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Abstract: The direct electrochemical studies of four laccases (plant and fungal laccases) have been investigated on
a gold electrode functionalized with a new tether of 2.2'-dithiosalicylic aldehyde. Results from these studies indicate
that the redox potential of the active site of plant laccase Rbos vernificeras shifted to a more negative value

(255 mV versus SCE) than that of fungal laccase fRymicularia oryzae(480 mV versus SCE). Mechanistic studies
indicate that the reduction of type-1 Cu precedes the reduction of type-2 and type-3 Cu ions when the electrode is
poised initially at different potentials. Also a new tether, 2.2'-dithiosalicylic aldehyde, has been used to study the redox
properties of two laccases (LCCI and LCCla) covalently attached to a gold electrode. An irreversible peak at 0.47 V
vs. SCE is observed in the cyclic voltammograms of LCCI. In contrast, the cyclic voltammograms of LCCla contain

a quasi-reversible peak at 0.18V vs. SCE and an irreversible peak at 0.50 V vs. SCE. We find that the replacement
of the eleven amino acids a the C-terminus with a single cysteine residue (i.e5>LCCla) influences the rate

of heterogeneous electron transfer between an electrode and the copper containing activg, $ted QCl = 1.0

<102 st and Ky for LCCla = 1.0<10? s! at 0.18 V versus SCE and &00? s* at 0.50V versus SCE). These

results show for the first time that the change of the primary structure of a protein via site-directed mutagenesis
influences both the redox potentials of the copper ions in the active site and the rate of heterogeneous electron transfer.
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1. Introduction plant laccase fronRhus vernificeraand fungal laccase from
Pyricularia oryzae In addition, we include results from elec-

The direct electrochemical studies of laccases (oxygen oxitrochemical studies of immobilized LCCI and LCCla (fungal
doreductase; EC 1.10.3.2) have been investigated at alddaccases fronTrametes versicoloexpressed by heterologous
hyde-terminatet® thiol monolayers on gofd?. Laccase is a  host, Pichia pastori3, and compare these results to those
multi-copper containing oxidase that couples four one-elec-obtained from solution studies of LCCI and LCCla. Results
tron oxidations of organic and inorganic substrates to onefrom these studies show that a deletion at the C-terminus of
four-electron reduction of dioxygen to wat&f® The active wild-type fungal laccase (LCCI to LCCIa) influences both
site of laccase contains four copper ions [Cu(ll/l), classified the redox potential of laccase and increases the rate of heter-
according to their EPR characteristics] with coordination ogeneous electron transfer. These results agree well with our
sphere of the histidine and cysteine residd@8. Despite previous studies on solutions containing LCCI and LCCla.
many structural and kinetic studies, blue copper proteifis
have not been studied electrochemic@lin the presence of 2. Experimental
chemical promotors or redox mediatéts®

Gold electrodes modified with an aldehyde-terminated thiol 2.1. Chemicals
monolayer chemically react with amine-containing molecules Fungal laccase (benzenediol:oxygen oxidoreductase; EC
in the absence of other reagents. The aldehyde-terminated.10.3.2) fromPyricularia oryzae (6,940 units mg protein
monolayers immobilize enzymes onto gold electrodes andusing syringaldazine as substrate) and plant laccase (ben-
facilitate heterogeneous electron transfer between the activeenediol: oxygen oxidoreductase; EC 1.10.3.2) fiehus
site of the bound oxidoreductase and the electrode surface. vernificera (50 units m¢ protein using syringaldazine as

In this paper, we describe the electrochemistry of plant andsubstrate) were purchased from Sigma. 2,2'-Azinobis (3-eth-
fungal laccases in the absence of redox mediators. Resultglbenzothiazoline-6-sulfonate) diammonium salt (ABTS) and
from these studies indicate that laccases originating fromchemicals used to prepare buffered solutions were purchased
plant and fungal sources have different redox potentials.from Aldrich and were used as received. Water in electrolyte
These results demonstrate the difference in redox potential oolutions was ultrapure (18.20).
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2.2. Synthesis of 2.2'-dithiosalicylic aldehyde )

2.2'-dithiosalicylic aldehyde was synthesized using the fol-
lowing procedure: thiolphenol (2.5 g, 22.7 mmol) dissolved in
anhydrous cyclohexane (60 mL) under argon at -78°C was (1) | Aw
added to distilled N,N,N',N'-tetramethylethylenediamine
(TMEDA, 7.53 mL, 50 mmol) and subsequently added to n-
butyllithium (31.75 mL of a 1.6 M solution in hexane, 50
mmol). The resulting solid was allowed to dry at room tem-
perature to give a pale yellow solution, which gave a white
suspension when stirred overnight. Lithium 2-lithioben-
zenethiolate in ice-bath was added dimethylformamide (DMF, CHO
4.27 mL, 55 mmol) in nonagueous cyclohexane (20 mL). The 5 @
mixture was allowed to dry at room temperature to give a (2) | Auf—s
pale yellow suspension, and then poured into 10% aqueou
hydrochloric acid (HCI, 50 mL) to give a clear pale yellow
solution. Mixture of aldehyde solution in tetrahydrofuran
(30 mL) at room temperature was added 10% aqueous HC
(15 mL). The mixture was stirred at room temperature for 2
days, and then extracted with diethyl ethei<@ mL),
washed over anhydrous magnesium sulfate and evaporated ! i C/lys
give a yellow solid of 2.2-dithiosalicylic aldehyde. Flash
chromatography (4:1 = hexane:ethyl acetate) gave 1.70g o G| Au s
2,2'-thiosalicylic aldehyde (oil, 54% yield) and 0.16 g of 2.2'-
dithiosalicylic aldehyde (white solid, 5% yieldfy*?

Type-2 &3

Type-1 Cu(l/it)
Cu(l/) | ku(llll)
Cu(l/m)

Laccase

2.3. EIeCtr_Ode modification Fig. 1. Schematic diagrams of the immobilizing laccases on the gold
The working electrode used to study laccases was a goltelectrodes. (1) Preparation of the clean gold flag electrodes (0.43m
flag (0.4 cnd), which was cleaned withirana solution(3: 1 rinsed with pirana solution (3:1 volumetric ratio of concentrated
volumetric ratio of concentrated,50,: 30% HO,) followed Hi'SOA% 30% Hfoi) ;O:L%V}/eg’\% dihltg ?tl(lé?éegfia(&_lﬁ VOkljl_Jlmett_riC
H H 1. H H ratio or concentrate . 3. F20). urface immobilization
It—)|ycﬁII:tsgiugz(r)e)?Iifc.c];sSes\Dvl:eTeetizfn:n:ittl)(i)Iizoef dcgﬂfsr:;aggc- of tr_\e 2,2'-dithio_sa|icylic aldehyde. (3) Binding of Iac_cases, by
. . forming of a Schiff base between one of its surface amines, to the
trode using the following proceddteA clean gold electrode aldehyde.
was immersed in the ethyl acetate solution of 10 mM 2,2'-
dithiosalicylic aldehyde. The aldehyde-modified electrode
was transferred immediately to the solution containing plantwith pPIC3.5K previously digested witBcoR |and Avr I
laccase (64 uM), fungal laccase (32 puM), Lccl (8 uM), Lccla The recombinant plasmids pZH98 (pPIC3.5KKa cDNA)
(8 uM) for 12 hours, respectively (Fig. 1). Between each step,and pNP2 (pPIC3.5Ktecl cDNA A1l +C) were digested
the electrode was washed thoroughly with 0.1 M phosphatewith Sac | and introduced intd?ichia pastorisstrain

buffer (pH 6.0). SMD1168 by electroporation. Subsequent to transformation,
cells were grown on regeneration dextrose medium (RDB)

2.4. Wild-type Laccase vs. Modified Laccase without histidine. After five days, transformants were trans-
Vectors and strains for cloning and expression ferred to methanol medium (MM) supplemented with 0.1%

The cDNA than encodes for Lccl frommametes versicolor  Cu and either 0.2% ABTS and (in pZH98 transformants) or
strain 52J (plasmid pBK117) was obtained from Edgar Ong.90% p-phenylenediamine (in pNP2 transformants). The
The expression vector pPIC3.5K and the strain SMD1168pZH98 transformants that expressed active LCCI developed a
(his4, pep# of Pichia pastoriswere purchased from Invitrogen. green color due to oxidation of ABTS while the colonies that

2.4.1. Construction of recombinant plasmids and expres-expressed active LCCla developed a brown color due to
sion of recombinant laccase polymerization of a phenylendiamine. The most active colo-

The cDNA for laccase fromframetes versicolomwas nies were cultivated in buffered minimal glycerol medium
cloned into pPIC3.5K expression vector as an EcoR I-Avr Il (BMG, 25 mL) until the optical density at 600 nm was 6-8. The
fragment between the AOX1 inducible promoter and termi- culture was centrifuged and the cell pellet diluted with buff-
nator of transcription. PCR was used to amplifgi in the ered methanol medium supplemented with 0.1 mM CuSO
presence of an upstream primer wiboR Isite and down-  (BMM, 300 mL) to an Olgy~1. Methanol (0.5%) was added
stream primer that contaifs/r 1l restriction site. Two DNA  daily to induce the expression of laccase.
polymerase was used according to instructions provided by 2.4.2. Purification of laccase
the manufacturer. The products of PCR were purified from Laccases were purified using a BioCAD 700E Perfusion
agarose gel, hydrolyzed witicoR land Avr Il and ligated  Workstation (PE Biosystems) equipped with a strong anion
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exchange column (Poros HQ/M &@00 mm) and the UV  tion containing laccaseRfius vernificeraon a gold electrode.
detector set at 280 nm. Liquid cultures containing ca. 1 myymL Plant laccase exhibits a quasi-reversible pegk B.= 70 mV)
of total protein were centrifuged at 6000 rpm for 15 minutes at pH 5.85 with a large anodic wave at 290 mV vs. SCE and
at room temperature and the supernatant was concentrated lay small cathodic wave at 230 mV vs. SCE, respectively. The
dialysis against polyethylene glycol (Mw. 15000-20000). The unbalanced shape of the cyclic voltammogram reflects the
resulting liquid was applied to an HQ/M column equilibrated successive oxidation of the different copper ions in the active
with 20 mM Tris-HCI, pH 8. The column was eluted with a sites with one of these active sites is reversible on the time
NaCl gradient (0-600 mM in 5 column volumes) dissolved in scale of the experiment. The value gf,(C, cobtained from
the same buffer used for column equilibration. The flow rate the charge of the anodic and cathodic peaks is roughly 4:1.
was 6 mL mint and 1 mL fractions were collected. CuSO This result indicates that the number of redox sites oxidized
(0.1 mM) was added to the fractions containing purified laccaseis four times larger than the number of redox sites reduced.
and left overnight at°€. Fractions were combined and con-  In previous studies, potentiometric and redox titrations of
centrated to yield a concentration of laccase of ca. 5my mL laccase isolated from the Japanese lacquer tree Rhgs
vernicifergd have shown that the reduction potentials of type-1
2.5. Electrochemical measurements Cu (I) and type-3 Cu (ll) at pH 7.5 are 193 mV and 242 mV
An EG&G Potentiostat/Galvanostat, Model 263A was used versus NHE, respectively) However, the redox potential of
to obtain cyclic voltammograms of immobilized-laccase. A plant laccase determined by cyclic voltammetry deviates from
single-compartment cell was purged with nitrogen gas for tenthat of earlier studies because of differences in pH and buffer
minutes prior to each measurement. The working electrodeused in the measurement. Cyclic voltammetric studies of plant
was a gold flag (0.4 cfh The counter and reference elec- laccase adsorbed onto the surface of a gold electrode modified
trodes were platinum gauze (4.03mand saturated calomel with B-mercaptoproprionate have been reported which

electrode (SCE, 0.241V vs. NHE), respectively. exhibit broad anodic peaks at 400 mV versus NPIE.
In Fig. 3 we compare the cyclic voltammograms of fungal
3. Results and Discussion laccase fronPyricularia oryzaeafter poising the electrode at
0.0V versus SCE and at 0.7V versus SCE. The values of
3.1. Redox Potentials: Plant versus Fungal Laccases Cp.o/ Cpc Obtained from the coulombic areas between the

Gold electrodes modified with an aldehyde-terminated thiol anodic and the cathodic peaks are roughly 1.2 at 0.7 V versus
monolayer chemically react with amine-containing molecules SCE and 3.5 at 0.0 V versus SCE, respectively. These results
in the absence of other reagents (Fig. 1). The aldehyde-termiindicate that the oxidation process of the different copper
nated monolayers with conjugated rings immobilize enzymesions in the active site is faster than the reduction process.
onto gold electrodes and facilitate heterogeneous electron The cyclic voltammogram that results when the electrode is
transfer between the active site of the bound oxidoreductas@oised at a reducing potential (0.0 V versus SCE) also indi-
and the electrode surface.

Shown in Fig. 2 are cyclic voltammograms (CV) of solu- , , I , , , , ,
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E/mV (SCE) Fig. 3. Cyclic voltammogram ofPyrcularia oryzaefungal laccase on
] ) . the 2,2'-dithiosalicylic aldehyde-modified a gold flag electrode.
Fig. 2. CY_C“(_? vol_tam_mogram OthUS_\_/emlflcefamant laccase on Scan rate 2.0 mV &; 0.2 M citrate-phosphate buffer (pH 5.85), 25
the 2,2-dithiosalicylic aldehyde-modified a gold flag electrode.  °C in air. Measurement conditions: The electrode was poised at 0.0

Scan rate 10 mV 8; 0.2 M citrate-phosphate buffer (pH 5.85); 25 V versus SCE (----) or 0.7 V versus SCE~) for 30 minutes prior
°C in air. to scanning the potential.
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cates that successive oxidations are less tharuapaV -10
apart (individual waves of the oxidation are merged) and at
least one of these oxidations is reversible on the time scale ¢
the experiment. However, when the electrode is poised at 0.7 \
versus SCE, the cyclic voltammogram of fungal laccase is
quasi-reversible with f at 460 mV versus SCE. The ration -5
of the area of the two cathodic waves in the cyclic voltam-
mograms is equivalent.

Furthermore, poising the electrode at an oxidizing potential
suggests that it is difficult to transfer electrons from the elec-

IlpA

IluA

trode to the type-2 Cu (II/1) and type-3 Cu (lI/l) sites that are 0
further from the surface of laccase than the type-1 Cu. In

contrast, poising the electrode at a reducing potential allows

enough time for the transfer of electrons from the electrode

to the type-2 Cu (Il/l) and two type-3 Cu (II/). 5

The higher redox potentials of the copper sites in fungal
laccase are in the result of differences in the overall conforma:
tion of the protein, a different sequence of amino acids arounc E/mV (SCE)

+4d-47 ; :
the type-1 Cu sitéf . 'In other works, direct eleCt_rOChemIStry Fig. 4. Cyclic voltammogram of LCCI fun gal laccase on the 2,2'-
of fungal laccase isolated frofolyporous versicolowas dithiosalicylic aldehyde-modified agold flag electrode as a function
indistinguishable from the background voltammogfarb. of scan rate; 0.2 M citratephosphate buffer (pH 5.85), 25C. The
linear dependence of cathodic and anodipeak currents (¢ and
ip.a) to scan rate Y) is shown in the inset. Anaerobic conditions were
maintained by purging a sirgle-compartment cell with nitro gen gas
durin g the each measurement.

100 200 300 400 500 600 700 800

3.2. Measurement of the Redox Potentials: LCCI
versus LCCla

The two laccases (LCCI and LCCla) where compared in
terms of their relative activity with substrates that have dif-
ferent redox potentials. Results from the electrochemical On the basis of Lavirons studies, the value of the kinetic
studies on solutions containing LCCI and LCCla indicate parameter r()) is dependent onx (E, -E,J, wheren is the
that the redox potential of the active site of LCCla is shifted number of electrons transferred in the rate determining step,
to more negative values (411 mV vs. NHE) than that found thatF is the Faraday constant (9.64840 C equivil), v is the
in other fungal laccases. The solution containing LCCI did scan rate in units of Vs R is the gas constant (8.314 JK
not exhibit peaks in the cyclic voltammogram, indicating that *mol™), and T is the temperature (298 ®)Assuming than
the active site in LCCI is inaccessible electrochemically. How- is one, and setting = 0.5, the average value Kf is 1.0<
ever, when LCCla is immobilized onto an electrode surface,10% s'. For comparison, the rate of heterogeneous electron
peaks at 0.47 V versus SCE are visible in the cyclic voltam-transfer for MP-11 bound covalently to a cystamine-modified
mogram. electrode is 125" The rate of heterogeneous electron trans-

When laccasse is immobilized on the modified electrode fer for cytochrome ¢ adsorbed onto a gold electrode modified
the rate constant for heterogeneous electron transfer can beith 16-mercaptohexadecanoic acid is 04 The rate of
determined from the corresponding cyclic voltammograms. heterogeneous electron transfer for the same protein adsorbed
The scan rate dependence of the cyclic voltammograms obnto a monolayer of bipyridinium or anthraquinone compo-
LCCI is shown in Fig. 4. The cathodic currenjc) in the nents corresponds to 503 and 62 sespectively? Results
cyclic voltammogram of LCCI varies linearly with(scan from comparison to other biomolecules which have a heme
rat) (Fig. 4 inset) according to equatiori®1, group on the surface of proteins show that the active site of
fungal laccase is not located on the surface of the protein.

In addition, the distorted shape of the cyclic voltammogram
of LCCI reflects a case where the separation in potential
between successive oxidations is small (i.e., individual waves

wheren is the number of electrons transferred, F is the are merged) and at least one of these oxidations is reversible
Faraday constant (9.6484.0* C equivl), v is the scan rate  on the time scale of the experiment. The surface concentra-
in units of V &, I, is the surface concentration of oxidized tion of LCCI was calculated to be XA0* mol cm?2.5® The
species (mol ci), A is the surface area of the electrode coverage of laccase is roughly three times greater than a full
(cmd). monolayer of laccase based on a maximum coverage of 6.0

The value of the rate constant for heterogeneous electron< 102 mol/cm?, assuming fungal laccase is spherical in
transfer between an electrode and the immobilized laccaseshape with a diameter of 55L0° cm and is hexagonally
can be determined using equation 2. close-packed.

Shown in Fig. 5 are cyclic voltammograms of LCCla con-

ks = mnvK R'I)_l 2 fined to a gold electrode. The cyclic voltammograms show a

22
ipc= 2RTVAo 1)
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Fig. 5. Qyclic voltammogram of LCCla fun gal laccase on the 2,2'-
dithiosalicylic aldehyde-modified agold flag electrode as a function
of scan rate; 0.2 M citratephosphate buffer (pH 5.85), 25°C. The

linear dependence of cathodic and anodipeak current to scan rate
(v) is shown in the insets. Anaerobic conditions were maintained/b
purging a sirgle-compartment cell with nitro gen gas during the

each measurement.
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laccase that results in a measurable cyclic voltammogram
using a new tether, 2,2"-dithiosalicyclic aldehyde. Also, a new
aldehyde-terminated monolayers with conjugated rings
immobilize laccases onto gold electrodes and easily facilitate
heterogeneous electron transfer between the active site of the
bound oxidoreductase and the electrode surface.

Result from these studies indicate that the redox potential
of active site of plant laccase froRhus vernificeras shifted
to more negative values (255 mV vs. SCE) than that of fungal
laccase fromPyricularia oryzae(480 mV vs. SCE). Mecha-
nistic studies indicate that the reduction of type-1 Cu (lI/l)
precedes the reduction of type-2 Cu (ll/l) and type-3 Cu (ll/
I) when the electrode is poised at different potentials.

The electrochemistry of a wild-type fungal laccase (LCCI)
and a truncated fungal laccase (LCCla) also have been exam-
ined using a new tether, 2,2'-dithiosalicyclic aldehyde. A new
tether shows that the active sites of both immobilized LCCI
and LCCla are more accessible electrochemically than when
LCCI and LCCla are in solution. A significant consequence
of truncating C-terminus of LCCI is a shift in the redox
potential of type-1 Cu (lI/l) to a more negative value with no
effect on the potential of type-2 Cu (Il/l) and type-3 Cu (ll/

) sites. In Fig. 5, the cyclic voltammograms of LCCla show
that reducing the number of amino acid residues at C-temi-
nus of LCCI via site-directed mutagenesis enhances the rate
of heterogeneous electron between an electrode and copper

quasi-reversible wave at 0.18 V vs. SCE and an irreversibleions in the active site of laccase.
wave at 0.50 V versus SCE, respectively. This result indicates

that reducing the number of amino acid residues at C-terminus

of LCCI influences the potential of type-1 copper ion in the
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voltammogram of LCCla reflects a similar case where the

separation in potential between successive oxidations is small
(i.e., individual waves are merged) and at least one of these
oxidations is reversible on the time scale of the experiment. 1.
As with LCCI, the cathodic current,() at both 0.15V and
0.5V versus SCE in the cyclic voltammogram of LCCla vary
linearly with v (scan rate) (Fig. 5 inset).

The value of the rate constant for electron transfer between
an electrode and the immobilized LCCla can be determined 4
according to equation %) The average values &f; using
the Lavirons method are xA0* s at 0.18V vs. SCE and 5.
4.0< 102 st at 0.50 V versus SCE. Compared to the rate of 6.
heterogeneous electron transfer in LCCI, these results of
LCCla is higher than LCCI. This result supports our previous
conclusion, that is, by reducing the number of amino acid
residues of C-terminus lowers the barrier to heterogeneousg,
electron transfer. The surface concentration of LCCla i& 2.5
10 mol cm?59

2.

9.
10.

4. Conclusions
11.
There exist in the literature several studies on the electro-,
chemistry of laccases. The significance of our works, as dis-
tinguished from previous studies on the bioelectrochemistry of13.
laccase, is that we have developed a method for immobilizing
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