the protein monomer
is 1, instead of 4, a feature of classical laccases. All these
data suggest that Tfull14 is a novel oxidase with laccase-
like activity, potentially useful in biotechnology application.
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Introduction

Over the past decades, seeking sustainable energy has
gained its momentum due to the continuously increasing
price of gasoline. Biofuel produced from lignocellulosic
agricultural wastes has been considered to be one of the
alternatives if economic and environment-friendly processes
can be developed. One of the major hurdles in the way of
achieving this goal is the difficulty of removing lignin from
the wastes; therefore, the cellulose and hemicellulose within
cannot be digested efficiently by the corresponding glyco-
side hydrolases (Mussatto et al. 2010). Lignin peroxidase,
manganese-dependent and manganese-independent peroxi-
dases and laccase, particularly those produced by white-rot
fungi, have long been known to be able to promote the
lignin degradation (Moreira et al. 1997). Nonetheless, the
application of these enzymes in the biofuel production pro-
cess is still far from practical in the viewpoint of cost.
Laccases (EC 1.10.3.2) are blue multicopper oxidases
that catalyze the oxidation of both phenolic and nonphenolic
lignin-related compounds as well as highly recalcitrant en-
vironmental pollutants, coupled with the reduction of mo-
lecular oxygen to water (Madhavi and Lele 2009; Giardina
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et al. 2010). The broad substrate range makes laccases
excellent candidates for many industrial and biotechnologi-
cal applications, such as decolorization of textile dyes and
bioremediation of soils and water (Duran et al. 2002;
Rodriguez Couto and Toca Herrera 2006). Laccases have
been isolated from many plants, fungi, and bacteria. On
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), most laccases show mobility corresponding
to molecular mass 60—100 kDa, and many, particularly those
from eukaryotes, are glycosylated (Baldrian 2006). The
plant laccases play a role in the formation of lignin by
promoting the oxidative coupling of monolignols
(Solomon et al. 1996). Most of the known laccases are of
fungal origin, and they participate into a variety of physio-
logical functions such as stress defense and lignin degrada-
tion (Giardina et al. 2010; Kiies and Riihl 2011). CotA, a
component of the endospore coat of Bacillus subtilis, exem-
plifies the bacterial laccases (Hullo et al. 2001). It was
thought to be associated with the biosynthesis of spore
pigment, and spore resistance to UV light and H,0,
(Enguita et al. 2003). Fungal and CotA-like bacterial lac-
cases have conserved regions in which histidine residues
can bind four copper atoms located at two main sites, the
type 1 blue copper center T1 and the T2/T3 trinuclear cluster
(Ducros et al. 1998; Enguita et al. 2003; Hakulinen et al.
2002; Hullo et al. 2001; Piontek et al. 2002). These copper
atoms are essential for the oxidation activity. Recently, a
new family of bacterial laccases (the DUF152 family), in-
cluding RL5 isolated from bovine rumen microflora, BT4389
from Bacteroides thetaiotaomicron, and YfiH from
Escherichia coli, was found to have strong oxidation activities
toward various aromatic compounds (Beloqui et al. 2006).
Inductively coupled plasma mass spectrometry indicated that
RLS5 also contains four copper atoms per monomer, although
it is quite different from CotA in terms of the length and amino
acid sequence of the polypeptides.

Thermobifida fusca is a Gram-positive, moderately ther-
mophilic, filamentous soil bacterium. It is known as an
excellent producer of cellulolytic enzymes (Maki et al.
2009). However, no ligninolytic enzyme from 7. fisca has
been reported in the literature. 7. fusca NTU10-1 strain,
isolated from local compost, thrives in the medium with
sugarcane bagasse as the sole carbon source. This indige-
nous strain could produce a great quantity of extracellular
endoxylanases (Yang et al. 2007). It was postulated that this
strain may produce enzymes to help the removal of lignin so
that the cellulose and hemicellulose in bagasse could be
consumed efficiently. Database mining of the complete ge-
nome sequence of 7. fusca YX, which was accessible in
2007 (Lykidis et al. 2007), did not find genes that encode
fungal laccase-like proteins. However, one open reading
frame (7fu_1114) encodes a hypothetical protein that con-
tains consensus sequences of the protein family DUF152. In
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this study, the protein, tentatively named Tfulll4, was
found in the culture medium of 7. fusca NTU10-1 and to
be able to bind to sugarcane bagasse. Tfulll4 was thus
overexpressed in E. coli and purified to homogeneous state.
Activity assay confirmed that Tfulll4 can catalyze the
oxidation of a number of aromatic compounds, commonly
used in the laccase activity assays. More interestingly,
Tfull14 can help endoxylanase and endocellulase to release
reducing sugar equivalents from sugarcane bagasse.

Materials and methods
Bagasse preparation

Sugarcane bagasse, collected from the local market, was
washed extensively with running water until the residual
soluble sugar was removed. Then, it was dried and smashed
with a blender. The small pieces, passed through a 100 mesh
screen, were collected and used in this study.

Bacterial strains

T fusca NTU10-1, cultivated routinely in CYC medium
(Czapek-Dox powder, 33 g/L; yeast extract, 2 g/L; casamino
acids, 6 g/L; pH 7.2) at 50 °C, was the source of chromo-
somal DNA and extracellular proteins studied in this study.
This strain was deposited in the Bioresource Collection and
Research Center (BCRC, Hsinchu, Taiwan) with stock num-
ber BCRC 19214. E. coli BL21(DE3) strain (Merck KGaA,
Darmstadt, Germany) was used as the host for heterologous
protein expression.

Extracellular protein identification

T fusca NTU10-1 was cultivated in 100 ml CYC medium
that also contained 0.125 % dry bagasse at 50 °C, 200 rpm
of shaking, for 6 days. The supernatant was collected by
centrifugation at 6,000 rpm for 30 min and filtrated through
polyethersulfone bottle-top filter unit (pore size, 0.2 pum)
(Merck KGaA, Darmstadt, Germany). The clarified sample
was concentrated to 5 ml and mixed with approximately
40 ml swollen bagasse in 50 mM phosphate buffer, pH 7.5.
After an incubation on a rotary shaker at 4 °C for overnight,
the mixture was packed into a column (8 x2.8 cm) (Bio-Rad
Laboratories Inc., Hercules, USA). The unbound proteins in
the column were washed away with 400 ml phosphate
buffer, and the bound proteins were eluted with 0.2 M
succinate buffer, pH 4.0. The proteins in the eluate were
precipitated with trichloroacetic acid and redissolved in
water. Finally, the protein identity was analyzed by liquid
chromatography tandem mass spectrometry (LC-MS/MS)
using an Applied Biosystems QStar LC-MS/MS spectrometer
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(Life Technologies Corp., Carlsbad, USA). The obtained mass
spectrometry information was analyzed with Mascot software
(Matrix Science Ltd., London, UK) using the NCBInr data-
base. The important parameter settings for Mascot analysis
were as follows: mass values, monoisotopic; protein mass,
unrestricted; peptide mass tolerance, 0.5 Da; fragment mass
tolerance, 0.5 Da; and maximal missed cleavages, 2.

Plasmids

Tfu 1114 was amplified from the chromosomal DNA of 7.
fusca NTU10-1 in PCR using primers 5'-TATGAATTC
AGTGACGGGCACCGTGGTCGAG and 5'-TTT
GGTACCTCATGGGACCCTCCAGACATATCCGG (the
nucleotides in italic are the engineered restriction sites of
EcoRI and Kpnl, respectively) according to the gene sequence
of T fusca YX (NCBI accession number YP 289175). The
PCR-amplified fragment was recovered and digested with
EcoRI and Kpnl, and then ligated with EcoRI-Kpnl-treated
pETDuet-1 (Merck KGaA, Darmstadt, Germany) to generate
the Tfulll4 expression plasmid. Similarly, 7fiz 1213 and
Tfi_1074, coding for endoxylanase and endocellulase, respec-
tively, were amplified by PCR and inserted into pETDuet-1 for
the production of the mature form of the proteins in E. coli. All
the recombinant proteins were fused with a His-tail at the N
terminus.

Recombinant protein preparation

The E. coli BL21(DE23) cells, harboring the desired plasmid,
were grown in 200 ml ampicillin-containing Luria—Bertani
medium at 37 °C. To induce the protein expression, 1| mM
isopropyl-{3-D-thio-galactopyranoside and 0.5 mM copper
sulfate, in the case of producing Tfulll4, were added into
the culture when the cell density reached ODgp~0.8. The
cultivation was continued for 4 h. The cell pellet after
centrifugation was suspended in 20 ml lysis buffer
(50 mM Tris—HCI, pH 8.0, 100 mM NacCl, 10 % glycerol),
supplemented with 1 mM phenylmethylsulfonyl fluoride
and 5 mM imidazole, and disrupted on ice with Sonicator
3000 (Misonix Inc., Farmingdale, USA) with 5 s pulse and
10 s pause intermittently, power setting at 30 W, for total
15 min. The homogenized cell extract was clarified by
centrifugation at 10,000xg for 10 min. The supernatant
was loaded onto a 5-ml Ni**-NTA column (Merck KGaA,
Darmstadt, Germany). The column was washed with 100 ml
lysis buffer, supplemented with 20 mM imidazole, and the
protein bound to the column was finally eluted with the lysis
buffer containing 500 mM imidazole. In the case of
Tfulll4, the purified enzyme was dialyzed against a
10,000-fold volume of lysis buffer to remove the excess
copper ion and imidazole. The protein concentration was
determined using the Bradford assay kit (Bio-Rad

Laboratories Inc., Hercules, USA) with bovine serum albu-
min as the standard.

Activity assay

Unless otherwise indicated, the standard laccase activity assay
was carried out at 50 °C for 15 min, using 2 mM 2,6-dime-
thoxyphenol (2,6-DMP) as the substrate in 20 mM phosphate
buffer, pH 8.0. The 2,6-DMP oxidation was monitored by the
increase in absorbance at 470 nm (€470=35,645 Mflcmfl).
Alternative substrates for measurement of laccase activity were
veratryl alcohol (g310=9,300 M 'ecm ™), 2,2"-azino-bis(3-eth-
ylbenzthiazoline)-6-sulfonate (ABTS) (£420=36,000 M
cm '), and guaiacol (£479=26,600 M 'em™"). One unit was
defined as the activity to oxidize 1 umol of the substrate per
minute under the indicated reaction condition.

Bagasse hydrolysis assay was carried out by mixing 10 mg
dried bagasse with the specified amounts of the recombinant
T fusca endoxylanase (product of Tfu 1213), endocellulase
(product of Tfu_1074) or/and Tfull14, obtained as the afore-
mentioned description in this text, in 1 ml 20 mM phosphate
buffer, pH 8.0. The mixture was placed on a rotary shaker,
250 rpm, at 50 °C for 15 h. The reducing sugars released into
the supernatant after the incubation was estimated by dinitro-
salicylic acid method using glucose as the standard.

Protein binding activity to bagasse was assayed by mix-
ing 0.5 mg of the protein and 10 mg bagasse in 1 ml 20 mM
phosphate buffer, pH 8.0. The mixture was shaken at 4 °C
for 30 min. After centrifugation at 12,000 rpm for 20 min,
the amount of the protein still remained in the supernatant
was estimated by SDS—-12 % PAGE.

Instrumental analysis

The appearance of bagasse after being treated with the indicated
enzymes was observed with a tabletop scanning electron mi-
croscope TM-1000 (Hitachi Ltd., Tokyo, Japan). The sample
was mounted on a circular aluminum stub with double carbon
sticky tape and then examined at an accelerating potential of
1.5 kV. The copper content of Tfulll4 was measured using
Pinnacle 900H graphite furnace atomic absorption spectrome-
ter (PerkinElmer Inc., Waltham, USA) equipped with Lumina
hollow cathode lamp. Copper pure single-element standard
(PerkinElmer Inc., Waltham, USA) was used as the standard.

Results
The reason to study Tfulll4
T fusca NTU10-1 can efficiently digest sugarcane bagasse

(data not shown). To know more about the enzymes involved
in bagasse hydrolysis, the extracellular proteins that bound to
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bagasse were collected as described in the “Materials and
methods,” and the protein composition in the collection were
analyzed by LC tandem mass spectrometry (Table 1). Details
of the spectrometry data can be seen in the supplementary
Table S1. As expected, a bunch of cellulases, xylanases, and
cellulose-binding proteins were identified. There were also
two proteases in the collection. Obviously, these proteins are
critical for the hydrolysis of composite polysaccharides and
proteins. Another group of the proteins consists of compo-
nents of the ATP-binding cassette-type transporters and other
transport systems. They should participate into active trans-
port of the hydrolyzed soluble products. A couple of oxidor-
eductases and a hypothetical single-stranded DNA-binding
protein were also found in the collection. Their functions in
relation to bagasse hydrolysis were unclear. Although all the
proteins were eluted from bagasse, some of them might bind
to bagasse indirectly through protein—protein interactions.
Interestingly, one of the oxidoreductases found in the
collection is Tfulll4, a putative polyphenol oxidase be-
longing to the protein family DUF152. Would it be possible
that Tful114 functions as a laccase to promote the enzymat-
ic hydrolysis of bagasse by glycoside hydrolases? To test
this hypothesis, Tful114 was chosen for functional analysis
in this study. The gene Tfu 1114 was amplified from the

chromosomal DNA of 7. fusca NTU10-1 by PCR. The
obtained PCR product has one nucleotide difference from
that of 7. fusca YX in the total 723 nucleotides, leading to a
substitution of lysine for Arg49 in this hypothetical protein.
Multiple sequence alignment shows that the percent identi-
ties, in amino acid sequences, of Tfulll4 to RL5, YfiH,
BT4389, and 1T8H are 26, 21.5 32.6, and 29.8 %, respec-
tively (Fig. 1). 1T8H is an uncharacterized protein from
Bacillus stearothermophilus, whose structure was deter-
mined by Minasov et al. (2011), available from the RCSB
PDB website (http://www.rcsb.org/pdb/home/home.do).

Characterization of the oxidation activity of Tfull14

Tfu_1114 was inserted into plasmid pETDuet-1, and the result-
ing construct was introduced into E. coli BL21(DE3) to pro-
duce the recombinant Tful114 with a histidine tag fused at the
N terminus. Induction with 1 mM IPTG and 0.5 mM copper
sulfate at an ODgy of 0.8 was found to be optimal for the
protein expression. The recombinant Tfull14 in the cell ex-
tract was purified by immobilized metal affinity chromatogra-
phy (Fig. 2), followed by dialysis to remove excess copper.
The oxidation activity of the recombinant Tful114 toward
a variety of laccase substrates was assayed at 50 °C in buffer

Table 1 Extracellular proteins of 7. fusca that bound to sugarcane bagasse

Protein hits ~ Locus tag  Function description Amino acid number  Signal peptide®
gi|72161024  Tfu 0620  Cellobiohydrolase 596 Yes
gi|72162358  Tfu 1959  Cellulose 1,4-B-cellobiosidase 984 Yes
2i|72162013  Tfu 1612  Xyloglucanase 925 Yes
gi|72161478  Tfu 1074  Endoglucanase 441 Yes
2i|310897 Tfu 1627  B-1,4-Endoglucanase (E1) 974 Yes
2i|2554767 Tfu_ 2176  Cellulase (E4) 880 Yes
gi|55774588  Tfu 1213  Endo-1,4-B-D-xylanase 338 Yes
2i|1621277 Tfu 2923  P-1,4-Endoxylanase 491 Yes
gi|72162802  Tfu 2403  Aminopeptidase Y 512 Yes
2i/3220023 Tfu 0484  Alkaline serine protease precursor 368 Yes
gi|72161672  Tfu 1268  Cellulose-binding protein 222 Yes
gi|72162066  Tfu 1665  Cellulose-binding family II protein 438 Yes
gi|72161011  Tfu 0607 LPXTG-motif cell wall anchor domain-containing protein 414 Yes
gi|72162321  Tfu 1922  Periplasmic xylose-binding component of the ABC-type transport systems 372 Yes
gi|72161337  Tfu 0933  ABC transport system substrate-binding protein 285 Yes
gi|72162736  Tfu 2337  ABC-type glucosylglycerol transport system substrate-binding protein 448 Yes
2i|72161213  Tfu 0809  Extracellular solute-binding protein 285 Yes
2i|72162220  Tfu 1821  Peptide transport system substrate-binding protein 587 Yes
gi|72161361  Tfu 0957  Superoxide dismutase 204 -
gi|72161518  Tfu 1114  Multicopper polyphenol oxidase 241 -
gi[72161398  Tfiu 0994  Dihydrolipoamide dehydrogenase 459 -
2i|72163493  Tfu 3094  Single-stranded DNA-binding protein 182 -

#The presence of signal peptide was predicted by SignalP 2.0 HMM.
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Tfullld 1 -VIGTVV ---------- ELAPGIHAGF TGRAGGVSGEP YATLNLGDHV GDDPAA VAENRKRAA
RL5 1 -MIELEK ------ LDFAKSVEGVEAFS TTRGQVDGRNA YSGVNLCDYV GDDALR VLDARLTLA
YEiH 1-MSKLIVP ------- QWPLPKGVAACS STRIGGVSLPP YDSLNLGAHC GDNPDH VEENRKR -L
BT4389 1 -MISITKDKRMLGYESLSSYSNISHFV  TTRQGGCSEGN YASFNCTPYS GDEAEK VRRNQTLLM
1T8H 1 -MPDIFQQEARGWLRC ------- GAPPFAGAVAGL TTKHGGESKGP FASLNMGLHV GDDRTD VVNNRRRLA
Tfullld 53 -LGFGISPDRV VWMNQVHGATAVT VTGS --------- GQAGD - VDAVV TPEA GLALA VLV ADCL
RL5 57 -MQLGVDLDDL VIMPR QTHSCRVAV IDERFRALDIDEQEAALEGV DALV TRLQGIVIG VINTADCY
YEiH 55 - FAAGNLPSKP VWLE QVHGKDVLN LTGE --------- PYASKRA DASY SNTP GRVCA VMTADCL
BT4389 63 -EGMSQIPEEL VIPVQTHETNYLL IGDAYLSASSQQRQEMLHGV DALI TREP GYCLC ISTADCV
1T8H 64 - EWLAFPLERW VCCE QVHGADIQK VTKSDRGNGAQDFATAVPGV DGLY TDEA GVLLA LCFADCV
Tfullld 106 - PLLVADAAAGV IGAAHAGRPGMAAG VVPAL VAEMARHG - ARPERCVALL GPAICGRC YEVPRD
RL5 120 -PIVLVDSQAGI VAVSHAGWRGTVGR IAKAV VEEMCRQ - GATVDRIQAAM GP SI|JODE|FEVGDE
YfiH 109 - PVLFCNRAGTE VAAA HAG WR GLCAG VLEET VSCFADN - --- PENILAWL GPAIGPRA FEVGAE
BT4389 126 -PVLVYDKKHGA IAAT HAGWRGTVAY IVRDT LLRMEKEFGTSGEDVVACI GPSISLAS FEVGEE
1T8H 127 - PIYFVAPSAGL VGLAHAGWRGTAGG IAGHM VWLWQTREHIAPSDIYVAI GPAIGHJE|YTVDDR
Tfullls 168 - LQDRVARTVPEARCTTAEG ---- TPGL DIRAGVTAQ LTNL GVTN - - ITHDSR CTR-ESADL FS
RL5 182 - VVEAFKKAHFNLNDIVVRNPATGKAHI ~ DLRAANRAV LVAA GVPAAN IVESQH [ds HJEHTSF FS
YfiH 168 - VREAFMAVDAEASTAFIQHGD -- KYLA DI YQLARQR LANV GVEQ—-IFGGDR CTYTENETF FS
BT4389 189 -VYEAFQKNGFDMPRISIRKEETGKHHI  DLWEANRMQ ILAF GVPSGQ VELARI CTYIHHDEF FS
1T8H 190 - VVDSLRPTLPPESPLPWRETSPGQYAL DLKEANRLQ LLAA GVPNSH IYVSER [dr4dEEaLF Fs
Tfullld 224 - YRRDA - TTGR FAGY VWRVP

RL5 245 -ARRLGIN SGR TFTG IYRK

YfiH 227 - YRRDK - TTGR MASF IWLI

BT4389 252 -ARRLGIK SGR ILSG IMIHK

1T8H 253 -HRRDRGT TGR MLAF IGRREE

Fig. 1 Multiple sequence alignment of some members of the protein
family DUF152. The sequences were aligned using the ClustalW pro-
gram. Tfulll4, a copper oxidase from 7. fusca NTU10-1 (this work);
RLS5, laccase from rumen metagenome (GenBank accession number
CAK32504); YfiH, a polyphenol oxidase from E. coli (GenBank acces-
sion number AAG57706); BT4389, a polyphenol oxidase from B.

solutions pH 7.0 and pH 8.0 (Fig. 3). The enzyme exhibited
the highest activity toward 2,6-DMP at pH 8.0. Veratryl
alcohol was the second substrate to be oxidized, followed by
guaiacol. The oxidation of ABTS was below the discernible
level. Furthermore, the activity for ABTS oxidation was
assayed in 20 mM citrate buffer, pH 5, and phosphate buffer,

(kDa) M 1 2
97 | =g

66 | e S—

45 | == S

30 | w— ; pe—
20

14 - -

Fig. 2 Purification of the recombinant Tfull14. The E. coli cells were
disrupted and the recombinant protein in the crude extract was purified
by immobilized metal affinity chromatography as described in the
“Materials and methods.” M denotes marker proteins with their mo-
lecular masses (kDa) indicated. Lanes I and 2 are the crude cell extract
and the purified Tfull14, respectively

thetaiotaomicron (GenBank accession number NP_81330); 1T8H, an
uncharacterized protein from B. stearothermophilus. The residues func-
tionally conserved are shown in bold. The assigned residues belonging to
the three copper sites in RL5 (Beloqui et al. 20006) are boxed by dashed
lines, dash-dotted lines, and solid lines, respectively. The cysteine resi-
dues coordinate a zinc atom in 1T8H are boxed by solid lines

pH 6. The activity was still not detectable. The oxidation rate
of 2,6-DMP was determined over a concentration range of
0.5-6 mM at 50 °C, pH 8.0. Based on the dependence of the
rate on 2,6-DMP concentration (data not shown), the values of
Ko and ke, were calculated to be | mM and 55", respectively.

2.0,
E s m pH 7.0
=} = pH 8.0
2
2 1.0
(8]
(0]
(7]
]
8 05]
(]
-
0
< Q N N
Vg;\ Q,'Q@ \(46(\0 ’S\%Lo
& N
W Q ©
3
&

Fig. 3 Substrate specificity of Tful114. The reaction was performed at
50 °C for 15 min in 20 mM phosphate buffer that also contained 2 mM
substrate as indicated. The oxidation rate was calculated based on the
extinction coefficient of the oxidized product of each substrate as
described in the “Materials and methods”. These data are representa-
tive of three replicate experiments
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Fig. 4 Effects of temperature

and pH on stability and activity a 100 8 b -
of Tfulll4. a The residual
activity, measured with 2,6- g 80 > 6 1
DMP at 50 °C, was determined = 2 51
after the enzyme had been % 60 83 |
incubated at 50-90 °C in s g £
20 mM phosphate (pH 8.0) for 3 40 . e § = 3]
0—4 h. b The activity was 2 -0 60°C - 2 |
measured at various T 20 X N
temperatures of 40-90 °C in pH - s0cc
8.0 for 15 min. ¢ The residual o0 ] 3 3 . 05 70 50 60 70 80 90
activity, measured at 50 °C, pH ) .
8.0, was determined after the Time () Temperature ()
enzyme had been incubated in
various buffer solutions, pH 6— C d
10, at 4 °C for 24 h. d The __ 100 2.0
activity was measured in 2 -
various buffer solutions, pH Z 8 H 15
6.5-9.0, at 50 °C. Tris—HCl "é 60 83
buffer (20 mM, pH 6.0-8.0) = § g 0
and phosphate buffer (20 mM, 3 %0 8= -
pH 8.0-10.0) were used. These £ 3
data are representative of three 20 0.5
replicate experiments
0 5.0 6.0 7.0 8.0 9.0 10.0 0 6.5 7.0 7.5 8.0 8.5 9.0

pH

To assure Tfull14 is an authentic copper-containing oxidase,
the content of copper in the enzyme was assayed by atomic
absorbance spectrometry, and the measurement indicated that
there is one copper per Tfulll4 monomer. The UV—visible
spectrum of Tfulll4 did not show a peak of absorption at
around 608 nm (data not shown), which is typical for the type
I Cu(Il) and responsible for the deep blue color of laccases
(Reinhammar and Malmstrém 1981).

The optimal working temperature and pH of Tful 114 were
examined. The enzyme was incubated at 50-90 °C for differ-
ent time periods. The residual activity for 2,6-DMP oxidation
was then determined at 50 °C, pH 8.0 (Fig. 4a). Incubation at
50 or 60 °C for up to 4 h did not cause a significant drop in the
activity. Inactivation of the enzyme at >70 °C followed the
first-order kinetic. From the plot of the log of residual activity
versus heating time, the half-lives of Tful114 at 70, 80, and
90 °C were calculated to be 15.4, 6.4, and 4.7 h, respectively.
In addition, the activity for 2,6-DMP oxidation was examined
at various temperatures ranging from 40 to 90 °C, pH 8.0, for
15 min (Fig. 4b). Tfulll4 exhibited the highest activity at
80 °C under the condition. The pH stability of Tfull14 was
examined by incubating the enzyme in buffer solutions pH
6.0-10.0 at 4 °C for 24 h. The residual activity after the
treatment was assayed at 50 °C, pH 8.0 (Fig. 4c). Tfull14
remained alive after 24 h incubation in buffer solutions pH
8.0-9.0, but was quite unstable outside this pH range. The
activity at different pH was also examined at 50 °C for 15 min
(Fig. 4d). The activity for 2,6-DMP oxidation was higher at
alkaline condition. Together, these data indicated that
Tfull14 is a thermophilic and alkaliphilic polyphenol oxidase.
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Effects of organic solvents on Tfulll4 activity for 2,6-DMP
oxidation were examined (Table 2). The activity was mod-
erately tolerant to 10 % (v/v) low-carbon alcohols, acetone,
and acetonitrile, but sensitive to dimethyl sulfoxide and
formaldehyde.

Table 2 The effect of organic solvents on the activity of Tfulll4 for
2,6-DMP oxidation

Organic solvent Concentration (%, v/v) Relative activity (%)*

None - 100
Methanol 10 79+6
20 69421
Ethanol 10 99+2
20 85+3
Isopropanol 10 79+4
20 38+4
Acetone 10 89+4
20 29+5
Acetonitrile 10 69+6
20 243
Dimethylformamide 10 5945
20 25+1
Dimethyl sulfoxide 10 16+£6
20 0
Formaldehyde 3.7 66+3
7.4 1£2

*The activity was performed in 20 mM phosphate buffer, pH8.0,
which contained the indicated solvents, at 50 °C for 15 min
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Table 3 The effect of chemicals on the activity of Tfull14 for 2,6-DMP
oxidation

Inhibitor Concentration (mM) Relative activity (%)
None - 100
Sodium dodecyl sulfate 0.1 96+5
1 82+4
10 19+4
Sodium azide 0.1 100+3
1 100+5
10 86+5
Dithiothreitol 0.1 5+4
1 0
B-Mercaptoethanol 0.1 8+4
1 0
Ethylenediaminetetraacetic 0.1 0
acid 1 0

#The activity was performed in 20 mM phosphate buffer, pHS.0,
which contained the indicated chemicals, at 50 °C for 15 min

Several potential laccase inhibitors were included in the
reaction solution to get more understanding of Tfulll4
(Table 3). The enzyme was still active in solution containing
1 % sodium azide, a potent inhibitor for most of the studied
laccases and heme-containing oxidases. By contrast, the oxi-
dation of 2,6-DMP was very sensitive to ethylenediaminete-
traacetic acid, suggesting that the enzyme-bound copper is
essential for the catalytic activity. Tfull14 was also sensitive
to dithiothreitol and (3-mercaptoethanol. The reducing agents
might change the oxidative state of the copper, resulting in the
inactivation of the enzyme, or simply re-reduced the oxidized
product of 2,6-DMP. Alternatively, disulfide bonds are in-
volved in the formation of the protein structure.
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Fig. 5 Effect of Tfull14 on the enzymatic hydrolysis of bagasse. Ten
milligram bagasse was mixed with specified amounts of enzymes in
1 ml 20 mM phosphate buffer, pH8.0, and incubated in a shaker
incubator (250 rpm) at 50 °C for 15 h. The reducing sugar released
from bagasse was measured by dinitrosalicylic acid method. a Single
plus symbol denotes 15 mU, 75 mU, and 1.25 U for endoxylanase,
endocellulase, and Tfulll4, respectively, while double plus symbol

Bagasse hydrolysis

To know whether Tfulll4 is able to help the enzymatic
hydrolysis of sugarcane bagasse, it was included in the bagasse
digestion mixture that contained the characterized endoxyla-
nase (product of Tfu 1213) or/and endocellulase (product of
Tfu_1074) (Ghangas et al. 1989; Cheng et al. 2005; Zhang et
al. 2000) (Fig. 5a). No reducing sugar was released from
bagasse when endoxylanase (15 mU/ml), endocellulase
(75 mU/ml), Tfull114 (1.25 U/ml), or the combination of
endoxylanase and endocellulase was administered. However,
the amount of reducing sugar was significantly increased when
endoxylanase, endocellulase, and Tfull14 were applied to-
gether. A higher dose of endoxylanase (1.25 U/ml) could
accumulate the reducing sugar to a discernible level. Again,
addition of Tfulll4 (1.25 U/ml) increased the release of
reducing sugar caused by the high dose endoxylanase. The
extents of bagasse hydrolysis by different amounts of endox-
ylanase (15-150 mU/ml) were examined in the presence or
absence of Tfulll4 (Fig. 5b). The more endoxylanase, the
more reducing sugar was released, and Tfull14 significantly
enhanced the hydrolysis function of endoxylanase. Effects of
the enzyme treatment on the appearance of bagasse were
examined by scanning electronic microscopy (Fig. 0).
Apparently, bagasse was broken into smaller shatters when it
was treated simultaneously with endoxylanase and Tfull14.
The ability of Tfull14 to promote the enzymatic hydroly-
sis of bagasse prompted us to investigate whether it has a
direct interaction with bagasse. This was answered by mixing
Tfull14 with bagasse for 30 min and determining the amount
of the protein remained in the supernatant (Fig. 7). Tfulll4
and endoxylanase (positive control) disappeared but green
fluorescent protein (negative control) remained in the super-
natant, indicating the bagasse-binding ability of Tfull14.

(o)

0.35

0.30

0.25
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Reducing sugar (mg/mL)

—@— XHL
—O— X

0.05

(e}

0 0 20 40 60 80 100 120 140 160

Endoxylanase (mU)

means 1.25 U endoxylanase. b Bagasse was hydrolyzed by various
amounts of endoxylanase, 15—-150 mU, with (closed circle) or without
(open circle) the presence of 5.5 U Tful114. One unit of endoxylanase
or endocellulase activity was defined as 1 umol reducing sugar re-
leased per min from xylan or carboxymethyl cellulose, respectively.
The experiment was performed in triplicate
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Fig. 6 The appearance of
bagasse after being treated with
enzymes. Bagasse, 10 mg, was
incubated at 50 °C for 15 h in
1 ml 20 mM phosphate buffer,
pH38.0, containing the indicated
enzymes. a Buffer control. b
1.25 U endoxylanase. ¢ 1.25 U
Tfulll4.d 1.25U
endoxylanase plus 1.25 U
Tfulll4. The treated bagasse
was observed with a SEM
microscope as described in the
“Materials and methods”

Buffer

Tfu11t4

Discussion

In the last decades, considerable efforts have been devoted to
find laccases with novel properties, develop laccase-based
technologies for various industrial applications, and reduce
the enzyme production costs (Rodriguez Couto and Toca
Herrera 2006; Kunamneni et al. 2007). From the perspective
of cost reduction, laccases of bacterial origin have advanta-
geous properties compared to fungal laccases because they are
more suitable for heterologous expression in £. coli (Piscitelli et
al. 2010). In view of this, we set out to find enzymes with
laccase activity in 7. fusca. Groups of proteins involved in the
degradation and utilization of the lignocellulosic substrate were
identified in the culture medium of 7. fusca in this study.
Among them, a couple of oxidoreductases, including
Tfull14, were found. It was notable that such oxidoreductases
do not contain potential signal peptides for protein secretion.
Genome analysis suggested that 7. fiisca YX mainly use the
Sec general secretion system and the two-arginine translocation
(TAT) system for the secretion of extracellular proteins (Lykidis
etal. 2007). The lack of predicted signal peptide and TAT signal
on these proteins implies either the proteins were secreted
through other uncharacterized systems or they were simply
released into medium due to cell lysis during the cultivation.
Considering that we did not observe the phenomenon of cell
lysis during the culture and the abundant intracellular house-
keeping enzymes were not seen in the collection, the likelihood
of the former assumption should be greater than the latter. The
fact that many glycoside hydrolases of 7. fisca YX also lack the
potential signal peptides (Lykidis et al. 2007) supports this
argument.

This study demonstrated that Tfulll4 is a copper-
containing enzyme able to catalyze the oxidation of phenolic
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and nonphenolic lignin related compounds. More importantly,
it can enhance the catalytic functions of endoxylanase and
endocellulase for the hydrolysis of sugarcane bagasse.
Therefore, Tfull14 may be regarded as an enzyme with laccase
activity, although it does not contain four copper per monomer,
a common feature of classical laccase. In fact, not all laccases
hitherto studied possess four copper atoms. For example, the
laccase from Phlebia radiata was reported to have two copper
and one pyrroloquinoline as the prosthetic group (Karhunen et
al. 1990), and a laccase from Pleurotus ostreatus contains one
copper, one zinc, and two iron atoms (Palmieri et al. 1997). The
stability against heat, with a half-life of 4.7 h at 90 °C, and
organic solvents is another notable feature of Tfulll4. With
these properties, Tfulll4 may have application potential in
biopulping process and biofuel production.

The effects of a number of laccase inhibitors on Tfull14
activity were examined. Sodium azide has been known as a

Tful114 Xylanase GFP
M - + - + - + Bagasse
(kDa)
66 —
45 _—
30 T — Wi m—
20

Fig. 7 Binding of Tfulll4 to bagasse. The protein, 0.5 mg, was
incubated in 1 ml 20 mM phosphate buffer, pH 8.0, with (+) or without
(—) 10 mg bagasse, at 4 °C for 30 min. After centrifugation, the protein
remained in the supernatant was assayed by SDS—12 % PAGE
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potent inhibitor of laccases since early studies on the fungal
enzymes (Bollg and Leonowicz 1984). Azide was thought to
bind types 2 and 3 copper sites, resulting in an interruption of
the internal electron transfer and activity inhibition (Ryan et al.
2003). The insensitivity suggests that the configuration of the
copper binding center of Tful114 differs from that of classical
laccases. This result is consistent with the finding that there is
only one, rather than four, copper per protein monomer of
Tfull14. RLS5, another member of the DUF152 family, con-
tains four copper atoms per monomer (Beloqui et al. 2006).
The residues belonging to the copper sites in RL5 were
proposed according to protein modeling and site-directed
mutagenesis (Beloqui et al. 2006). H73, C75, C118, and
H135 coordinate the first copper, while C172, C175, C234,
and C237 and N36, Y40, M68, and N114 constitute the other
two potential sites, respectively. Among them, only N36, H73,
C118, H135, and C234 are conserved (Fig. 1). This raises a
probability that different members of the family DUF152 may
have different metal binding numbers. This possibility is
supported by the fact that only one zinc atom was found in
the crystal structure of 1T8H. Alternatively, the relative affin-
ities of the various binding sites vary greatly among different
members of the family, and, probably, other copper atoms in
Tfulll4 with weaker affinities were removed during the
dialysis step of the protein purification. Future studies on
Tfull14 by site-directed mutagenesis and crystallography will
be necessary to clear the uncertainty. In addition, questions
such as how Tfull14 interacts with bagasse and oxidizes the
phenolic compounds in atomic detail deserve a thorough
investigation. It is also interesting to know whether RLS is
able to enhance the enzymatic hydrolysis of bagasse by gly-
coside hydrolases.

T fusca does not contain genes encoding classical laccase,
lignin peroxidase, and manganese-dependent peroxidase for
the destruction of lignin according to the genome analysis.
However, it secretes Tfulll4 instead to help cellulolytic
enzymes to hydrolyze lignocellulosic materials. Presumably,
the oxidation of phenolic subunits of lignin by Tfull14 may
create breaking points in the network structure of lignin, con-
sequently rendering cellulosic fibers within more exposed to
glycoside hydrolases. Nonetheless, more uncharacterized oxi-
doreductases may be produced by 7. fissca, and their concerted
actions are required to make a sufficient breakdown of lignin.
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