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Electrochemical Characterization of Purifiedhusvernicifera Laccase:
Voltammetric Evidence for a Sequential Four-Electron Trarisfer
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ABSTRACT. Rhusvernicifera (Rv) laccase was purified to electrophoretic homogeneity by hydrophobic
interaction chromatography. A comprehensive study of the direct electrochemistry of Rv laccase covalently
immobilized at a gold electrode using alkanethiol monolayers was undertaken. The observed midpoint
potential was 410 mV versus the normal hydrogen electrode (NHE), consistent with reduction potentials
obtained by potentiometric titration for the T1 copper site. Evidence is presented for a concerted 4-electron
reversible process at slow scan rates dn the basis of peak current ratidg/{pc). Catalytic currents

were observed in the presence of the biological substrate oxygen, indicating that laccase activity is retained
throughout the immobilization process. Electrochemical characteristics of the immobilized laccase were
essentially invariant across the pH range-8% and the temperature range3b °C. The purified enzyme
displayed a pH optimum of 9.0, when assayed spectrophotometrically with syringaldazine as a substrate.
Inhibition of the laccase activity with azide or fluoride showedl gNaNs) of 2.5 mM and arso(NaF)

of 18.5 mM. Electrochemistry in the presence of azide reduces the anodic current by ca. one-half, consistent
with the 4-electron process decreasing to a 2-electron process. However, fluoride has no effect on anaerobic
electrochemistry. These electrochemical results suggest that the pH dependence of laccase activity is related
to the effects of pH on the structure or binding of the substrate.

Multi-copper oxidases have realized a renaissance in theelectron entry point is the T1 copper which rapidly transfers

past few years with applications in biofuel cell$—3), the electron to the triangular active site, consisting of the
bioelectrocatalysis4 5), biological and oxygen sensing- antiferromagnetically coupled T3 copper atoms and the T2
9), pulp delignification (0, 11), and bioremediation1@— copper atom7, 16—18). The in vivo electron donor can be

15). The simplest members of the multi-copper oxidase substituted by an artificial electrode, thereby enabling
family are laccases, capable of catalyzing the 4-electron estimates for the reduction potentials, electron transfer rate
reduction of oxygen to water with concomitant oxidation of constants, and thermal and pH stability, in addition to the

a broad range of substratek3). screening of effective inhibitors3( 12, 17, 19, 20).
The monomeric laccase contains four copper atoms that g4y electrochemical studies &hus vernicifera (Rv)
are spectroscopically classified as an E@Rive type 1 (T1), |accase using potentiometric titration with spectrophotometry

an EPR-active type 2 (T2), and the EPR-inactive type 3 (T3) jgjcated three reduction potentialse420 mV (T1),+390
_conS|st|ng of_a binuclear pair of copper atoms. Tr:e Tliclzopper mV (T2), and+460 mV (T3), which were assigned to each
is characterized by an intense (- 3000 M™ cm™) distinct type of copper atom7( 21). Considering that all
absorption band in the visible region a600 nm. The |5cca5es are thought to perform the same basic function in
accepted mechanism for laccase activity suggests that thevivo, it is surprising that a considerable difference in

: reduction potential is observed between speciss. (For
TL.L.M. acknowledges support from the Grape and Wine Research example, the T1 reduction potential Bblyporusversicolor

and Development Corp. (GWRDC). . -

* Address correspondence to this author at the School of Chemistry, 1S 7785 MV @2) whereas Rv ist-420 mV. However, the
Monash University, Clayton 3800, Victoria, Australia. Phone:6{3) majority of electrochemical studies of laccases reported to
99051338. Fax: +613) 99054597. E-mail: Lisa.Martin@ date show a single, poorly defined redox resporGel,
scl.monash.edu.au. 20). Although Armstrong et al.3) identified two distinct

1 Abbreviations: EPR, electron paramagnetic resonance RRus .
vernicifera T1, T2, and T3, type 1, 2, and 3 copper atoms, respectively; '€doX processes at I, other workers have since been

Emig, Midpoint (reduction) potentialAE, peak separatiorks, electron unable to reproduce this behavidr7f. The more typical,
transfer rate constarit, the inhibitor concentration required to reduce  single redox process observed for Rv laccase has been

initial laccase activity by half; SDSPAGE, sodium dodecyl sulfate . . S
polyacrylamide gel electrophoresis; MPA, 3-mercaptopropionic acid; explained either by the coincidental redox waves of the four

SAM, self-assembled monolayer; MES, I2-orpholino)ethanesulfonic ~ COpper atoms or by the response arising from a single copper
acid; HEPESN-(2-hydroxyethyl)piperaziné¥-2-ethanesulfonic acid;  atom, most probably the T1 sité,(17, 20). Only a few
TAPS, N-[tris(hydroxymethyl)methyl]-3-aminopropanesulfonic acid,; studies have achieved direct electrochemistry of large

EDC, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide; NHS:hy- - S . .
droxysuccinimide; EDTA, ethylenediaminetetraacetic acid; AcOH, Proteins, presumably limited because the active site often

acetic acid; NHE, normal hydrogen electrode. tends to be “buried” within the protein matrix. In the case
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of laccases, this problem has been exacerbated by theorotocol 4 g of theacetone precipitate was stirred with 100
apparent experimental limitation to a narrow range of pH mL of 0.1 M potassium phosphate buffer (pH 6.0) at room
values, temperatures, and scan rates, thereby preventingemperature for 1620 h. Any undissolved material was then
significant conclusionsg 7, 17, 20). Over the past decade, removed by filtration through a series of MF-Millipore filters
some of these problems have been overcome by covalently(Millipore Corp., Bedford, MA) with decreasing pore sizes
attaching the protein to an electrode through a self-assembledf 0.80, 0.45, and 0.2m. In the second step, (NHSOs
monolayer, thereby preventing diffusion of the protein away was added to the filtered extract at a ratio of 30 g to 100
from the electrode24—26). mL of extract, and after the (NBLSO, had dissolved, the

Careful fabrication of stable protein films on electrodes resulting solution was centrifuged at 15@0@r 20 min to
for voltammetric analysis can assist in the elucidation of remove any insoluble material. In the final step, the
reaction mechanisms and the correlation of structure with supernatant from step 2 was applied at a flow rate of 3 mL
function 7, 28). Protein purity is crucial in this pursuit, min~*to a column (1.5 cm diametex 14.0 cm height) of
especially when considering low surface coverage where aphenyl-Sepharose (Amersham Pharmacia Biotech) equili-
monolayer of protein often results in small current responses.brated with 2.67 M (NH).SO; in 0.01 M potassium
Purification of Rv laccase was first reported in 1970 using Phosphate buffer (pH 6.0). The column was then washed
a mixture of cation- and anion-exchange chromatography sequentially with 2.67, 1.34, and 0.27 M (WE50, in 0.01
(29), and subsequent workers have almost exclusively M potassium phosphate buffer (pH 6.0).
followed this purification protocol. We have improved this ~ ElectrochemistryElectrochemical experiments were per-
method of purification using hydrophobic interaction chro- formed using a Bioanalytical Systems (BAS) 100B poten-
matography. In the present study, laccase purified by our tiostat controlled by BAS 100W Windows control software
procedure was used to study its biochemical and electro-version 2.3. Measurements were performed at least three
chemical behavior in solution and immobilized on a gold times on separate gold sheets. A bright platinum wire was
electrode, respectively. Our specific aims were (i) to used as the auxiliary electrode. A Ag/AgCI (saturated KCI)
investigate the activity of Rv laccase over a range of pH reference electrode purchased from BAS was used through-
values, (i) to electrochemically identify the types of copper out the experiments and was routinely referenced to the
atoms involved in the electron transfer response, and (jii) to calibrant K[Fe(CN)] under standard conditions of 1 M
use electrochemistry to monitor the interaction of laccase KNOz (22, 30). The solution volume in the electrochemical
with known inhibitors, thus gaining an insight into the cell was 5 mL. Unless otherwise specifically defined, all
catalytic process and enzyme function of Rv laccase. electrochemical experiments were anaerobic, and solutions
were rigorously purged with Nor 1 h ormore before being
used. For aerobic experiments, compressed air was bubbled
through the solution for at least 10 min prior to application
of a potential difference, and a blanket of compressed air
was maintained throughout the experiment. Reduction (mid-
point) potentials Eqq) were determined from the average
of anodic Ep9 and cathodic KE,) peak potentials and
corrected to the NHE by adding 197 mV. Peak separations
(AE) were evaluated as the difference betweenBheand

EXPERIMENTAL PROCEDURES

Materials. 2-(N-Morpholino)ethanesulfonic acid (MES),
N-(2-hydroxyethyl)piperazind¥-2-ethanesulfonicacid (HEPES),
[[2-hydroxy-1,1-bis(hydroxymethyl)ethyllJamino]-1-propane-
sulfonic acid (TAPS), EDTA, NaCl, 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide (EDC), NaF, KCl (Sigma);
KMnQO,, K3[Fe(CN)], NaOH (Ajax chemicals); Nah H,-
SOy, AcOH, H,O,, KOH (Merck); 3-mercaptopropionic acid Epc peak potentials.

(MPA), N-hydroxysucinimide (NHS) (Aldrich); and 24-carat " glectrochemical Cella modified electrochemical celB()

gold sheets (0.30 mm thickness) and gold wire (0.25 mm 55 ysed for all experiments, either with or without a water
diameter, 99.999%) (Peter W. Beck) were used as purchaseqycket enabling thermal control. The electrode area was
without further purification. always 0.071 crf defined by an opening in the base of the

Laccase Actiity Assay.Laccase activity was assayed cell to the working electrode.
spectrophotometrically by monitoring the oxidation of sy-  \Working Electrode Surface PreparatioBold sheets were
ringaldazine at 530 nme(= 65000 M* cm™) using @  rigorously cleaned before chemical functionalization using
Beckmann DU650 spectrophotometer (Beckmann Instru- the following procedures. Previously immobilized thiol
ments). The assay mixture consisted of 0.3 mL ofu28 monolayers were first removed by reductive desorption in
syringaldazine (dissolved in absolute ethanol), 0.7 mL of 0.5 M KOH. The surface was then sequentially polished to
mixed buffer (pH 8.5), and an appropriate volume of the a mirrorlike finish using 1, 0.3, and 0.08/ Al ;05 powders
enzyme-containing solution in a final volume of 1.5 mL. The  on polishing cloths. Excess AD; was removed by sonication
mixed buffer consisted of 25 mM MES, HEPES, TAPS, and twice in water. The surface was then soaked in a 0.1 M
acetic acid. The pH was adjusted to a value of 8.5 with KMnO, solution containing 0.5 M NaOH solution overnight.
NaOH. All assays were performed at 26. The reaction  After extensive washing with water, the gold surface was
was started by the addition of the enzyme-containing placed into a “pirhana solution” for 5 min, comprising a 1:3
solution. One unit of activity is defined as the amount of v/v mixture of 30% HO, and concentrated430,. This was

enzyme required to oxidize gmol of syringaldazine per
minute.

Purification of Laccase Laccase was purified from a

followed by exhaustive washing with water and then ethanol.
The cleanliness of the surface was verified by cycling
between—0.5and 1.7 V in 0.5 M KSQ, for approximately

commercially available acetone precipitate (Saito and Co. 30 min 32). The electrode was washed with water followed
Ltd., Tokyo, Japan) of the lacquer from the Japanese lacquery ethanol, then dried under a stream of &hd immediately

tree, Rhusvernicifera In the first step of the purification

placed h a 5 mMsolution (75:25 v/v ethanol/water) of MPA
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Table 1: Purification of Laccase froRhusvernicifera

specific
volume activity protein activity purification yield
fraction (mL) (unitsp (mg) (units/mg) (x-fold) (%)
1. filtered extract 86 53.5 34.4 1.56 1.00 100
2. filtered extract plus (NSO 93 39.1 34.4 1.14 0.73 73
3. PS-HIC chromatography
peak 1 6.5 22.9 12.0 1.91 1.23 43
peak 2 6.5 11 2.7 0.42 0.27 2
@A unit is defined as the amount of enzyme required to oxidizarbl of syringaldazine mint at 25°C.
and left overnight to allow self-assembly of the thiol. While @ 23 poak 1 4
there have been reports of successful self-assembly within - Absorbance ] 35 _
i o A —— Activity " Peak 2 E
several minutes3Q), it is generally believed that a long g : ! 13 2
deposition period facilitates a monolayer with a high degree & ' i E}
of order by enabling surface rearrangement. This is particu- % E
larly important for short chain alkanethiols such as MPA, § s
since intermolecular van der Waals forces do not significantly E g
contribute to the final monolayer (see, for example, B3s < g
and34). The surface was then washed with 95% ethanol to
remove unbound MPA and dried under a stream pfTthe

dried surface was placed into an aqueous solution containing

75 mM EDC and 25 mM NHS to activate the terminal acid

100

200 300 400
Eluate Volume, ml

functionality. After being washed with water and dried under p ¢.25 4
a stream of N the gold surface was placed into a solution - Absorbance Peak 1 ,Peakz {35
of Rv laccase (0.013 mg of protein/mL in 10 mM phosphate . o2 || == Activity ! T E
buffer, pH 6.0) overnight at £C to complete covalent S f 1° £
immobilization. The gold electrode was then immersed in a So1s I\ 125 ;
solution containing 10 mM phosphate buffer (pH 6.0) to g ! {2 Ig
remove excess or loosely bound laccase, then dried under ag 0.1 | s <
gentle stream of iy and immediately used for electrochemi- 2 i 1, §
cal experiments. <005 Fo B ol 3
Gold Surface Characterizatioithe electrochemical rough- . M qLﬂ-A +}' A z.s

ness of the gold electrodes (electrochemically available area

divided by the geometric area) was determined to betl.5
0.1 using the gold oxide reduction meth@b), All measure-
ments of surface coverag®)(were adjusted accordingly.
The surface coverage of MPA was 0.83 nM @mas
determined by reductive desorption at the geaidiol bond.

100 200 300 400

Eluate Volume, ml

Ficure 1: PS-HIC chromatography of the filtered extract plus
(NHy4).SO, derived from the resuspended acetone precipitate of Rv
laccase (refer to Table 1). The column was washed sequentially
with 2.67, 1.34, and 0.27 M (Nf%SO,, commencing at the points

The surface coverage of electroactive laccase was thenlabeled A, B, and C, respectively. Panel a illustrates the elution of

determined by integrating the area under the anodic peak,

dividing this by the scan rate, and converting to moles per
unit area on the surface by dividing lFA, whereF is
Faraday’'s constant antlis the actual electrode area. This
givesI' = ~2.8 x 107'2 mol cm 2 assumingn = 4 and
~0.7 x 107*? mol cnm? assumingn = 1 (36).

RESULTS

Purification and Biochemical Characterization of Laccase.
(A) Purification of Laccaselaccase was purified to a single
band on an SDSPAGE gel using a combination of (N)3-

SO, fractionation and phenyl-Sepharedgydrophobic in-
teraction chromatography (P$HIC) (Table 1, Figures 1 and

2). Two major fractions eluted from the PSIC column
showing laccase activity. Peak 1, eluted with 1.34 M (NH
SO, contained the majority (95%) of the laccase activity
and no other proteins whereas peak 2, eluted using 0.27 M
(NH,)2SO,, contained a mixture of proteins (Figure 2)
including one at 113 kDa, which is the accepted molecular
mass of laccase2@). Peak 1 contained 95% of the laccase
activity remaining at the end of the purification protocol.

laccase and the elution of the other proteins applied to the column,
monitored at 280 nm. Panel b illustrates the elution of laccase,

monitoring absorption at 600 nm due to the presence of a T1 copper
site.

The major laccase peak corresponded with the major protein
peak as indicated by the peak in absorbance at 280 nm
(Figure 1a). The enrichment of laccase in peak 1 was only
1.23-fold, indicating that laccase was the most abundant
protein in the original acetone precipitate. Both peaks from
the PS-HIC column had high absorbance at 600 nm (Figure
1b). This is attributed to the T1 copper site. This suggests
that peak 2 contains an inactive form of laccase and/or
another protein(s) containing a T1 copper. On the basis of
the work of Reinhammer2Q) and SDS-PAGE (Figure 2),
the other protein is probably stellacyanin. Thus, although
peak 2 had low laccase activity, it exhibited high absorbance
at 600 nm, indicating that either an inactive form of laccase
or another protein containing a T1-type copper was also
present.

When analyzed by SDSPAGE, peak 1 contained only
one protein band (113 kDa) whereas peak 2 displayed several
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Mw (kDa) 1 i 2 3 4 5 Table 2: Experimental Data for Rv Laccase Immobilized on an
203 - ' MPA SAMa2

16 - il scan rate Emid AE
pH (mV/s) (mV) (mV) ipdipc
83 5.5 0.5 418 28 1.2
1 419 30 15
48.7- ’ 2 421 41 1.9
i 5 419 50 2.1
P 10 420 53 2.3
507 20 420 60 2.6
: & 50 419 63 3.0
[N 100 419 71 3.4
Ficure 2: Silver-stained SDSPAGE gel of the key fractions from 588 ig% 1(8)28 ?ég
the purification of laccase. The contents of the lanes were as 5 05 409 30 1.2
follows: lane 1, the filtered extract (2.94 of protein); lane 2, 1 409 30 1.7
the filtered extract plus (NSO, (2.86 ug of protein); lane 3, 2 409 38 21
peak 1 from the PSHIC column (2.9%:g of protein); lane 4, peak 5 411 48 2.1
1 from the PS-HIC column (0.295:g of protein); and lane 5, peak 10 409 51 2.2
2 from the PS-HIC column (3.08ug of protein). 20 410 56 2.4
) ) 50 409 63 2.9
bands (Figure 2). Peak 1 contained pure laccase close to the 100 411 67 3.3
reported molecular mass of laccas2¥)(whereas peak 2 200 412 78 4.0
contained a mixture of proteins, one of which is probably 508 5 i%g 1% i'g
either a distinct isoform of laccase or a degradation product ' 1 402 26 15
of the laccase found in peak 1. Rv laccase is a glycoprotein 2 403 37 1.8
with up to 80% glycosylation by weight, and when glyco- 5 402 48 2.0
sylation is blocked by tunicamycin, laccase activity is lost 10 403 53 22
hus, if the form of | found in peak 20 o o o
(37). Thus, if the form of laccase found in peak 2 were 50 402 63 28
partially deglycosylated, this would explain both its low level 100 403 71 3.2
of activity and its increased hydrophobicity relative to the 200 403 80 3.8
form of laccase found in peak 1. 500 411 105 4.0

(B) Biochemical Characterization of Laccaddsing the a Potentials versus NHE; results are averaged over five data sets and

standard biochemical assay with syringaldazine as substratethe error lies within 1 SD of the mean.

the two peaks from the PSHIC column were assayed for

the effect of pH on laccase activity. Peak 1 exhibited a pH (Aspergillus niger ~200 kDa) is roughly double the mo-
optimum of 9.0 whereas peak 2 was unresponsive to pH.lecular mass of laccase (113 kDa), so our calculated surface
For peak 1, activity declined sharply below pH 9.0 with coverage of laccase is consistent with this report.

virtually no activity at pH 8.0 and below. NaMand NaF, (C) Stability of the Modified Electrod®©ver the temper-
known inhibitors of laccase3@), were also tested for their  ature range considered<{30 °C), the laccase-modified gold
effects on the laccase activity of peak 1 from the-P8C electrode provided consistent results for up to 8 h. However,
column. Thelsg(NaNs) was 2.5 mM whereas thigo(NaF) leaving the electrode in the electrochemical cell containing
was 18.5 mM, demonstrating the effectiveness of azide asbuffer and electrolyte overnight at 2C led to a considerable
an inhibitor of laccase activity. reduction in peak current at410 mV and the introduction

Electrochemistry of Purified Laccase. (A) Cyclic Voltam- of a second, reversible processtat50 mV. This peak was
metry. No Faradaic current was observed in any of the sharp and narrow, unlike the broad peaks attributed to laccase
electrode preparative stages including bare Au, Au-MPA redox chemistry. Accordingly, this new wave is most
[gold modified with an MPA self-assembled monolayer probably due to free copper ions at the gold electrode. This
(SAM)], or Au-MPA-NHS (Au-MPA activated with EDC/  was verified by examining the voltammetry of free copper
NHS). After laccase immobilization, a single, well-defined ions at an MPA-modified gold electrode, which resulted in
redox wave was observed with a midpoint potentiat-dfLO a wave at similar potentials. Thus it was possible to directly
mV, consistent with the T1 copper reduction potential as examine the in situ demetalation of laccase under a variety
determined by potentiometric titratior2Y, 22). Only one of conditions. This process was complete witli h after
redox couple was observed for the active laccase samplesaddition of azide or fluoride ions at 2, indicating that
throughout the voltammetric experiments. Midpoint (reduc- these inhibitors of laccase activity do not just bind irrevers-
tion) potentials and peak separations are provided in Tableibly at the active site but they also contribute to copper
2. depletion when provided with an electron flux. Under ideal

(B) Electrode CharacterizationThe observed surface conditions, this depletion could be significantly slowed by
coverage of electroactive laccase is consistent with those ofstoring the electrode at4C, with an acceptable loss in peak
other proteins immobilized on metal surfaces. Our values current over several weeks (50% over 3 weeks), correlating

for T range from~0.7 x 1072 to 2.8 x 102 mol cm 2 with biochemical assays.
and are comparable with those obtained for azurin electro- (D) Thermal, pH, and Kinetic Beh#r. Contrary to other
statically adsorbed onto a gold electrode? x 10712 mol reports, temperature did not affdgtq over the range 530

cm 2 (24), and for glucose oxidase immobilized on an MPA °C (17). Electroanalytical experiments were undertaken at
SAM, ~1.9 x 107 mol cnr? (38). Glucose oxidase pH5.5, 7.0, and 8.5, where laccase is biochemically inactive,
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Ficure 3: Representative cyclic voltammograms of Rv laccase

immobilized on an MPA SAM. (a) Single scans at rates of 0.5 and

50 mV/s. (b) Successive scans at 50 mV/s. The electrochemical
cell contained mixed buffer at pH 7.0, with 0.1 M NaCl as /
supporting electrolyte. Experiments were performed in the absence ' — Azide inhibition, first scan
of oxygen at room temperature (211 °C). 1.5 4 - .—-No inhibition

2 T T T T

-200 0 200 400 600 800
Potential, mV

marginally active, and approaching optimal activity, respec-
tively. The electrochemical response was essentially invariant
across this pH range, suggesting that surface-confined laccase _ -
may exhibita different pH profile compared to that of laccase 80 B, e e 0 T A O e o of socium azide
In the. solution phgse. AIFernatlv.er, the pH-dependent The aqueous azide solution was deaerated separately before addition
behavior of laccase in the biochemical assay may be related the cell to give a final concentration of 6.6 mM. The

to the effect of pH on binding of the reduced substrate (in electrochemical cell contained mixed buffer at pH 7.0, with 0.1 M
our case syringaldazine). The T1 copper in laccases isNaCl as supporting electrolyte. The scan rate was 50 mV/s.
believed to be a traditional “blue copper” electron transfer Experiments were performed in the absence of oxygen at room

center, and such centers have been shown to display a pHIem'De"’lture (2 17C).

dependent reduction potentidd 27). Laccase reduction  gradually from 2:1 to 4:1 as is increased from 5 mV/s to
potentials remained fairly consistent with scan rafg fut 200 mV/s. Above 200 mV/s, the ratio remains constant at
AE values increased proportionally withabove 10 mV/s.  4:1, irrespective of scan rate, up to 2 V/s. At faster scan
The apparent electron transfer rate consteptietermined  rates, such as at 50 mV/s shown in Figure 3b, the first scan
using the method of LavirorBg) was 8-30 s, depending  in the anodic direction gave a peak current that was
on the number of electrons transferred=t 1-4) over the  approximately three times greater than that observed for
pH range 5.58.5. Two representative voltammograms at subsequent scans. This suggested that the electron transfer
pH 7.0, 50 mV/s and 0.5 mV/s, are shown in Figure 3a, was limited by the reductive step at fast scan rates. Cyclic
highlighting the slight increase IAE with increasing scan  yoltammograms measured over all scan rates showed no
rate even thOUgEmid remained constant. Figure 3b illustrates Change in either peak position or current over the pH range
two successive voltammograms at 50 mV/s showing the lossg 5-8 5.

of current between the initial and subsequent anodic scans. (F) Electrochemical Inhibition with Azide and Fluoride

(E) Peak Current RatioAnalysis of the ratio of cathodic =~ The most frequently reported inhibitors of laccase activity,
and anodic wave peak currents reveals an interesting cor-N;~ and F (40), were studied in order to assess their
relation. The peak current rati@,{i,c) varied from 1:1 at influence on the redox response of laccase. Figure 5 displays
very slowv (<1 mV/s) to 4:1 at fasv (>200 mV/s). This an overlay of a voltammogram taken before and after
effect is illustrated in Figure 4 for each pH value studied. incubation with 6.6 mM NaBl After incubation with azide,
Although this dependence appears at first glance to betwo prominent effects were noticed. First, the anodic current
sigmoidal, there could also be three distinct phases. The firstof the original laccase redox process was roughly half that
phase involves a rapid increase from a 1:1 ratio at 0.2 mV/s of the preincubation current. Second, a new peak at consider-
to a 2:1 ratio at 5 mV/s. Then, the peak current ratio increasesably lower potential 100 mV) was observed, with peak
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current roughly equivalent to that observed for the inhibited -2
laccase redox process. The combined magnitude of the -1
postincubation peak currents was equivalent to that of the ¢
native laccase prior to inhibition. The new peak {&t00 < 1 -
mV) is irreversible, and rapid loss of signal occurred after Z , |
repeated cycling of the potentials between the upper and
lower potential limits. This instability of the azide-inhibited
form of laccase limited a more thorough examination of the
redox mechanism; however, the results obtained are consis- °1
tent with two copper atoms dissociating from the protein
matrix following binding by azide anion(s). 7 ' ' B
It appears that when a potential difference is applied, the 0 200 490 600 800
protein denatures, leading to loss of a-\g species, which Potential, mV
then diffuses to the electrode surface via defe3$ Kn the FIGURE 6: _Inhibition of catalytic voltammograms _With rouride iOﬂS.
SAM, giving rise to the second wave. In the presence of 1€ solution was aerated, and catalytic behavior is obvious in the
N+ the redox sianal of laccase reverted from an anodic eakabsence of any inhibitors (1). Addition of sodium flouride to create
3 9 . PeaKe 6 132, 19.8, 26.4, 33.0, 39.6, 46.2, and 52.8 mM],[F
current of 0.27 to 0.14A. Repeated cycling of the potential  respectively, results in a corresponding drop in catalytic current (2
between—100 and 600 mV led to total loss of laccase — 9). Conditions: pH 7.0, temperature 211 °C, and scan rate
current, probably due to protein denaturation following 20 mVis.
demetalation. While this conclusion is difficult to prove, the » )
loss of current for the initial anodic process is approximately Purified protein as demonstrated by SBIBAGE. No other
half of its Origina| magnitude' and the presence of a new StudIeS Of Rv Iaccase haVe I||UStrated the purlty Of the|r Rv

wave at a lower potential with the same intensity provides a laccase, and certainly the original purification reported by
reasonably strong indication. ReinhammerZ9) offered no data to support the method of

purification although this is widely reported as the standard
method for laccase purification since 1970. Our purification

'has enabled us to confidently undertake the direct (unmedi-
ated) electrochemistry of Rv laccase to obtain a reproducible

Similar experiments using NaF resulted in no change to
the laccase voltammograms. This result was unexpected
because several groups have showntd be an effective
inhibitor, while other workers have presented convincing e w2 ; )
evidence for the presence of a-€k bond in the fluoride- redpx signature™ using various samples from different
inhibited form @1—43). It is possible that, in the case of purifications. ) ]
surface-confined laccase,” Finhibits in either a loosely We observed cyclic voltammograms for laccase im-
gaining access to the active site. The fluoride inhibition of 4-electron transfer events occurring via the T1 center,
the catalytic behavior of laccase supports this interpretation. Supporting the currently accepted mechanistic modé). (

(G) Catalytic Behaior. Observation of the catalytic Ir_l ao!dltl(_)n, laccase activity is limited by electron transfer
activity of laccase confirmed that the in vivo function was kinetics in the absence of substrate. The observed redox

retained throughout the immobilization process. Conve- process(es) is (are) pH and temperature independent. Known

niently, dioxygen is the electron acceptor of laccase so an|nh|b|tors of 'accé‘se' Ny an_d F, appear to act by entirely
assessment was readily obtained by saturating the electro—dlfferent mechanlsms consistent with results .Of other wor kers
chemical cell with compressed air. Cyclic voltammograms (41, 50). The cyclic voltammograms achieved by im-

obtained in the presence of dioxygen displayed a significant mob|I|z_at|on O_f _RV laccase onto a seli-assembled mon(_)layer
increase in Faradaic current, where the difference between®! @ thiol-modified gold electrode enabled very good signal

the anaerobic Faradaic current and the aerobic Faradaid® NO!Se ratios to be achieved. Although we were aware that

current is attributed to catalytic behavior. Other groups have this meth.od of'enzyme immobilization results in heteroge-
shown that this catalytic behavior follows the typical neous orientations of laccase molecules, the advantages of

Michaelis-Menten profile 7). Inhibition of laccase was a diffusionless system outweighed this disadvantage. In this
directly observed by addition of gradually increasing con- way we have b‘?e” able to access extremely slow scan rates,
centrations of NaF (curves-9 in Figure 6) and Nah(data allowing analysis of the kinetic features of electron transfer
not shown). It was thus possible to confirm the inhibitory events for Rv laccase. The peak current ratio is proportional

action of F, albeit at somewhat higher concentrations than tol tthef amolimt of c?ar?_e transaf_er.reotlr:noit_he redolz( Sti.p ' Tr}e
for azide (total inhibition with N~ at 6.6 mM, compared plot of peak current ratio (anodic:cathodic) as a function o

with F~ at 52.8 mM). increasing scan rate indicated that a minimum value (ap-
proaching 1:1) occurred at slow scan rates. As the scan rate
DISCUSSION increased, the current ratio reached a maximum value of 4:1.

These results suggest that the rate of laccase oxidatign (
Studies of the 4-electron reduction of Rv laccase have beenis considerably faster than the rate of reductik)( Thus
undertaken over several decades using redox titrationsover the entire range examined here, 0.5 mV/s to 2 V/s, the
monitoring spectrophotometric changeXl,(44—49). Our oxidation process involving four 1-electron steps was always
investigation confirms some of these findings but also offers observed; however, the reduction process was scan rate
new insights into the electron transfer process, as we havedependent. The oxidation process is consistent with rapid
explored the redox waves under kinetic control rather than electron transfer via the T1 site until all four copper atoms
equilibrium studies. Significantly, we have used highly are oxidized. However, while at the fast scan rate limit
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(>~200 mV/s) it appears that a 4-electron oxidation occurs, scan rate, the smallest value of caE = 30 mV was
the associated reduction has just 1 electron equivalent, i.e. observed at 0.5 mV/s, indicating electrochemical reversibility.
a 4:1 current ratio. As the scan rate is lowered to 0.5 Vs  The insensitivity of the redox process to pH was intriguing
the ratio of peak currents approaches 1:1. Normalizing the as the optimum activity for laccase using syringaldazine as
Faradaic current (dividing, by ») confirmed that, at slow  the electron donor was pH 9.0. This is consistent with the
scan rates, the peak current ratio was actually 4:4: four results obtained by Xu et ab®), who compared Rv laccase
distinct oxidative processes and four distinct reductive with several fungal laccases and found that, in general, Rv
processes. Additional evidence supporting this mechanismlaccase had a more basic pH optimum than any of the fungal
is obtained by monitoring successive scans at fast scan ratedaccases. Thus the effect of pH appears to be on the structure
As illustrated in Figure 3b at 50 mV/s, the initial anodic or binding of the electron-donating substrate (in this case
scan gives a current that is approximately four times greater syringaldazine) and not on the components of the active site
than the subsequent scan. These data demonstrate that all1l, T2, or T3) that give rise to the redox waves. Although
four electrons are removed through the initial oxidation scan, protonation close to metal clusters has been shown to give
one electron is returned via the reduction scan, and therise to pH dependence of redox processes in ferredo&8)s (
subsequent reoxidation scan is only able to oxidize the for laccase the pH effect may only occur in the presence of
1-electron-reduced center, presumably the T1 copper. If wethe electron acceptor, oxygen.
are correct, and the oxidation wave is always 4 electron The activity of laccase, as monitored by the oxidation of
equivalents, then the 4:4 limit could be rationalized as either syringaldazine, was inhibited by NaMnd NaF. Nahwas
only one copper atom (T1) being reduced four times, i.e., 4 found to be a more potent inhibitor than NaF gauged by the
x 1:1 ratio, or four copper atoms being reduced, i.e., 4:4 different Is, values. This may be related to differences
ratio. This kinetic phenomenon is consistent with in vivo between these two inhibitors in how they affect or access
requirements of laccase, where, despite a rapid turnover ratethe active site. Spectroscopic studies, in particular EPR,
the rate-limiting step for catalysis is the intramolecular support the binding of azide to the T2/T3 active site although
electron transfer from the T1 atom to the trinuclear active the nature of this interaction has not been unequivocally
site. While it is not thought to be necessary in vivo for assigned41, 42, 54, 55). Fluoride has also been implicated
electrons to be passed from the T2/T3 site to the T1 for anin binding to both the T243) and T3 @2) copper atoms,
oxidation, this process is considerably faster than the with the number of bound molecules influenced by concen-
reductive transfer from the T1 to the triangular active site. tration. Research contributions from the 1980s also examined
Thus the redox process at 410 mV is consistent with electronthe role of F binding, by comparison of the native with the
transfer occurring through the T1 copper “gate”. The T1 atom T2-depleted laccase indicating binding was occurring at the
sequentially accepts electrons from the donor and subse-T2 site 45—47, 56, 57). Thus, in this study, these inhibitors
quently reduces the T2 and T3 copper atoms; that is, thewere introduced into the electrochemical cell containing
electron transfer involves four distinct steps through the T1 laccase under both anaerobic and aerobic conditions. Earlier
copper. In fact, the 4-electron transfer process is quite studies have observed that the mode of inhibition appears
contrary to earlier reports where redox titrations indicated to be different for the two inhibitors, azide and fluoride,
3.5-3.7 electron equivalence. These discrepancies could wellalthough there remain discrepancies in the literature as to
have arisen from impurities or experimental errors in which copper centers are involved in these interactions. Xu
measurement of the very small changes in absorption in theet al. suggest that N binds to the T2/T3 and Fbinds to
UV (48, 49). Also, these authors suggest that at least two the T2 alone %0) whereas Spira-Solomon et al. suggest that
distinct reduction potentials have been observed by chemicalthe F- can also bind to the T2/T3 although this occurs when
titration methods; however, as mentioned above, we saw nothe enzyme is fully oxidized4().
indication of a higher potential process. Our data suggest Incubation of immobilized laccase withsNunder anaero-
that only one copper ion (T1) is redox observable under our bic conditions resulted in loss of current at 410 mV and
experimental conditions. appearance of a second wave at lower potential. The first
The T1 site has long been considered the electron entrylies at the same potential as the initial redox process and
point for electrons, and this is consistent with recent equivalent to two 1-electron redox processes. The second
spectroscopic datar( 16, 17). Interestingly, the superior  wave at~100 mV was roughly consistent with the potential
currents observed for the anodic compared with the cathodicexpected for a coppefazide complex external to the protein
waves have also been observed for ascorbate oxidase usingnatrix. Rapid loss of current followed, rendering only the
cyclic voltammetry, although the authors attributed this first scan suitable for analysis and preventing a more
feature to the enzyme existing in a partially reduced form thorough analysis of this effect. The combined magnitude
(5. of the postincubation oxidative currents is equivalent to the
The cyclic voltammograms of Rv laccase displayed a preincubation current, implying that all copper atoms con-
single cathodic and anodic wave well discriminated from tribute to the voltammogram. Thus, the effect of Mn the
the baseline and reproducible with samples from different laccase protein under electrochemical conditions results in
purification preparations. The temperature dependence of thisa change from a protein capable of a 4-electron transfer to
redox process was assessed and shown to have no effect oane capable of only a 2-electron transfer. This is presumably
either the position or nature of the signal over the temperaturedue to the absence of two of the four original copper atoms.
range 5-30 °C, nor was there any significant effect of pH One possible explanation as to why these data appear to
over the range 5:58.5. The observed values fall withib5 contradict the results of other workers is that our results were
mV of those reported by Santucci et al.: 410 mV at pH 5.5 obtainedafter a potential difference was applied; thus the
and 400 mV at pH 7.01(7). The peak separation varied with metal ions are probably more labile under these conditions.
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However, these results do supporg™Nbinding to the
triangular active site, since the electron flow through the T1
gate is not disturbed aftersN addition, suggesting that any >
combination of the T2 and T3 copper atoms may be

coordinated to M. 3.
4.

We were surprised to see no comparable effect for the
fluoride-inhibited laccase under similar conditions. Incubation

of immobilized laccase with 6.6 mMFesulted in no change 5.

in redox properties under anaerobic conditions, even after
several successive scans (data not shown). The binding

affinity of F~ to the active site has been previously reported 7.

to be somewhat lower for the reduced T2 copper than the
oxidized T2 copper4l). In the potential range considered
(—170 to+650 mV), the laccase molecule is in the reduced 9
state for much of the experiment and only oxidized at
potentials =410 mV. Thus, the F ion may be binding
weakly to the copper atom(s) for much of the experiment,
resulting in a reduced effect on the laccase redox chemistry.

The effect of inhibitors on the ability of laccase to catalyze
the reduction of the natural substrate oxygen was also
investigated. The laccase sample was incubated with 6.6 mM
N3~ prior to cyclic voltammetric analysis; however, no
catalytic current was observed. Similar experiments with
increasing concentrations of~Hllustrate that 52.8 mM
inhibitor was required to totally inhibit catalysis. These data
are approximately consistent with the biochemigalalues
[Iso(F7) = 18.5,150(N3™) = 2.5], suggesting that azide is
seven times more effective as an inhibitor than fluoride.

Earlier reductive/oxidative titration data elegantly il-
lustrated that the electrons are transferred from the T1 to
the T3 centers44). However, in that study the oxidative
reaction used small molecules such a®¥ known to bind
irreversibly to the T3 site. These data are difficult to compare
with direct electrochemistry as the influence of chemical
mediators is not easily assessed. We believe direct electro-
chemistry enables us to obtain a better redox-only picture

18

of the enzyme’s electronic requirements. It must also be 54

stressed that the use of a metal electrode as the electron donor

and receptor provides electrons at a much greater rate than25.

feasible in vivo, where the rate is typically controlled by
diffusion and then later by intramolecular transfer. Therefore,
while we have seen evidence for fast oxidation and com-
paratively slower reduction, and for loss of laccase activity
with azide binding, these conclusions must be considered in
that context. However, evidence for all four copper atoms
participating in the in vitro activity of Rv laccase remains a
significant finding and should be applicable irrespective of
the electron source.

Finally, the feasibility of long-term use of laccase on an

31

MPA SAM was considered for relevance in practical gj
biosensing. At room temperature, laccase activity is lost 35

presumably due to copper depletion within 24 h, thereby
limiting practical use to several hours, but this could be

improved to several weeks by storing the prepared electrode
at 4°C.
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