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Abstract

The oxidation of TEMPO (2,2,6,6-tetramethyl-piperidine-1-oxyl radical) has been studied in the presence of recombinant laccases (benze
diol:oxygen oxidoreductase, EC 1.10.3.2) fr@ilyporus pinsitus (rPpL), Myceliophthora thermophila (rMtL), Coprinus cinereus (rCcL) and
Rhizoctonia solani (TRsL) in buffer solution pH 4.5-7.3 and at 25. At pH 5.5 the oxidation constant calculated from the initial rate of TEMPO
oxidation was 1.% 10%, 1.4x 10%, 7.8 x 10% and 5.2x 10* M~ s~ for rPpL, rRsL, rCcL and rMtL, respectively. The maximal activity of rPpL-
catalysed TEMPO oxidation was at pH 5.0. TH& btained in neutral pH range was 6.2. The reactivity of laccases is in a good agreement with
laccases copper type | redox potential.

TEMPO oxidation rate increased 541 times in the presence of 10-(3-propylsulfonate) phenoxazine (PSPX). The model of synergistic TEM
and PSPX oxidation was proposed. Experimentally obtained rate constants for rPpL-catalysed PSPX oxidation were in a good agreement
those calculated from the synergistic model, therefore confirming the feasibility of the model. The acceleration of TEMPO oxidation with hig
reactive laccase substrates opens new possibilities for TEMPO application as a mediator.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction The role of mediators in an enzymatic oxidation with the

laccases have been extensively discussed previf®)Siyp—12]

Laccases are classified as polyphenol oxidases and perfo "Bliterent types of mediators, particularly phenothiazines, phe-
the reduction of oxygen to water while oxidizing the substrate

1L tal th idati £ lignin. i . Cpoxazines, N-OH compounds and others have been recognized
[1]. accases catalyse the oxidation of lignin, Norganic anG, .y qj, mediatory function in laccase catalysis. Detailed com-
organic metal complexes, anilines, thiols and pherfidist].

) o L parative studies on the interaction between mediator and lac-

Because of their ability catalyse the oxidation c.)f. aromatlcCase remains to be report§g-9], although various physical
a%hd chemical characterizations have been carried out on sev-

eral well-known laccase mediatdig13—-16] The discovery of
new efficient laccases mediators and elucidation of mediation
%echanism, in particular, could facilitate the solution of differ-
ent biotechnological problems.
2,2,6,6-Tetramethyl-piperidine-1-oxyl radical (TEMPO) is

ing attention as a potential industrial enzymes in various
applications.

The laccases are able to oxidize certain phenols with a red
potential Ep) values higher than their own (from 0.5t0 0.8 V ver-
sus NHE)2]. However, many inorganic and organic compounds
with comparableEy values are “bad” laccase substrates due one of more effective mediators. It is a stableoxyl radical
to unfavourable kinetics. Under certain conditions these COM3\d attracts a considerable amount of interest in its applica-
pounds can be |nd_|rectly oxidized by laccase via the medlatlorﬂon in organic synthesifs,6,17—21] More specifically, it has
by small redox-active substrates. been described as a highly selective catalyst in the oxidation of

alcohold5,6,11,12] The “active” form of TEMPO is the oxoam-
* Corresponding author. Tel.: +370 52744839; fax: +370 52744844, monium ion[17,18] formed by oxidation of th&/-oxyl radical,
E-mail address: jkulys@bchi.lt (J. Kulys). as itis proposed for the reaction of TEMPO-catalysed oxidation
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of alcoholg21-23] The oxoammonium ion would be responsi- TEMPO oxidation was monitored at 245 and 300nm in
ble for the oxidation of lignin, other organic compounds, as well50 mM acetate buffer solution at pH 5.5. The differential extinc-
as oxidation of alcohols to aldehydes. The role of laccase woultlon coefficient of TEMPO was determined during prolonged
be to regenerate TEMPO from the hydroxylamine form whichincubation of 21-20Q.M TEMPO and 100 nM of rPpL. The
was formed during the reaction, so that the oxoammonium iowcalculated coefficient was 2:610°M~1cm™1 at 245nm and
could be restored via oxidation of TEMPO by laccase. Laccase}.3x 10°M~1cm~1 at 300 nm.
in turn, is re-oxidized by oxygef23]. Marjasvaara et a[12] The pH dependence of rPpL-catalysed TEMPO oxidation
determined that during the overall reaction TEMPO appears imas studied by recording absorbance changes in the pH interval
three different forms: oxidized species, normal radical catiort.5—7.3. Fifty millimolars of acetate (pH 4.5-5.8) and 50 mM
and reduced species. This observation confirmed an earlier prphosphate (pH 5.8—7.3) buffers were used. The concentrations
posed mechanisifdl] in which actual oxidizing reagent is the of TEMPO and rPpL were 240M and 94 nM, respectively.
oxoammonium form of TEMPO.

A better understanding of what governs mediation efficiencyl.3. Electrochemical measurements
would require in-depths knowledge of the oxidation mechanism
as well as the rates of the reactive species generated with laccase.Cyclic voltammetry (CV) was performed using an electroan-
However, to the best of our knowledge, the laccase-catalysealytical system (Cypress Systems, USA) equipped with a glassy
TEMPO oxidation rate has not been measured and oxidatiocarbon electrode (model CS-1087, Cypress Systems, USA),
constant has not been determined. at room temperature. A saturated calomel electrode (SCE,

The main task of our study was to study the kinetics ofsaturated with KCI, model K-401, Radiometer, Denmark) was
fungal laccases catalysed TEMPO oxidation. We have foundsed as a reference electrode. Pt wire (diameter 0.2 mm, length
that certain redox compounds markedly increased TEMP@ cm) mounted on the end of the reference electrode was used
oxidation rate. The kinetics of this process was studied. Thas an auxiliary electrode. Glassy carbon electrode was freshly
recombinant laccases froRvlyporus pinsitus (rPpL), Myce- polished with aluminium oxide and treated ultrasonically in
liophthora thermophila (rMtL), Coprinus cinereus (rCcL) and  water for 10 min. The electrochemical measurements were
Rhizoctonia solani (rRsL) were used for the study of TEMPO performed in 50mM acetate buffer, pH 5.5. The concen-

oxidation. tration of compounds (TEMPO and PSPX) was 0.2mM.
Formal redox potential of compounds was calculated as the
1.1. Reagents midpoint potential between the reduction and oxidation peak

potentials. The potential of SCE was assumed 0.241V versus
Recombinantlaccases fradtalyporus pinsitus (fPpL),Myce- NHE.
liophthora thermophila (fMtL), Coprinus cinereus (rCcL) and
Rhizoctonia solani (rRsL) from Novozymes A/S (Copen- 1.4. Calculations
hagen, Denmark) were additionally purified by anion exchange
chromatography and were homogenous as assessed by SDS4nitial rate of the reaction was calculated by fitting the
PAGE. Concentration of laccases was determined spe@bsorbance change (increase or decrease) by exponent with off-
trophotometrically. The extinction coefficient for rMtL is set. The dependence of initial oxidation rate on TEMPO or PSPX
134mM1cm1 at 276 nm[24], whereas a coefficient of concentration was approximated by Michaelis—Menten equa-
78 mM~1cm1tis used for rPpL, rCcL and rRsL at 280 1j&5].  tion, producing apparent paramet&ks andVmax. The apparent
2,2,6,6-Tetramethylpiperidin-1-yloxy, free radical (TEMPO) bimolecular constant was calculatedik@gs= Vmax/Km[E] or as
was obtained from Aldrich (Germany), 10-(3-propylsulfonate)kox = Vo/[S][E].
phenoxazine sodium salt (PSPX) was received from Novozymes The expression of initial rate of TEMPO oxidation in pres-
A/S (Copenhagen, Denmark). The structures of TEMPO an@nce of PSPX was derived at steady state conditions for enzyme
PSPX are shown ifFig. 1. Sodium acetate and acetic acid, and PSPX using symbolic algebra (Mathcad 5.0 program).
potassium dihydrogen phosphate and sodium hydroxide were
“chemically pure” and were received from Reachim (Moscow,2. Results
Russia).
The kinetic measurements were performed in 50 mM sodiun2. 1. The change of absorbance during TEMPO oxidation

acetate buffer solution, pH5.5, at253.1°C. All solutions were

prepared in triple distilled water. The lack of conjugated-electron systemin TEMP@(g. 1)
results in a low absorbance values in a UV region. The oxida-
1.2. Methods tion of TEMPO was monitored measuring absorbance changes

at 245 and 300 nmKjg. 2). During oxidation of TEMPO two
Spectrophotometric measurements were performed usinigosbestic points, at 233nm and at 263 nm, were observed,
computer-controlled “Nicolet evolution 300" spectrophotome-indicating single product formation. The absorbance change in
ter (Thermo electron Corporation, USA) in 1cm ther- our study correlated well with the absorbance change observed
mostated quartz cuvette. The temperature was maintained dtring electrochemical TEMPO oxidatiof26], confirming
25+0.1°C. the oxoammonium ion formation. Initial rate of TEMPO oxi-
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Fig. 1. Structure of 2,2,6,6-tetramethyl-piperidine-1-oxyl radical (TEMPO), 10-(3-propylsulfonate) phenoxazine (PSPX) and radical Ga(®pafdylsulfonate)
phenoxazine (PSPX).

dation rate was linearly dependant on rPpL concentration. - l -
TEMPO oxidation rate increased from 1 to 2@9/min with
increase in rPpL concentration from 10 to 200 nM. The oxi- 5= n
dation constant calculated from the dependence of the ini-
tial rate on enzyme concentration was equal to £071)

x 100M~tsL,

Other laccases, i.e. rMtL, rCcL and rRsL, can also catal-
ysed oxidation of TEMPO. However, the observed rates were
considerably lower compared to that of rPpL. The appar-
ent oxidation constants calculated from the initial rate of S ]
absorbance change were (£4.6)x 103, (7.8+2.5)x 107
and (5.2 1.7)x 10?M~1s 1forrRsL, rCcL and rMtL, respec-
tively. Due to low reactivity of the laccases, studies of TEMPO 0 I | 1 | I | 1 |
oxidation were carried out using rPpL. 0 50 100 150 200

TEMPO (uM)

10 —

Initial rate (LM/min)

2.2. The dependence of initial rate of TEMPO oxidation on Fig. 3. The dependence of initial rate of rPpL-catalysed TEMPO oxidation on

TEMPO concentration substrate concentration. The curve was drawn using Michaelis—Menten equa-
tion. Fifty millimolars of acetate buffer, 100 nM rPpL, pH 5.5, Z5.

The dependence of initial rate on TEMPO concentration
showed saturation shapkig. 3). The data were approximated 2.3. The dependence of initial rate of TEMPO oxidation on
with Michaelis—Menten equation and consequently yieldingsolution pH
Km=(391+97)pM and Vimax= (494 9) pM/min. The calcu-
lated apparent oxidation constant for TEMPO oxidation was The dependence of TEMPO oxidation rate was investigated

(1.9+0.2)x 10*M~1s71, in pH range 4.5-7.3. The data exhibited bell-shaped dependence
with the maximum rate at pH 5.6-(g. 4). The fitting of exper-
T T T Toadd T T T L 1 imental data gave gy value 6.2+ 0.1. The pH dependence of
0z ; 1 o.0a TEMPO oxidation rate is associated with pH dependence of lac-

case activity: the maximum activity of rPpL for other substrates
is at pH 4.5-5.927].
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Fig. 2. The change of TEMPO absorbance during laccase action. The spec- 4 4.5 5 5.5 6 6.5 7 7.5
tra were recorded every 2 min. The inset shows kinetics of absorbance change Solution pH

at 245nm (1) and 300 nm (2). The curves in the insert were produced by fit-
ting experimental data using exponent with offset. One hundred micromolars dfig. 4. The dependence of rPpL-catalysed TEMPO oxidation rate on solution
TEMPO, 50 nM rPpL, 50 mM acetate buffer, pH 5.5,°25 pH at 25°C. Two hundred and forty micromolars TEMPO, 90 nM rPpL.
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' | \ I \ since the peak current of anodic oxidation was proportional
to square root of the potential scan rate. The electrochemical
oxidation of both compounds was quasi reversible; the dif-
ference between anodic and cathodic peak potential was 62
and 56 mV for TEMPO and PSPX, respectively, at scan rate
100mV/s. At pH 5.5 formal redox potential calculated as a
mean of anodic and cathodic peak potential was485nV for
TEMPO and 382 4 mV for PSPX. The estimated redox poten-
tial of TEMPO is comparable to a value of 482 mV versus SCE
[28].

Initial rate (UM/min)

3. Discussion

0 5 O | | . |

0 1 2 3 Several microbial laccases are used to catalyse TEMPO oxi-
PSPX (uM) dation in presence of oxygen. However, TEMPO oxidation is

markedly slower with rMtL, rCcL or rRsL in comparison to

Fig. 5. The dependence of rPpL-catalysed PSPX (1) and TEMPO (2) oxidationP L ):h frPol th | fth P tant cal

rate on PSPX concentration. Curve (2) is a result of data fitting with propose& pL.in e. case ol rep - € mean value ot the con_slarllca cu-

synergistic model. Two hundred and forty micromolars of TEMPO (2), 1.4 nm lated from different experiments was (10.2) x 10°M~ts7t,

(1) rPpL and 14 nM (2) rPpL. The model of TEMPO oxidation can be written as

follows:

2.4. TEMPO oxidation in presence of PSPX laccase(red) O, + 4H* — laccase(ox} 2Hz0 1)
A typical Michaelis—Menten dependence with the appar-
ent Kn=(9.5+1.7)pM and Vipax=(6.1+0.5)puM/min was
observed when rPpL-catalysed PSPX oxidation was investigatddccase(ox)+ TEMPO(red)
(Fig. 5. PSPX oxidation constant calculated fréfn andVimax s laccase(red)- TEMPO(ox) + H* )
values was equal to (760.8)x 10°M—1s71,
Addition of PSPX to the reaction mixture increased TEMPOThe catalytic activity of laccases from different sources may
oxidation rate Fig. 5): the initial rate of TEMPO oxidation be ranked in the order of their decreasing redox potential:
increased from 1.pM/min in the absence of PSPX up to 0.78, 0.71, 0.55 and 0.47 V versus NHE for rPpL, rRsL, rCcL

6.0pM/min at 3uM of PSPX. and rMtL, respectively{24,29] The kox ranked in the same
orderforthe respective laccases: £.70%, 1.4x 10%,7.8x 107,
2.5. Electrochemical oxidation of TEMPO and PSPX 52x 1°M~1s7L

The reaction of oxidized laccase with PSPX(red) and radi-
The electrochemical oxidation of TEMPO and PSPX wascal cation (PSPX(ox)) with TEMPO may be added to describe
investigated using glassy carbon electrode. TEMPO is oxiPSPX-assisted TEMPO oxidation:
dized at higher potential than PSPKig. 6). The oxidation
of both compounds proceeded at diffusion limiting conditionslaccase(ox)"_ PSPX(red)
— laccase(red}- PSPX(ox)+ H* (3)

0.6 T T T T T T

PSPX(0x)+ TEMPO(red)— PSPX(red)+ TEMPO(0Xx)
(4)

To obtainkgy for PSPX during TEMPO oxidation the scheme
(Eq. (1)—(4) was analysed at quasi steady state conditions for
the enzyme and the PSPX. Expression of initial rate of TEMPO
(S) oxidation is rather complex due to the presence of enzyme
as well as PSPX (M) which exists in both oxidized and reduced
forms:

o 200 00 o0 200 Vst = k2[S]o(1/(2(k1[O2]k3 + [Slok2k3))(—k1[O2] oka[S]o
Electrode potential (mV vs SCE) _[S](2)k2k4 — ka[M] ok3[S]o + [E]tk1[O2]ok3

Current (LA)

Fig. 6. Cyclic voltamogram of 0.2 mM TEMPO (1) and 0.2 mM PSPX (2). Fifty +(k%[02] Zki[S]% + 2k1[02]0k£[5]8k2
millimolars of acetate buffer, pH 5.5, 2&; potential scan rate 6, 12, 25, 50 and

100mVis. +2k1[O2]0k3[SI3M] ok + 2k2[O2]3ka[SIo[Eltka
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+[S13k3kZ+2[SIkok3IM] oks+2[SIkoka[E] tk1[O2] ks
+k3[M] 2k3[ST3 — 2ka[M] ok3[So[E]k1[Oz]o
HEIZK02139) %)

+ka[S]o[M] 0/ (1 + ka[Slo/(k3(1/(2(k1[O2]ok3
+[S]ok2ks))(—k1[O2]oka[S]o — [SIgkaka — ka[M] ok3[S]o
+[E]tk1[Oz]oks + (k{[0215k3[ST5 + 2k1[O2]ok4[S]3k2
+2k1[O2]ok3[SI3M] ks + 2k2[02]3kalS]o[Eliks
+[SI3k3kE+2[SIkok3IM] oks+2[SIkoka[E] tk1[O2] ks
+KGIM] 3K3[S]3 — 2ka[M] ok3[SIo[E]ik1[Oz]o

HEIZK2[02122) )

where k1, ko, k3 and k4 are the rate constant for cor-
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