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Abstract

Objective To examine the potential for applications

of TthLAC, a monomeric (* 53 kDa) laccase

encoded by the genome of Thermus thermophilus

(strain HB 27) which can be produced at low cost in

Escherichia coli.

Result Functional, thermostable and mildly alka-

lophilic TthLAC of high purity ([ 90%) was produced

through simple heating of suspended (TthLAC over-

expressing) E.coli cells at 65 �C. For reactions of short
duration (\ 1 h) the temperature for optimal activity is

* 90 �C. However, TthLAC undergoes slow partial

unfolding and thermal inactivation above 65 �C,
making it unsuitable for long incubations above this

temperature. With different substrates, optimal func-

tion was observed from pH 6 to 8. With the substrate,

ABTS, catalytic efficiency (Km) and maximum veloc-

ity (Vmax) at 60 �C and pH 6.0 were determined to be

2.4 9 103 lM and 0.04 9 103 lM/min respectively.

Ultra-pure, affinity-purified TthLAC was used to

confirm and characterize the enzyme’s ability to

oxidize known (laccase) substrates such as ABTS,

syringaldazine and 4-fluoro-2-methylphenol. TthLAC

decoloured up to six different industrial dyes, with or

without the use of redox mediators such as ABTS.

Conclusions Unlike versatile laccases from most

other sources, which tend to be thermolabile as well as

acidophilic, TthLAC is a versatile, thermostable,

mildly alkalophilic laccase which can be produced at

low cost in E.coli for various redox applications.

Keywords Decolourization � Delignification �
Oxidation � Thermus thermophilus laccase �
Thermostable enzyme

Introduction

Laccases (EC 1.10.3.2 p-diphenol: benzenediol oxy-

gen oxidoreductase) are multi copper-containing phe-

nol oxidases. They catalyze the oxidation of phenolic/

non-phenolic and aromatic substrates concomitantly

with reduction of oxygen to water (Alexandre and

Zhulin 2000; Roberts et al. 2002). Most applications

use laccases from fungi. However, thermostable or

acid-/alkali-stable laccases of thermophilic origin are

also of interest. Amongst laccases of bacterial origin

(for a review see Sharma et al. 2007), thermostable lac-

cases have been isolated from Bacillus subtilis
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(Martins et al. 2002), Aquifex aeolicus VF5(15)

(Deckert et al. 1998) and Thermus thermophilus HB

strain 27 (Miyazaki 2005).

The subject of this paper is Tth-laccase (TthLAC)

from Thermus thermophilus HB 27. We cloned the

gene encoding TthLAC, expressed, purified and

characterized the enzyme in considerable detail.

Chiefly, we find that TthLAC’s previously-reported

apparent extreme structural (thermal) stability is only

in part due to the thermodynamic stability but is

mainly due to its kinetic stability (i.e., slow unfolding).

Optimum activity is at * 65 �C under equilibrium

conditions and not at 92 �C as reported previously

(Miyazaki 2005); however, in assays involving short

incubations at high temperatures, optimum activity

does appear to be seen at * 90 �C (because the

enzyme denatures slowly). Also, with the substrate,

ABTS, the optimum pH of function (pH 6) was found

by us to be higher than previously reported (pH 4.7).

Further, the pH of optimal function was even higher

for other substrates. This suggests that TthLAC works

optimally on certain substrates under alkaline rather

than acidic conditions.

TthLAC decolorizes a variety of dyes and requires

no copper supplementation for folding or activity. We

are attempting to fuse it genetically with a xylanase

and a cellulase of bacterial origin to improve delig-

nification of hydrolyzed plant biomass, and for

bleaching of pulp for the paper industry. The main

advantage of TthLAC, deriving from its thermosta-

bility, is likely to be a lower requirement of enzyme

replenishment steps in large-scale processes.

Materials and methods

Materials

2,6-Dimethoxyphenol and 2,20-azinobis (3-ethylben-

zthiazoline-6-sulfonate) (ABTS), SGZ (syringal-

dazine) and 4-fluoro-2-methylphenol were from

Sigma. Restriction enzymes and DNA ligase were

from New England Biolabs (MA, USA). Agarose gel

DNA extraction kit was from Qiagen, Hilden, Ger-

many. Genomic DNA of Thermus thermophilus was

from The Leibniz Institute DSMZ (Deutsche Samm-

lung von Mikroorganismen und Zellkulturen GmbH),

Germany.

Cloning, expression, purification and verification

of identity

The gene encoding TthLAC was amplified from the

genomic DNA of Thermus thermophilus strain HB 27

through PCR reactions employing Deep Vent enzyme

(New England Biolabs), with an annealing tempera-

ture of 64 �C, and primer oligonucleotides of the

sequences specified below: 50-ACACACATATG
CAAGGCCCTTCATTCCCCGAGC-30 (forward pri-

mer) and 50-ATGTGAATTCACCCACCTCGAG

TACTCCCATCATCCC-30 (reverse primer). PCR-

derived amplicon(s) of the gene incorporated restric-

tion sites for NdeI and EcoRI (shown in bold letters

within the primer sequences) at gene termini. Ampli-

cons were double-digested, cloned into the pET28a

vector, transformed into E.coli strain XLI Blue to

produce plasmids for DNA sequence verification, and

also transformed into E.coli strain BL21(DE3)pLysS

under a promoter inducible by IPTG for production of

TthLAC with an N-terminal 6xHis affinity tag. For

production, cultures of 10 ml, and subsequently 1 l

lysogeny broth supplemented with 2.5 lg kanamycin/

ml and 3.5 lg chloramphenicol/ml were inoculated

appropriately and induced by addition of IPTG (at

OD600 of 0.6–0.8) with overnight growth at 37 �C.
Cells were harvested through centrifugation at

70009g for 7 min at 4 �C. Suspended cells were

heated at 65 �C for 20 min (to lyse cells and precip-

itate other cytoplasmic proteins), and the supernatant

was subjected to Ni–NTA affinity-based chromatog-

raphy for purification of TthLAC according to stan-

dard protocols (Qiagen) under non-denaturing

conditions. Purified TthLAC was dialysed against

20 mM Tris/HCl/HCl, pH 7 buffer. SDS–PAGE

analysis of purity was performed according to standard

methods. Glutaraldehyde crosslinking was used to

examine whether TthLAC is monomeric or multi-

meric (and crosslinkable). TthLAC’s identity was

verified through determination of protein intact mass,

peptide mass fingerprinting (PMF), and sequencing of

a tryptic peptide of mass 1936 Da, on a ESI-Q-TOF

mass spectrometer (SYNAPT G2S-HDMS LC–MS-

MS, WATERS Corporation), CD and fluorescence

spectroscopy.

Circular dichroism (CD) measurements were car-

ried out at 200–250 nm. Spectra were recorded using a

cuvette with a path length of 0.1 cm, using protein

concentrations of * 0.1 mg/ml with a
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monochromator scanning speed of 50 nm/min. Ellip-

ticity data, h, was converted into mean residue

ellipticity data [h] using standard methods. Intrinsic

tryptophan fluorescence of TthLAC was monitored on

a Cary Eclipse fluorimeter. Fluorescence spectra were

obtained by excitation at 295 nm. Emission was

monitored between 300 and 400 nm, using excita-

tion/emission slit widths of 5 nm and a scanning speed

of 100 nm/min. Alterations of structure due to heating

(20 to 90 �C) were also studied by monitoring

emission spectral changes (with or without normal-

ization to the highest intensity).

Gel filtration chromatography and dynamic light

scattering

The purified, concentrated protein was loaded onto a

24 ml Superdex-200 column (GE) on an AKTA

Purifier-10 (GE) work-station pre-equilibrated with

20 mM Tris/HCl buffer, 50 mM NaCl (pH 7).

TthLAC samples were 500 ll. Fractions were col-

lected, pooled, concentrated, and analysed on SDS-

PAGE. TthLAC was subjected to dynamic light

scattering (DLS) analysis through measurement of

time-dependent changes in scattering of light from

molecules in solution to estimate translational diffu-

sion coefficients and use these to infer shape-depen-

dent (and, therefore, size-dependent) hydrodynamic

radii using the Stokes–Einstein equation. A Zetasizer

Nano ZS90 instrument (Malvern Instruments) was

used. Samples were pre-filtered through a 0.2 lm
PVDF filters. Solutions of 1 mg protein/ml were

studied. Data from 100 acquisitions was averaged to

generate intensity versus size, and volume fraction

versus size curves.

Temperature- and denaturant-induced structural

transitions (Tmid and Cmid)

The midpoints of structural transition for temperature

and Gdm.HCl-induced unfolding were determined by

CD spectroscopy. Samples (0.1 mg/ml) were heated

(20–90 �C) within sealed quartz cuvettes at 0.1, 1, and
3 �C/min to examine scan-rate dependence of unfold-

ing. Similarly, samples (0.3 mg/ml) were incubated

overnight with Gdm.HCl (0–6 M), and urea (0–8 M).

Circular dichroism signals for mean residue ellipticity

were collected at 222 nm, to monitor reduction in

intensity accompanying conversion of secondary

structure into random-coils, and convert this into

‘fraction unfolded’ data. CD signals were plotted as a

function of wavelength, and the sigmoidal unfolding

curves were fitted using a sigmoidal Boltzmann

function, on OriginPro 8.5, to permit calculation of

Tmid and Cmid (to be distinguished from Tm and Cm.,

since complete unfolding was not achieved).

TthLAC enzyme activity, kinetic parameters

and dye decolorization

Enzyme activity parameters were determined with

ABTS as substrate. Reaction mixtures containing

0.2 ml 1.33 mM ABTS, 0.5 ml 20 mM Tris/HCl

buffer (pH 6.0), and enzyme solution (0.12 lM) were

incubated at 60 �C for 30 min. ABTS oxidation was

monitored as increased absorbance at 420 nm (A420,

e = 36,000 M-1cm-1). One unit of laccase activity

was defined as the amount of enzyme required to

oxidize 1 lmol ABTS per min. Optimum pH of

activity of TthLAC was determined using BR (Britton

and Robinson) buffer system (buffer pH values in the

range of 3–8). Effect of pH on TthLAC function upon

different substrates was assessed after overnight

incubation in buffers of different pH at room temper-

ature, for ABTS (1.33 mM), SGZ (15 lM) and

4-fluoro-2-methylphenol (10 mM). Absorption was

measured at 420, 536 and 500 nm, respectively, for

ABTS, SGZ and 4-fluoro-2-methylphenol. Optimum

temperature of activity was determined by measuring

absorption at 420, and 536 nm, respectively, from 20

to 90 �C in 20 mM Tris/HCl buffer (pH 6.0) with

ABTS (1.33 mM), and syringaldazine (SGZ; 15 lM).

All parameters were plotted as mean of five measure-

ments, with error bars from five independent prepa-

rations. Michaelis constant, Km(app), and maximum

velocity (Vmax), were determined for all three sub-

strates (SGZ, ABTS and 4-fluoro-2-methylphenol) at

5–25 lM for SGZ, 0.15–5 mM for ABTS,

0.15–25 mM for 4-fluoro-2-methylphenol. Data was

turned into Lineweaver–Burk plots. Decolorizing

ability of TthLAC (1.8 lM) was evaluated through

overnight incubation, at 60 �C, with six azo and

synthetic dyes with different absorption maxima:

(i) Dye Orange kmax = 485 nm; (ii) Acid Red dye

kmax = 512 nm; (iii) Green Dye kmax = 625 nm; (iv)

Naphthol Brilliant Blue kmax = 618 nm; (v) Remazol

Brilliant Blue kmax = 592 nm; and (vi) Congo Red

kmax = 480 nm. Dyes were dissolved inMilli-Q water
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(0.1 mg/ml for Dye Orange, Acid Red dye, Green

Dye, and 0.005 mg/ml for Naphthol Brilliant Blue

(NBB), Remazol Brilliant Blue (RBB), and Congo

Red). ABTS (5 mM) was used as a mediator for

decolourization of NBB, RBB and Congo Red. The

nature of the redox change in ABTS (i.e., whether

reversible or not) was verified by passing oxidized

(green) ABTS after enzymatic treatment on a desalting

(PD-10, GE, Health Care Life Sciences) column and

using it once more as a mediator for a fresh batch of

decolourization of NBB dye. Effect of pH on dye

decolourization was examined for different dyes in

0.1 M BR buffer from pH 3 to 8).

Results and discussion

A well-characterized, hyperthermophile-derived lac-

case with high thermostability, which is also produced

easily at low-cost in ultra-pure form, could be useful in

redox and oxidative applications involving dyes and

colouring agents, and also in delignification of

biomass. We describe work with such a laccase,

TthLAC, derived from Thermus thermophilus and

produced in Escherichia coli through heterologous

overexpression.

Low-cost production and conformation

of chemical identity

The gene encoding TthLAC (1.3 kb) was amplified

from Thermus thermophilus genomic DNA (Supple-

mentary Fig. 1a) with terminal sequences encoding an

N-terminal 69His affinity tag. The gene was inserted

into the pET28a vector. Insertion was confirmed by

verifying the restriction digestion-based release of the

expected insert (1.3 kb) upon digestion with NdeI and

EcoRI (Supplementary Fig. 1b). The vector was

transformed into E. coli BL21(DE3)pLysS, and

TthLAC was produced through induction with IPTG.

Cells were harvested through centrifugation, resus-

pended and heated at 65 �C to undergo lysis. Heating

resulted in the aggregation and precipitation of the

bulk of all cytoplasmic proteins but in the survival in

solution of the (thermal precipitation-resistant)

TthLAC which remained in the supernatant. This

TthLAC had[ 90% purity, i.e., ready for application,

with only three minor contaminating proteins visible

on SDS-PAGE (data not shown). This indicates a

potential for low-cost production of the enzyme for

industrial applications without further purification.

However, for detailed characterization studies we

purified TthLAC to homogeneity through Ni–NTA-

based IMAC affinity purification, as shown in Fig. 1a,

which shows a single band on SDS-PAGE with the

expected molecular weight of* 53 kDa, correspond-

ing to the range of 50–70 kDa in which molecular

weights of bacterial laccases generally fall (Sharma

et al. 2007). The chemical identity of the purified

protein was extensively confirmed by subjecting it to

mass spectrometry-based (i) intact mass estimation

(Fig. 1b), (ii) peptide mass fingerprinting (PMF) after

trypsinolysis (Fig. 1c) and (iii) and sequencing of a

tryptic peptide of mass 1936 Da (Supplementary

Fig. 2). The intact mass was * 52 kDa, smaller than

the expected mass of* 53.8 kDa, which could be due

to either in vivo processing of the C-terminus or to

insufficient accuracy ofMALDI-TOF analysis.Within

the PMF mass spectrum, 9 peptide masses exactly

matched the expected trypic peptide masses for

TthLAC. MS–MS fragmentation-based sequencing

of a peptide of 1936 Da also yielded a sufficient match

(Supplementary Fig. 2).

Beta sheet-dominated structure

The far-UV CD spectrum of TthLAC, shown in

Supplementary Fig. 3a, reveals a distinct negative

band at * 218 nm as well as an overall mean residue

ellipticity (MRE) at this wavelength of

* 6500 deg cm2 dmol-1 confirming a predominance

of b-sheet-based secondary structure, consistent with

the protein’s known crystal structure (Serrano-Posada

et al. 2015). The quaternary structural status of

TthLAC was confirmed to be a monomer by three

methods: (i) Gel filtration chromatographyyielded an

elution volume of * 17 ml on a * 24 ml Superdex-

200 column, corresponding to a monomer as shown in

Supplementary Fig. 3b. (ii) Glutaraldehyde treatment

followed by SDS-PAGE analysis (12% gel) revealed

no crosslinking of monomers into oligomers as shown

in Supplementary Fig. 3c. Finally (iii) dynamic light

scattering (DLS) analysisyielded a single distinct peak

with a hydrodynamic radius of* 4.3 nm, as shown in

Supplementary Fig. 3d consistent with what is

expected for a monomeric * 50–55 kDa protein.
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Ultra-high thermal structural stability

Owing to its origins in Thermus thermophilus,

TthLAC is anticipated to be thermostable, assuming

that folding occurs to native structure upon expression

in E. coli. Heating of TthLAC at 0.1 �C/min between

20 and 90 �C accomplished 20% structural unfolding,

reducing the MRE at * 222 nm from - 6500

to * 5250 deg cm2 dmol-1 as shown in Supplemen-

tary Fig. 4a, confirming that the protein is resistant to

complete unfolding. Alteration of the heating rate to

1 �C/min (Supplementary Fig. 4b) and 3 �C/min

(Supplementary Fig. 4c) reduced the extents of struc-

tural unfolding even further, to * 14 and * 8%,

respectively, over the same range of rise in temper-

ature. Since the thermal melting achieved was only

‘partial’, we use the term Tmid to describe the midpoint

of the transition, instead of the usual term, Tm, which

describes the temperature midpoint of complete ther-

mal unfolding under equilibrium conditions. The Tmid

was 73.7 �C for heating at 3 �C/min, 71.9 �C for

heating at 1 �C/min and 58.96 �C for heating at

0.1 �C/min. The CD spectra of TthLAC collected at

various temperatures between 20 and 90 �C, as shown
in Fig. 2a establish that partial unfolding occurs

slowly. Normalized fluorescence spectra, shown in,

Fig. 2b establish that there is no heating-dependent

change in the wavelength of maximal fluorescence

emission of TthLAC, indicating negligible effects of

heating to 90 �C upon the bulk of the enzyme’s tertiary

structure. Such heating rate-dependent partial unfold-

ing indicates a very high degree of thermal structural

Fig. 1 Panel A. SDS-PAGE showing purified TthLAC. Panel B.Mass spectrum of intact TthLAC. Panel C. Peptide mass fingerprint

(PMF) spectrum of trypic digest of the TthLAC band shown in panel A
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stability, i.e., the dependence upon heating-rate indi-

cates that the structure is subject to significant kinetic

stabilization, in addition to thermodynamic stabiliza-

tion. Such high thermal stability is observed in

proteins of thermophilic origin (Duy and Fitter

2005). Of particular interest was the observation (data

not shown) that the otherwise soluble and monomeric

protein becomes aggregated during cooling from 90 to

20 �C, for all three rates of heating, although no

aggregation is observed at 90 �C. This indicates that
aggregation owes not to hydrophobic interactions

(since these would be enhanced at higher
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Fig. 2 Panel A. Thermal structural perturbation of TthLAC

monitored as change in the far-UV CD from 20 to 90 �C (where

the symbols represents: solid square 20 �C, open square 30 �C,
solid triangle 40 �C, open triangle 50 �C, solid circle 60 �C,
open circle 70 �C, solid star 80 �C, open star 90 �C respec-

tively). Panel B. Normalized fluorescence emission spectra of

TthLAC from 20 to 90 �C at every 5 min step (where the

symbols represents: solid square 20 �C, open square 25 �C,
solid triangle 30 �C, open triangle 35 �C, solid circle 40 �C,
open circle 45 �C, solid star 50 �C, open star 55 �C, solid

hexagon 60 �C, open hexagon 65 �C, left solid triangle 70 �C,
left open triangle 75 �C, sphere 80 �C respectively). Panel C.

Denaturant-induced unfolding of TthLAC monitored as change

in far-UV CD signal as a function of urea concentration (0 to

8 M). (where the symbols represents:- solid square native

laccase (with no Gdm.HCl), open square 0.1 M, solid triangle

0.2 M, open triangle 0.3 M, solid circle 0.4 M, open circle

0.5 M, solid diamond 0.75 M, open diamond 1 M, solid star

1.25 M, open star 1.5 M, left solid triangle 1. 75 M, left open

triangle 2 M, solid hexagon 2.5 M, open hexagon 3 M, asterisk

3.5 M, down solid triangle 4 M, down open triangle 4.5 M,

solid sphere 5 M, horizontal line 5.5 M, cross(X) 6 M, half

filled square 6.5 M, half filled circle 7 M, half filled triangle

7.5 M, half filled star 8 M respectively). Panel D. Denaturant-

induced unfoldingmonitored as change in far-UVCD signal as a

function of Gdm.HCl concentration (0 to 6 M). (where the

symbols represents:- solid square native laccase (with no

Gdm.HCl), open square 0.1 M, solid triangle 0.2 M, open

triangle 0.3 M, solid circle 0.4 M, open circle 0.5 M, solid

diamond 0.75 M, open diamond 1 M, solid star 1.25 M, open

star 1.5 M, left solid triangle 1. 75 M, left open triangle 2 M,

solid hexagon 2.5 M, open hexagon 3 M, asterisk 3.5 M, down

solid triangle 4 M, down open triangle 4.5 M, solid sphere 5 M,

open sphere 5.5 M, cross(9) 6 M respectively)
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temperatures) but rather to intermolecular recogni-

tion-based interactions occurring between partially-

unfolded sections of TthLAC polypeptides. Such

aggregation can be easily reduced by reducing protein

concentration; something which is easily done with

enzymes which are, in any case, used at much lower

concentrations that the 0.1 mg/ml used for these

experiments. Furthermore, importantly, no aggrega-

tion is seen for cooling following heating up to 70 �C.

High chemical stability based primarily

on electrostatic interactions

Upon overnight incubation with denaturants, incom-

plete unfolding was achieved even with 8 M urea,

although another denaturant, Gdm.HCl, achieved

complete unfolding.We use the term, Cmid, to describe

the midpoint of the structural transitions seen with

denaturants, i.e., Cmid is the denaturant concentration

at which half of the molecular population is struc-

turally altered (whether through a partial, or complete,

structural unfolding). The data shown in Supplemen-

tary Fig. 5a and b suggest a Cmid of 2.79 M for

TthLAC in urea, with a maximum of * 30% unfold-

ing achieved even in 8 M urea. A Cmid of 1.19 M was

obtained with Gdm.HCl for a complete unfolding

transition. CD spectra at different denaturant concen-

trations are shown in Fig. 2c and d for both denatu-

rants. Typically, Gdm.HCl is more effective at

perturbing structure than urea because urea disrupts

only hydrogen bonding interactions, whereas

Gdm.HCl disrupts both hydrogen bonding and elec-

trostatic interactions. As a rule of thumb, Gdm.HCl-

induced unfolding concentrations are about half of the

value for urea-induced unfolding transitions. With

TthLAC, this rule is completely violated; not only is

the Cmid for urea not 2.38 M (i.e., 2 9 1.19 M, which

is the Cmid for Gdm.HCl), there is no unfolding even

with 8 M urea. Thus, it can be concluded that the

structure of TthLAC is stabilized much more signif-

icantly by electrostatic interactions than by hydrogen

bonding interactions. This makes the enzyme vulner-

able to high ionic-strength environments, but other-

wise quite robust for applications.

Temperature and pH optima of TthLAC activity

with different substrates

In assays of short duration, e.g., involving 10–30 min

of incubation the optimum activity of TthLAC against

the substrate ABTSwas* 90 �C, close to the value of
92 �C given by Miyazaki (2005) using chromato-

graphically purified Tth-laccase (TthLAC). For com-

parison, against the same substrate (ABTS), using

enzymes from other sources (i) Martins et al. (2002)

reported optimal activity at 75 �C for the B. subtilis

CotA laccase; (ii) Reiss et al. (2011) reported optimal

activity at 70 �C for Bacillus pumilus laccase; and (iii)

Sherif et al. (2013) reported optimum activity at

60–70 �C for a multicopper oxidase from Strepto-

myces coelicolor. Therefore, Fig. 3 at first glance,

TthLAC appears to be capable of functioning at much

higher temperatures than laccases from mesophile

organisms. However, we found that in assays of longer

duration, e.g., involving 60–180 min of incubation,

TthLAC shows optimum activity at * 65 �C. The
data for 180 min of incubation is shown in Fig. 3. This

suggests that TthLAC undergoes a slow, time-depen-

dent, temperature-dependent, heating-rate dependent,

unfolding or partial unfolding of some section(s) of its

structure which are responsible for its enzymatic

activity, with such unfolding resulting in slow thermal

inactivation at temperatures above 65 �C. We have

already observed that partial unfolding of TthLAC is

achieved through heating, in a heating-rate dependent

manner, owing to kinetic (rather than thermodynamic)

thermal stabilization of some regions of TthLAC’s
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Fig. 3 Temperature versus activity profile of TthLAC acting

upon ABTS, monitored after 180 min incubation
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structure. It is this partial unfolding which is respon-

sible for the lower observed temperature of optimum

activity (65 �C) in assays of long duration. The

original report by Miyazaki (2005) mentions only a

duration of 10 min of incubation used in assays of

thermal stability. It is possible, therefore, that this

author overestimated the stability and optimum tem-

perature of activity of TthLAC. The same conclusion

could also potentially apply to various other studies of

laccase activity, i.e., it is possible that the optimum

temperatures of function of various mesophile-derived

laccases could also have been correspondingly over-

estimated through assays involving 10 min of

incubation.

Regarding the stability of the substrate(s) and the

product(s) of reactions conducted at high tempera-

ture(s), TthLAC was observed to oxidize the substrate

ABTS into a stable green coloured product at high

temperature as shown in Supplementary Fig. 6a. The

substrate, 4-fluoro-2-methyl phenol, is turned into a

stable pale pink product (data not shown). However,

with a different substrate, SGZ, an unstable pink

product is obtained, which disappears quickly, with

higher rates of fading of colour at higher temperatures.

This suggests that SGZ is acted upon twice by two

different copper centres in TthLAC (possessing four

copper centres). With only appearance of colour being

monitored, maximum activity was observed with SGZ

at 80 �C using 5 min of incubation (data not shown;

similar to the observation of an optimum of 90 �Cwith

10–30 min incubations for the substrate ABTS).

Different pH optima were determined with differ-

ent substrates. With ABTS, as shown in Supplemen-

tary Fig. 6b, the pH optimum was * 6, although

significant activity was also seen at mildly basic pH.

The absorption spectrum of oxidized ABTS is shown

in Supplementary Fig. 6C. With SGZ, the pH opti-

mumwas* 7.With 4-fluoro-2-methyl phenol, the pH

optimum was* 8. The ability of TthLAC to function

at mildly alkaline pH could cause it to have an

advantage over fungal laccases that usually only

operate at acidic pH (Margot et al. 2013). For example,

the pH optima for ABTS oxidation at 37 �C by the B.

subtilis CotA laccase, and the B. pumilis laccase,

respectively, are * 3 (Martins et al. (2002) and * 4

(Reiss et al. 2011). Notably, the pH optimum against

ABTS for TthLAC reported by Miyazaki (2005) is

* 4.5, whereas we determined that the pH optimum is

* 6. One possible reason for the difference is that the

enzyme used by Miyazaki was a partially-purified

enzyme, whereas our experiments were performed

with affinity-purified enzyme of high purity.

Kinetic properties of purified TthLAC

Analyses were performed with the substrates ABTS,

SGZ, and 4-fluoro-2-methyl phenol either at (or close

to) their respective temperature and pH optima. The

Km for ABTS was 2.4 9 103 lM at 60 �C,
3.8 9 103 lM at 55 �C, and 4.4 9 103 lM at 50 �C
(Fig. 4a and b; Table 1). The Km for SGZ was

15.3 lM at 40 �C, and 16.7 lM at 35 �C (Fig. 4c

and d; Table 2). The kcat was 4.8 s-1 for ABTS at

60 �C and it was 10.3 s-1 for SGZ at 40 �C.We used a

lower temperature for experiments with SGZ because

the developed colour fades rapidly at higher temper-

atures, making measurements difficult. For compar-

ison, Martins et al. (2002) reported apparent Km values

of 106 ± 11 and 26 ± 2 lM for ABTS and SGZ,

respectively, with corresponding kcat values of

16.8 ± 0.8 and 3.7 ± 0.1 s-1 for the laccase from

Bacillus subtilis endospore, at 37 �C. Interestingly,
Miyazaki (2005) reported apparent Km and kcat of

0.9 mM and 24.6 s-1 for ABTS, and 1.88 mM and

6.47 s-1 for SGZ, respectively, for TthLAC, but this

data does not mention the temperature. Reiss et al.

(2011) reported apparent Km and kcat of 80 ± 4 lM
and 291 ± 2.7 s-1 for ABTS 680 ± 27 lM and

11 ± 0.1 s-1 for 2,6-DMP and corresponding kcat
value of 66 ± 1.5 s-1 for SGZ for B. pumulis laccase.

Dye decolourization

There are various reports of the use of fungal laccases

for decolourization of different dyes (Margot et al.

2013). In our studies, purified TthLAC was able to

itself decolourize Green Dye, Orange Dye and Acid

Red Dye. In contrast, TthLAC was unable to

decolourize NBB, RBB, or Congo Red by itself;

however, with ABTS (5 mM) acting as redox medi-

ator, TthLAC decolourized NBB, RBB, or Congo Red,

into clear solutions within a few hours of incubation

(Fig. 5a–c), with the ‘already used’ ABTS proving to

be reusable through reversal of its redox status. This

suggests that TthLAC and ABTS can be used for

‘biobleaching’. As a redox mediator, ABTS acts like

an ‘electron shuttle’ between laccases and compounds

which are not natural substrates, promoting their
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oxidation (Bourbonnais and Paice 1996; Sharma et al.

2007). Different dyes are decolourized at different

rates, based on the redox potential of the enzyme and

the structure of the dye (Wong and yu 1999; Nyan-

hongo et al. 2002; Zhang et al. 2006). Figure 5d shows

that the absorption of Green Dye is decreased by

TthLAC over time. Maximum decolourization is seen
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Fig. 4 Panel A.Kinetic profiles of TthLAC acting upon ABTS.

From highest peak to lowest one the concentration of substrate

are 5 mM (sphere), 2.5 mM (open circle), 1.25 mM (plus),

0.625 mM (cross), 0.3125 mM (solid line), 0.15625 mM (filled

circle). Panel B. Lineweaver–Burk plot of activity (ABTS).

Panel C. Kinetic profiles of TthLAC acting upon SGZ From

highest peak to lowest one the concentration of substrate are

25 lM (sphere), 20 lM (filled square), 18 lM (open square)

15 lM (open circle),12 lM (filled triangle) 10 lM (open

triangle) 8 lM (vertical solid line) respectively. Panel D.

Lineweaver–Burk plot of activity (SGZ)

Table 1 Catalytic parameters of purified TthLAC at different

temperatures, using ABTS as substrate

Temp (�C) Km

(lM 9 103)

Vmax (lM 9 103/min) Kcat (s
-1)

60 2.4 0.043 4.77

55 3.8 0.03 3.33

50 4.4 0.014 1.58

Table 2 Catalytic parameters of purified TthLAC at different

temperatures, using SGZ as substrate

Temp (�C) Km (lM) Vmax (lM/min) Kcat (sec
-1)

40 15.3 0.065 10.3

35 16.7 0.034 5.33

30 25.6 0.023 3.66
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with Congo Red in the pH range of 5–6; with Green

Dye and Orange Dye in the pH range of 6–8; and with

NBB and RBB in the pH range of 7–8 (data not

shown). Evidently, thermostable TthLAC efficiently

decolourizes a variety of dyes, with or without ABTS

acting as a mediator (or as an electron shuttle) at

temperatures of 60–65 �C.

Conclusions

Specific laccases have specific uses in different

industries. However, most are thermo-labile and

function only at acidic pH. In contrast, TthLAC is

thermostable. It is also thermophilic as well as mildly

alkalophilic in its activity upon some substrates. Its

thermostability allows it to be extracted easily from

overexpressing E. coli cells, by simply heating

bacterial cell suspensions at 65 �C, leading to

[ 90% purity because of the thermal aggregation

and precipitation of all other proteins. We have

reported details of the activity of the enzyme upon

different substrates. After scale-up, TthLAC could

potentially be used for oxidation of compounds,

decolourization of dye pollutants, degradation of

industrial effluents containing high concentrations of

chlorides, detergents, sulfates, and metal ions, and

delignification of biomass at acidic, neutral or mildly

alkaline pH.
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Supporting information Supplementary Figure 1—(A) Am-

plification of the gene encoding TthLAC along with restriction

sites and 6xHis affinity tag (1.3 kb). (B) Restriction-digestion

based verification of the presence of the clone (gene) in the pET

28a Vector (size 5369 bp) through release of the insert of 1.3 kb

upon digestion with NdeI and EcoRI.

Supplementary Figure 2—Fragmentation of a tryptic peptide

of mass 1936 Da using ESI-TOF MS-MS mass spectrometery

and analysis by the Biolynx tool of the Mass Lynx software of

the WATERS G2SHDMS.

Supplementary Figure 3—(A) Far-UV circular dichroic

(CD) spectrum of TthLAC. (B) Chromatographic profile of

of TthLAC eluting from a Superdex-200 gel filtration column.

(C) SDS-PAGE showing TthLAC incubated with glutaralde-

hyde. (D) Dynamic light scattering-derived hydrodynamic

diameter data for TthLAC.

Supplementary Figure 4—Tmid values for the partial

unfolding transitions of TthLAC.

Supplementary Figure 5—Denaturant-induced unfolding of

TthLAC.

Supplementary Figure 6—(A) Oxidization of ABTS into a

green product by TthLAC. (B) Variation of TthLAC activity

with pH. (C) Absorption spectrum of ABTS after enzymatic

treatment at pH 6.
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