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Oxidation of Phenols, Anilines, and Benzenethiols by Fungal Laccases: Correlation
between Activity and Redox Potentials as Well as Halide Inhibition
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ABSTRACT. A comparative study has been performed with several fungal laccases for the oxidation of a
series of phenols, anilines, and benzenethiols and for the inhibition by halides. The ob&gewedk,s:

were correlated to the structure of substrate. The change irkdgtK) was found to be proportional to

the one-electron redox potential difference between laccase’s type 1 copper site and substrate. This
correlation indicated that the first electron transfer from substrate to laccase was governed by the “outer-
sphere” mechanism. Compared to the electronic factor, the steric effect ofemdistituents (such as
methyl and methoxy groups) was found to be unimportant. The depth of the laccase’s type 1 copper site
was estimated as10 A by comparing the steric effect among five 2-methoxyphenols whose 4-substituents
ranged from 0.1 to 14 kDa in mass. The observed inhibition potency order of EI- > Br~ was
attributed to limited accessibility of laccase’s type 2/type 3 trinuclear copper cluster site. Although the
enzymes studied have homologous primary sequences and predicted similar backbone structures, the
difference exhibited by each enzyme (in interacting with individual substrate or inhibitor) suggested the
structural variation in their functional domains.

Phenolic components are widely distributed biogenic concomitant reduction of Dto water (Reinhammar &
compounds. Their oxidation or oxidative derivatization is Malmstrom, 1981; Mayer, 1987; Yaropolov et al., 1994;
believed to play an important role in such processes asSolomon & Lowery, 1993). The interest of using laccase
deleterious cellular oxidation, cellular wall protection, fruit as a model to study the structutfinction relationship of
“browning”, wine or juice processing, pulp delignification, copper-containing proteins and the prospect of applying
composite products strengthening, textile dye bleaching, andlaccase’s ability in catalyzing phenol oxidation to deligni-
contaminated water or soil detoxification. The oxidation of fication, plant fiber derivatization, textile dye or stain
phenols can be carried out by either chemieal.( Os;, Fe— bleaching, and contaminated water or soil detoxification are
H.0,, or CIO,) or enzymatic system&(., phenol oxidase attracting increasing attention. To better understand the
O,, peroxidase peroxide or peracid). The chemical oxida- interaction of laccase with phenol, | carried out a comparative
tion of phenols has been extensively studied and in-depthkinetic study with several fungal laccases and a series of
knowledge has been accumulated with regard to kinetics, phenols, benzenethiols, anilines, and other aryl analogs. The
mechanism, and structureeactivity correlation, particularly  study revealed that the one-electron redox potential difference
the correlation between the oxidation potential and the between laccase’s type 1 copper site {Elhd substrate plays
structure of phenols (Steenken & Neta, 1982; Lind et al., a key role in activity. | also studied the inhibition of laccase
1990; Bordwell & Cheng, 1991; Jovanovic et al., 1991; by halide ion and showed that the halide binding to the type
Hapiot et al., 1992). Interactions of phenol oxidases with 2/type 3 (T2/T3) trinuclear copper sites is different among
certain phenols have also been studied (Mayer, 1962;various laccases.

Fahraeus & Ljunggren, 1964; Duckworth & Coleman, 1970;

Lanzarini et al., 1971; Reinhammar, 1972; Froehner & MATERIALS AND METHODS

Eriksson, 1974; Dubernet et al., 1977; Wood, 1980; Rein- , i

hammar & Malmstrom, 1981: Leatham & Stahmann, 1981 Materials. Chemicals used as buffers and substrates
Amin et al., 1985; Mayer, 1987; Kulys & Cenas, 1988; (unless mentioned otherwise) were commercial products of
Bekker et al., 1990: Rehman & Thurston, 1992 Robinson the highest available grade. The structures and compound
et al., 1993: Yaropolov et al., 1994; Salas et al., 1995). numbers of the substrates stL_Jdied are SL_Jmmarized in Table
However, the lack of systematic and comparative investiga- 1+ Compound?9was synthesized according to the method
tion with respect to both substrate and phenol oxidagg, (
laccase) has limited the elucidation of the mechanism as well 1 appreviations: PpL, recombinaRolyporus pinsitugor Trametes
as the active centers of the enzyme. villosa) laccase isozyme 1; RsL, recombin&ftizoctonia solariaccase

: : isozyme 4; MtL, recombinarilyceliophthora thermophiléaccase; StL,

I,‘accases (EC 1.10.3.1) ajre a family of mUIt_"COpper recombinantScytalidium thermophilunfaccase; MvBO, recombinant
oxidases that catalyze the oxidation of a range of inorganic myrotheciumverrucaria bilirubin oxidase; B&R, Britton and Robinson
and aromatic substances (particularly phenols) with the buffer; ABTS, 2,2-azinobis(3-ethylbenzthiazoline-6-sulfonic acid);
diimide, 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimidé&s, one-
electron redox potential at pH 5 (referenced to the normal hydrogen

T The nucleic acid sequences of the laccases described in this papeelectrode)iso, the halide concentration which causes 50% decrease of
have been reported to GenBank (Accession Numbers: PpL, L49376; the initial laccase activity; T1, type 1 copper site; T2/T3, type 2/type
RsL, 254277). 3 trinuclear copper cluster site. The numeration of the substrates is

® Abstract published irAdvance ACS Abstractdfay 15, 1996. given in Table 1.
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Table 1: Structure of Phenols and Other Analogs Stiddied

no. substituents no. substituents
2-OCH; Phenols Phenols
1 4-NO, 20 2-H
2 4-CHO 21 2-CHs
3 4-COCH; 22 2-GHs
4 4-CO,CH;3 23 2-OH
5 4-CHNH3* 24 4-CO
6 4-COy- 25 2-OH, 4-CQ~
7 4-CH,OH 26 2-NGO;, 4-CH,CO,~
8 4-H 27 4-COCH;
9 4-CH,CO;™ 28 2,6-(C(CH)3)2, 4-COy™
10 4-CHg 29 2,6-C(CH)3)2, 4-C(CH),CHNH3*
2,6-(OCH), Phenols Phenol Analogs
11 4-CHO 30 1,2-(NHs*)2
12 4-COCH; 31 1,2-(SH)
13 4-CHNNHCGH2(OCH;s),OH 32 1-NHsz™, 2-OCHs
14 4-H 33 1-SH, 2-OCH
15 4-CO- 34 1-CH;, 2-OCH;, 4-CO,™
35 1-OCH, 2-OCH,, 4-COy
2-OCH; Phenols 36 1-F, 2-OCH, 5-NH;*
16 4-CH,CONH(CH)sNHz™ 37 1-OH, 2-OCH, 5-NHz"™
17 4-CH,CONHCH(GHs)CO,CHjs
18 4-CH,CONH-lysozyme
19 4-CH,CONH(CH)sNHCO-lysozyme

2 The charge states are referred to that at pH 5.

of Traylor et al. (1984). Recombinant laccases and bilirubin
oxidase were purified by a combination of ion-exchange, gel-
filtration, and hydrophobic interaction chromatography (Xu
et al., 1996; Wabhleithner et al., 1996; Yaver et al., 1996).
Rhusverniciferaluccase was kindly provided by Professor
E. I. Solomon at the Department of Chemistry, Stanford
University. The Britton and Robinson (B&R) buffer with
pH 5 was made by mixing 0.1 M boric aci®.1 M acetic
acid—0.1 M phosphoric acid with 0.5 M NaOH. Although
the laccases studied have optimal activity at pH85in
oxidizing syringaldazinel(3) and are stable at pH-3 (Xu

et al., 1996; Wahleithner et al., 1996; Yaver et al., 1996),
the pH of 5 was chosen in this study so that the phenoxy

0.5-2 h. The pH of the reacting solutions was kept at 4.75
by HCI or NaOH and the completion of reaction was judged
by the stabilization of pH. The products were separated by
either ether extraction (followed by air-drying and redis-
solving in methanol) or, when lysozyme was attached,
dialysis on a Spectrum membrane with molecular weight
cutoff of 10 000. The identification was made by thin-layer
chromatography (TLC) (on Aldrich’s silica gel plates) with
CHCI3/CH3OH (10/1.7) and by difference spectra at pH 11
and 5. The yield estimations for the syntheses were made
with difference spectra at pH 11 and 5 (at 304 nm) as well
as oxidation stoichiometry measurement. For the homovan-
illic derivatives coupled to lysozymel8 and 19), the pH-

group of all the substrates would be protonated. The stockinduced spectral change in lysozyme itself was subtracted

solutions (0.1 M) of substratés 32, 36, and37 were made
with the addition of equivalent HCI, the stock solutions of
substrategl, 13, 27, 29, 31, and33 were made in ethanol,
the stock solutions of substrat®s16—20, 23, 30, and 2,2-
azinobis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) were
made in plain water, and the stock solutions of the rest
substrates were made with the addition of equivalent NaOH.
The presence 0£10% ethanol in the final assay solution
showed minimal effect on enzyme activity.

Syntheses of Hormanillic Acid Derivatives. Different
groups, ranging from 0.1 to 14 kDa in mass, were linked to
homovanillate 9) at the 4-CHCO,H site via amidation
catalyzed by 1-[3-(dimethylamino)propyl]-3-ethylcarbodi-
imide (diimide). In general, equal amounts {ZB00uxmol)
of homovanillate 9), a coupling compound, and the diimide
were mixed in 5-8 mL of water at pH 4.75 and reacted for

2 The details of the purification and characterization, along with the
cloning and expression, for the recombindhjceliophthora thermo-
phila and Scytalidium thermophiluntaccases have been previously
presented at the Western Regional ACS Meeting and Pacific Confer-
ence, held on October 22, 1994, in Sacramento, CA (authors:
Berka, B. M., Thompson, S. A., Brown, S. H., Golightly, E. J., Brown,
K. M., and Xu, F.) and in the patent applications WO9533836A1 and

from the observed total spectral change.

Under these conditions, homovanilla® (vas amidated
with 1,6-hexanediamine, or phenylalanine methyl ester, or
lysozyme (through a free amine group from its lysines or
the N-terminus) to yield, respectively, the putative 2-QCH
4-CH,CONH(CH,)sNHz-phenol (6, 65% yield), or 2-OChHt
4-CH,CONHCH(GHs)CO,CHgs-phenol (7, 31% yield), or
2-OCH;-4-CH,CONH-lysozyme phenoll, 24% yield). The
phenols16 and 17 showedR; values of 0.53 and 0.61,
respectively, in the TLC assay, in comparison with aef
0.76 for homovanillateg). A lysozyme molecule was also
coupled (through a free carboxy group from its glutamates
or aspartates or C-terminus) to compoutl at the free
amine site on its 4-CHMCONH(CH,)sNH, substituent, by
reacting with equivalent amount of the diimide, to generate
the putative 2-OCkt4-CH,CONH(CH,)sNHCO-lysozyme
phenol 19, 21% yield). For control study purpose, lysozyme
was acetylated/amidated in B&R buffer, pH 4.75, which
served as the buffer as well as the acetate source, with
equivalent diimide, which served as the catalyst as well as
the primary amine source.

Oxidation Assays.The laccase-catalyzed phenol oxidation

WO09533837A1. The nucleic acid sequences of the laccases have beeNVaS monitored by @consumption with a Hansatech DW1/
reported to GenBank. AD O, electrode (Norfolk, England), with 0.6415 uM
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laccases in 0:30.5 mL of B&R buffer, pH 5, at 20C. After

the voltage reading stabilized, laccase was added into the g 0.06 0.48
solution to initiate the reaction. Duplicate data were obtained ;E >
for each concentration setting. Without laccase or substrate, = 0.04 0.32 =
no significant Q consumption took place during the experi- = ;
mental time frame. The Oconcentration in air-saturated - 0.02 0.16 5
buffer solution was assumed as the same in plain water (0.28 < ]

mM). The performance of the Hansatech apparatus as well 0'000 0 ' 0'4 ' 0'8 — | 20'00

as the measurement of phenol oxidation were calibrated by
laccase-catalyzed ABTS oxidation whose one-electron oxida-

Vanillyl alcohol, mM

tion led to the formation of its stable, spectrally characteristic
cation radical.

Ficure 1: O, uptake in PpL-catalyzed oxidation of vanillyl alcohol
(7) monitored by Q@ electrode. The initial output voltage change
rate —AVi/At (O; in volts per minute) and the final output voltage

Direct spectrophotometric measurements were also carriedchange—AV; (4; in volts) of each run were plotteds substrate

out for guaiacol ) at 418 nm withAe of 1.6 mM1 cm™;
2,6-(OCH),-phenol (4) at 468 nm withAe of 22 mM™1
cm™%; syringaldehydeX1) at 370 nm withAe of 1.2 mM?®
cm1; syringaldazine 13) at 530 nm withAe of 65 mM™?!
cm! (Bauer & Rupe, 1971); and ABTS at 418 nm witle

of 36 mM~t cm™! (Childs & Bardsley, 1975) in B&R buffer,
pH 5, on a Shimadzu UV160U spectrophotometer with 1-cm
quartz cuvettes.

Halide Inhibition. The inhibitory effect of F, Cl-, and
Br~ on laccase activity was assayed in laccase- (9103V)
catalyzed ABTS (at saturating 2 mM level) oxidation in 0.1
M sodium acetate, pH 5. The oxidation was monitored at
405 nm with various sodium halide concentrations in 96-
well plates (Costar, tissue culture grade) with a Molecular
Devices Thermomax microplate reader.

Kinetic Analysis. kK, was determined by fitting experi-
mental data 6 duplicates for each substrat&)//At and
[substrate] toAVi/At = (AVma/At)[substrate]Kn, + [sub-
strate]), whereAVi/At was the initial output voltage change
of the @ cell. The parametdr., was determined frork.,
= (AVmad A)/(AVH)N[O,)/[laccase], wheré\V; was the final
output voltage change corresponding to totat@sumption,

n was the oxidation stoichiometry number determined by
saturating [substrate], fPwas the dissolved £concentration

concentration. The solid curve represents the fitting to the
Michaelis—-Menten equation-AVi//At = —Vna{substrate]Km +
[substrate]), with &, of 130 + 20 uM and aVmax Of 0.075+
0.003 V mirml. A k. of 2600+ 100 mirr! was obtained with
[PpL] = 40 nM (subunit) andh = 2. The cross point of the two
dashed lines yielded a saturating [substrate] of 0.5 mM, giving an
oxidation stoichiometryn of 1.8.

value of Ryklan and Schmidt (1994); whereasE(83) of
—0.5 V was estimated fronks(8) + {Es(CeHsSH) — Es-
(20)}.

RESULTS

Laccase-Catalyzed ABTS Oxidation Monitored by Spec-
troscopic and Q@ Electrode Methods.In the presence of a
laccase, ABTS can surrender one electron and be readily
oxidized to its stable cation radical, whose concentration can
be easily determined by UWisible spectroscopy (Childs
& Bardsley, 1975). We monitoredPolyporus pinsitus
laccase- (PpL-) catalyzed ABTS oxidation spectrophoto-
metrically and obtained &, of 58 + 8 uM and akg, of
2700+ 100 mirrt. In the Q cell, the oxidation can be
monitored by @ consumption. In our experiment, the plot
of final output voltage readingersusABTS concentration
yielded a saturating [ABTS] near 1.1 mM. Since the

(0.28 mM), and [laccase] was the laccase concentration basedlissolved [Q] is around 0.28 mM, this indicates a stoichi-
on subunit. In the case of spectrophotometric measurementspmetry number of 3.9, in agreement with our expectation

AV was replaced by change in absorbaro® and n[O]
was replaced with Ne to determinek.,. Nonlinear regres-
sion fitting was performed using GraphPad’s Prizm program.
The errors for botiK,, and k.o Wwere given as SD.

The K, values of the phenolic substrates were obtained
from Jovanovic et al. (1991), Perrin et al. (1981), Stewart
(1985), and Xu et al. (1996). The one-electron redox
potentials at pH 5Hs) of syringaldazine 13), ABTS, and
the laccases (T1 site) were from Xu et al. (1996). Hae
values of compounds, 3, 6, 8, 10, 12, 14, 15, 20, 23—25,

27, and30 were converted from the potential values at pH
7 (E7) or other pH (Steenken & Neta, 1982; Lind et al., 1990;
Jovanovic et al., 1991) as described by Jovanovic et al.
(1991). TheEs values of compoundg, 4, 5, 7, 9, 12, 11,

21, and 22 were converted fronE; values which were
estimated by the correlation oE; = 0.95 + 0.31o"
(Jovanovic et al., 1991) and the publishedvalues (McGary

et al., 1955) for the substituents involved. Eg32) of 0.9

V was estimated fronies(8) + { Es(4-NH,-CgHsOH) — Es-
(1,4-GH4(OH),)}, in which Es(1,4-GH4(OH),) of 0.58 V
andEs(4-NHx-CeHsOH) of 0.53 V were converted from the
values of Steenken and Heta (1982). Bgf31) of —0.7 V
was estimated fronks (23) + {Es(CeHsSH) — Es(20)}, in
which anEs(C¢HsSH) of —0.3 V was converted from the

that the reduction of one molecule (to water) requires
four electrons. The initial rate of Quptake was found to

be proportional to PpL concentration over the tested range
of 2—200 nM. Based on the observed Michaelis-type
dependence on [ABTS], &, of 100+ 20 uM and akcy of
33004 200 mirr* were obtained, similar to the spectroscopic
results.

Laccase-Catalyzed Oxidation of 4-Substituted 2-Methoxy-
and 2,6-Dimethoxyphenols An example of the PpL-
catalyzed oxidation of 4-substituted 2-Ogiphenols is
shown in Figure 1. As monitored by,@ptake, the reaction
showed typical exponential voltage time course whose initial
slope (AVi/At) exhibited a MichaelisMenten-type de-
pendence on initial phenol concentration. The relationship
between final voltage change AVs) and phenol concentra-
tion indicated an oxidation stoichiometry number of 2. Table
2 summarizes th&,, andk: values observed with PpL for
a series of 4-substituted 2-methoxy- and 2,6-dimethoxyphe-
nols. For the oxidation of guaiacd) syringaldehydel(1),
and 2,6-dimethoxyphenal4), the photometrically monitored
product formation and the LOelectrode-monitored O
consumption gave similaKn,, and ke values (Table 2),
indicating that the substrate oxidation (or the T1 copper
reduction) was rate-limiting. A linear correlation was found
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Table 2: Effect of Substituents in 4-Substituted 2-Methoxy- and Table 4: Effect of Different Substituents mSubstituted Phenols
2,6-Dimethoxyphenols

no. Km (MM) Keat (Min~2)
no. Ka K (MM) Kear (Min~) Substituted Phenols
4-Substituted 2-OCgPhenols 20 44+ 12 1600+ 300
1 7.2 9.90+ 2.10 320+ 40 21 1.90+ 0.20 1300+ 100
2 7.6 2.30+ 0.30 1300+ 100 22 2.20+0.30 3500+ 200
3 8.0 1.204+0.20 1100+ 100 23 0.19+ 0.02 3300+ 100
4 8.9 1.10+£ 0.20 1200+ 100 8 0.13+0.01 2400+ 200
5 9.3 0.90+ 0.10 2300+ 100 14 0.13+0.01 3100+ 100
6 25 0.170.03 2500+ 100 Substituted 4-C@ Phenols
7 9.9 0.13£ 0.02 2600+ 100 24 31+14 1204 20
& 9.9 0.13+0.01 2400+ 200 25 0.57+0.06 3000+ 100
9 10.0 0.10+ 0.02 22004 100 6 017+ 0.03 5500% 100
10 10.0 0.10+ 0.02 3600+ 400 15 0.08+ 0.01 3100+ 100
4-Substituted 2,6-(OCHkL Phenols
112 7.6 0.11+0.01 2200+ 100
12 8.0 0.12+ 0.02 1800+ 100
13 8.2 0.005+ 0.0005 290Gt 100
142 9.6 0.13+0.01 3100+ 100
15 9.8 0.08+ 0.01 3100+ 100

a Spectrophotometric measurement of the product formation yielded
aKmy of 0.224+ 0.04 mM andk.s of 3300+ 500 mirt? for 8; a K, of
0.11 4 0.02 mM andkes of 3200 £ 600 mirr? for 11; and aK,, of
0.11+ 0.02 mM andkgy of 33004 500 mirrt for 14.

log (kcat/K m)

0.4 -02 00 02
0.79-Es,V

Ficure 3: Correlation of log K.o/Km) with Es for phenol analogs
with different o-substitutions as well as for phenol and aniline
analogs. The linear regression gives a line of keg/Km) = 6.1AE

+ 6.8,R>=0.78, in whichAE = E5(PpL-T1 site)— Es = 0.79—

Es. The data for benzenethio&l and 33 are located at-0.5 to
—0.7 V and are not included in the figure. The unitkaf{K, is
M~1 min—1,

log (kcat/Km )
o 9 o ©

-04 -02 00 0.2

079-E 5V Table 5: Difference between Phenoxyl and Other Functional

Groups
FiGure 2: Correlation of lo Km) with Es for 4-substituted .
phenols. Symbols: &) 4-3UECsat[itu"tlzed 2-m(53thoxyphenols;+X no- K (M) Kear (min~)
4-substituted 2,6-dimethoxyphenols. The linear regression cor- Substituted Benzenes
relation is log keafKm) = 5.1 AE + 7.2, R2 = 0.83, in whichAE 30 0.47+0.03 21004 100
= Es (PpL-T1 site)— Es = 0.79— Es. The unit ofkea/Kp is M1 31 0.80+0.20 45000+t 4000
min~1, 23 0.19+0.02 3300+ 100
Substituted Anisoles E1sOCHs)
Table 3: Steric Effect in 4-Substituted 2-Methoxyphenols 32 1.6+04 970+ 80
no. 4-substituent's MW Km (MM) Keat (Min~2) Sg 81:2& 88? 328& %88
9 58 0.10+ 0.02 2200+ 100
i? igf 8:3% 8:85 gg& 188 ment of the 2-OCHlin 9 by a 2-NQ, which resulted ir26,
18 14000 0.40t 0.06 14004+ 100 led to aKm of 3.0+ 0.5 mM andkcy of 340 & 20 mir .
19 14200 0.33+ 0.06 1400+ 100 For phenol27—-29, Ky, = 10 mM andkgg < 40 min ! were
estimated due to detection limits.
between logK../Km) andEs for the 2-OCH and 2,6-(OCH), Oxidation of Phenol, Benzenethiol, Aniline, and Other Aryl
phenols studied (Figure 2). Analogs. With PpL, 1,2-catechol43) and 1,2-phenylene-

Table 3 summarizes th€, andk., values observed fora  diamine B0) showed oxidation stoichiometry numbers of 2.0
series of 2-methoxyphenols and 2,6-dimethoxyphenols whichand 2.2, respectively. 1,2-Benzenedithi8ll) showed an
have bulky substituents at the 4-position. Although the size oxidation stoichiometry number of 3.3, indicating possible
of these substituents varies from 0.1 to 14 kDa, only a formation of disulfide (one-electron oxidation product which
relatively small effect was seen. For the lysozyme-coupled would result in an oxidation stoichiometry number of 4) and
phenolsl8 and 19, the presence of the hexyl linker did not sulfenic acid (two-electron oxidation product which would
affect the reactivity much. Neither native nor diimide-treated result in an oxidation stoichiometry number of 2). When
(acetylated/amidated) lysozyme showed any reactivity toward 40 nM PpL was replaced by 160 nM Cug@o significant
PpL under the same conditions. O, uptake occurred with 1,2-benzenedithiol. Guaia®)! (

Oxidation of Phenolic Analogs That ke Different ando-anisidine 82) gave oxidation stoichiometry numbers
o-Substitutions.Table 4 summarizes th€, andk., values close to 2. For 2-methoxybenzenethi88), a stoichiometry
observed for a series of phenols which have different number of 2 was observed whe83] < 1 mM. Table 5
substitutions at th@-position. A correlation between log summarizes th&,, andk., values observed for a series of
(keafKm) and Es of these substrates was found (Figure 3), aryl compounds with replacement of the aryl OH group by
which was similar to that shown in Figure 2. The replace- aryl SH and NH. The replacement of the aryl OH group in
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Table 6: Comparison of Kinetic Parameters for Selected Substrates 10 o 8
with Non-PpL Laccaseés ~ st +
sub- £ 6F
strate RsL MtL StL MvBO 5 o
8 Kn 0.424+ 0.06 0.48+0.13 0.13+0.01 0.51+0.06 f’b 4T x &
Keat 1541 45+ 6 7.2+0.3 4.44+0.1 2
2 Kn 1243 15+ 4 12+ 2 0.9+0.1 2p A
Keat 6.5+ 0.9 3.6+ 0.6 7+1 4.7+£0.2 0 I S B 4
22 Knp 28+0.4 4.3+ 0.8 1.3+ 0.2 1.0+£0.1 N ~
keat 3.5£0.2 17401  1.8+01  58+0.2 08 OﬁE’ 8‘0 04 09 I‘OA;:;]V 2 13
33 Kn 0.18+0.02 0.77£0.08 0.08£0.02 0.34+0.05
keat 180+ 10 1904+ 10 164+ 1 2041 FiGure 4: Correlation of log K.a/Km) with AE [= Es (laccase-T1
32 Ky 0.38+007 0.41+0.04 0.31+0.04 0.324+0.06 site) — Es(substrate)]. The values of log.4/Km) andEs(substrate)
Keat 5.140.3 0.99+0.03 0.66+0.01 2.5+0.1 for compound2, 8, 9, 22, 33, and32 are from Tables 26. The
9 Kmn 0444006 0.92+0.08 0.13+0.02 0.75£0.13 Es for the T1 site in PpL (0.78 VO©), RsL (0.71 V;A), MtL (0.46
Keat 77+3 23+ 1 4.940.2 2.3+ 0.1 V; +), StL (0.51 Vv;0O), and MvBO (0.49 V;x), as well as thds
18 Ky 0.05+£0.01 0.52:0.08 0.07-0.01 1.4+05 andk../Km for ABTS and syringaldazine are from Xu et al. (1996).
Keat 3.4+0.3 9.9+ 0.6 1.7+0.1 3.0+ 0.7 The linear regression line of lok&/Knm) = 7.1AE + 7.0, R =

2The units forKy, are millimolar, and forke, reciprocal minutes. ~ 0.65, in (A) is made for all substrates exc&3 whose data are
shown in (B) with a correlation logk{a/Kr) = 6.2AE — 1.0,R2 =

0.80.

6 by a -CH or -OCH;, which resulted in34 or 35,
respectively, led to &, = 10 mM andkg, < 40 min* (both Table 7: Isp of Sodium Halides for Various Laccages

estimated due to detection limits). The replacement of the phajide PpL RsL ML St MvBO Rhus
aryl OH group in37 by -F, which resulted ir36, led to aKp, NaF 0,02 0.02 005 05 10 0.02

of 0.72 + 0.06 mM andk.y of 240 = 60 min? (which NZCI 40. 50' 600. 0_'4 10' O.b5
actually corresponded to the oxidation of the aryl\tdther NaBr 200 200 1600 5 10 0.05
than the aryl F). Except for the benzenethiol analdfs ( an 0.1 M sodium acetate, pH 5, with ABTS (2 mM) as the substrate.
and 33), the phenol and aniline analog, @3, 30, and32) Iso values are given in millimolar.

seemed to have a correlation between lkg/Km,) and Es
similar to that observed for the 2-methoxy- and 2,6-
dimethoxyphenols (Figure 2) as well as that observed for
the o-substituted phenols (Figure 3).

Phenol Oxidation Catalyzed by Other Laccas€som the
37 substrates whose oxidations by PpL were studied, guaiaco
(8) and six derivatives were selected for testing with other
laccases and bilirubin oxidase. In two chosen derivatives
the effect ofp-substitution [4-CHO in vanillin Z), mainly
electronic] and change in the-substitution [2-OCH to
2-C,Hs switch in 2-ethylphenol 22), both electronic and
steric] was studied by comparing to guaiac8). (In other
two chosen derivatives, the effect of replacing aryl OH by
aryl SH [in 2-OCH-benzenethiol 33)] or aryl NH; [in
o-anisidine 82)] was studied by comparing to guaiac8).(
In the remaining two chosen derivatives, the steric effect of
the 4-substituents different in size was studied by comparing
compounds9 and 18. Under our conditionsRhizoctonia
solani laccase (RsL)Myceliophthora thermophildaccase
(MtL), Scytalidium thermophilunfaccase (StL), andy-
rotheciumeerrucariabilirubin oxidase (MvBO) all exhibited
Michaelis-type kinetics in oxidizing the selected substrates
and showed oxidation stoichiometry close to 2. Table 6
shows theK,, and k. values of these substrates for RsL,
MtL, StL, and MvBO. The effects discussed above for PpL
(electronic effect, steric effect, replacement of aryl OH by
aryl SH and aryl NH) were also observed with RsL, MtL,
StL, and MvBO.

When individual phenol substrates were compared, PpL piscuUssION
showed the highest activity as judged by the valud.gf
Km (Tables 2-6). The difference ink../Kn could be Effect of the o- and p-Substituents on Aityi. The
attributed mostly to the difference kg, and it appeared  comparison of the 4-substituted 2-methoxy- and 2,6-meth-
that the substitution on the substrates affesétgdnore than oxyphenol series listed in Table 2 indicates that the presence
Km for the enzymes tested. As shown in Figure 4, the of electron-withdrawing substituents diminished the activity
difference between thEs of the T1 site in laccases and the of phenol. These substituentad., 4-NO, and 4-COCH)
Es of the substrate correlates with the substrate activity for reduce the electron density at the phenoxy group, thus
all the phenols tested. making it more difficult to be oxidized (as shown by higher

Halide Inhibition. Under our conditions, halides inhibited
the ABTS oxidase activity of laccase. The effect of the ionic
strength change caused by adding sodium halides was

inimal. Adding sodium halide salts after ABTS oxidation

id not interfere with the spectrum of the cation radical. A
similar halide inhibition was also observed with syring-
' aldazine as substrate. The inhibition seemed to be reversible,
since a dilution which reduced the halide concentration 100-
fold below itslso (the concentration of an inhibitor causing
50% activity reduction) led to full recovery of the laccase
activity.

The observed halide inhibition of the laccases showed
characteristics of a complex “linear mixed-type” inhibition.
For F~, convex-type correlations were observed when the
slope and thg-intercept of the LineweaveiBurk plots (1/
rate versusl/[substrate]) are plotted against halide concentra-
tions, similar to that observed wifRhuslaccase (Koudelka
& Ettinger, 1988). For Cl and Br, however, linear
correlations were observed. The paraméjgwas recorded
for quantitation purposes, since the complexity of the plots
complicated the extraction of the inhibition constdft
Based onlsg, the same order for the inhibitory potency of
the halides (F > CI~ > Br~) was observed for all the
laccases studied (Table 7). However, the enzymes showed
variable tolerance toward individual halides. For instance,
MtL has anlse 10°-fold higher than that of StL for Cl
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Es), less reactive in surrendering electron to the T1 copper negligible in comparison to that observed with the equivalent
of laccase (as shown by smallgg), and less basic (as shown laccase.
by smaller K. The electron-withdrawing substituents in Mechanism of Electron Transfer from Substrate to Lac-
2-methoxyphenols led to increas&g, and decreasek: case. The discussion made above with PpL is also applicable
For polyphenol oxidase, which uses one pair of coupled typeto RsL, MtL, StL, and MvBO. As shown in Figure 4, the
3 copper atoms to oxidize phenol, a similar or different different activity of various laccases toward each substrate
correlation fork.,: or Ky, was found, respectively, with respect can be attributed mainly to the difference in the redox
to the substituent effect (Mayer, 1962; Duckworth & potential. The correlation in Figure 4 is closely similar to
Coleman, 1970; Lanzarini et al., 1971). that in Figures 2 and 3. High&s (laccase-T1 site) or lower
The comparison of the correlation shown in Figure 3 to Es (substrate) makes the driving foréée = Es(laccase-T1
that shown in Figure 2 indicates that, for phenols with small site) — Es(substrate) larger, which in turn leads to a faster
o-substitutions €.g., 2-H, OH, OCH, CHs, or GHs), reaction rate [or larger lodké/Km)]. All these indicate that
electronic contribution plays a more important role in the enzymes tested have similar T1 sites and involve similar
determining the activity than steric effect. For instance, the mechanisms that govern the electron transfer from the
reason that guaiacoB) is more active than 2-ethylphenol substrate to the T1 copper.
(22) is most likely because of the electron-donating property ~ When expressed as lok:{/Kn) = of Es (laccase-T1 site)
of the 2-OCH and the resulting reduction i&. However, — Es(substratg) + 3, the correlation in Figures 2, 3, and 4
this observation may not hold when the size of the shows respectivelg = 5.1 andf = 7.2, = 6.1 andp =
substituent becomes significantly larger. In that scenario, 6.8, anda. = 7.1 andg = 7.0. The correlation indicates
steric hindrance of bulkyo-substituents could severely that the first electron transfer between substrate and laccase
interfere with the proper docking of a substrate molecule in can be described by the “outer-sphere” mechanism in which
the substrate pocket (or the T1 copper site) in laccase. Thisthe rate (or activation energy) is predominantly regulated
may explain why 2,6-di-butylphenols 28 and29) are much by the redox potential difference (Marcus & Sutin, 1985).
less active. However, it should be noted that soifag(substrate) values
The comparison among the phenols possessing 4-substitused in the correlation are estimated and it would be better
uents that vary significantly in size (Table 3) may shed light to directly measure them by methods such as radiolysis or
on the spatial form of the T1 site in laccase. The relatively laser flash photolysis (Jovanovic et al., 1991).
small difference observed among homovanill&egnd its Interaction of Laccases with Halide#\s shown withRhus
derivatives 16—19) in terms of reactivity suggests that the laccase-F system, the inhibition of laccase by halide is likely
depth of the substrate pocket in laccase is probably in theat the T2/T3 site (Koudelka & Ettinger, 1988). The
order of ~10 A [corresponding to the length of a homo- inhibition order of F > CI~ > Br~ is attributed to limited
vanillate @) molecule]. For other T1 copper-containing accessibility of the T2/T3 copper atoms (Naki & Varfolom-
proteins, X-ray structure analyses have revealed the deptheev, 1981). As shown in Table 7, different laccases can have

of the T1 copper from the Connolly surface &g A in quite different tolerances toward inhibition by various halide
ascorbate oxidase (Messerschmidt et al., 1992),A in species. If the inhibition is mainly limited by the size of
nitrate reductase (Godden et al., 1991), aftlA in azurin the putative channel that leads to the T2/T3 site, then the
(Nar et al., 1991). observed variation ifsp indicates a significant difference

Comparison among Phenol, Benzenethiol, Aniline, and among various laccases. While the plRhtuslaccase might
Other Aryl Analogs. The lower activities of fluorobenzene, have a “wide-open” channel leading to the T2/T3 site (as
toluene, and anisole in comparison with their phenol analogsindicated by the similalsq values for F, CI~, and Br),
as well as the difference between phenols and anilines (Tablefungal laccases seem to have T2/T3 channels with a defined
5) can be attributed mainly to electronic effect or redox “cutoff diameter” that corresponds to the diameter of
potential. The oxidation potentials of aryl F and aryl £H hydrated Ct or Br—. The halide inhibition study does not
could be=1V, like that of aryl OCH (Kersten et al., 1990), include I, because reacts with the T1 site and serves as
thus making them highly inactive. The dependence of the a substrate for laccase (Xu, 1996).
log (keafKm) ON Es for the anilines is closely similar to that Overall Remarks. Previously, the activities of phenols
observed for the phenols (Figures 2 and 3), suggesting thetoward various copper-containing enzymes have been related
involvement of a similar oxidation mechanism. Unlike their to their (K, and other typical substitution parameters such
aniline analogs, the benzenethiols show data that do not fallas Hammetto constant (Fahraeus & Ljunggren, 1964;
on the same logk{./Km)—Es correlation as that for the = Reinhammar, 1972; Froehner & Eriksson, 1974; Dubernet
phenols (Figure 4). Probably a special interaction betweenet al., 1977; Wood, 1980; Reinhammar & Malmstrom, 1981;
the thiol and the T1 copper (many sulfur-containing groups Leatham & Stahmann, 1981; Amin et al., 1985; Mayer, 1987;
have high affinity toward copper ion) is involved in addition Bekker et al., 1990; Rehman & Thurston, 1992; Robinson
to the simple substrate docking to the T1 pocket that phenolset al., 1993; Yaropolov et al., 1994; Salas et al., 1995).
and anilines are related to; or probably the adaptation of the Although K, is primarily a parameter for the acidity of
Es values for benzenethiol81 and 33, which are derived  phenols, it has been correlated to oxidation potential or aryl
from measurements made in aqueous ethanol, is not accurat®—H bond dissociation energy in certain chemical systems
for the redox potential under our conditions (B&R buffer, (Steenken & Neta, 1982; Lind et al., 1990; Bordwell &
pH 5). However, possible interference from a nonproteina- Cheng, 1991). In this study, a wide range of phenols and
ceous benzenethietopper complex, generated from an other aryl analogs have been comparatively investigated and
extractive chelation of the copper atoms from laccase by their activities are correlated t6s, the oxidation potential
benzenethiol, can be ruled out, since the presence of CuSO of the first step in phenol oxidation. The correlation between
causes the oxidation of 1,2:8,(SH), (31) at a rate thatis  log (k.a/Km) andEs indicates that the first electron transfer
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from phenol to laccase is rate-limiting in laccase-catalyzed Kersten, P. J., Kalyanaraman, B., Hammel, K. E., Reinhammar,
multielectron phenol oxidation and is governed by the redox _ B-, & Kirk, T. K. (1990) Biochem J. 268 475-480.

potential difference between the substrate and laccase’s TlKoéJgggf%?gé_B" & Ettinger, M. J. (1988). Biol. Chem 263

copper through the “outer-sphere” mechanism. However, kulys, J. J., & Cenas, N. K. (1988) Mol. Catal 47, 335-341.
our assumption about the rate-limiting step in fungal laccase Lanzarini, G., Pifferi, G. P., & Zamorani, A. (197Phytochemistry

catalysis should be further tested by independent kinetic llﬁ 89-94. o robiol
methods capable of measuring the intramolecular electron—"eiz;ﬂé?' F., & Stahmann, M. A. (1981)Gen Microbiol. 125

transfer rate between the T1 and T2/T3 sites (Tollin et al., |jng J.. Shen, X., Eriksen, T. E., & Merenyi, G. (1990)Am
1993). Although the effect of one-electron redox potentials ~ Chem Soc 112, 479-482. S

on activity is emphasized in this study, we cannot ignore Mazrggfész- A., & Sutin, N. (1985Biochim Biophys Acta 811
other structural and mechanistic factors whose effects may ver. A. M. (1962)Phytochemistry 1237239,

result in the data scattering (from the correlation line) shown yiayver, A. M. (1987)Phytochemistry 2611—20.

in Figures 2-4. Nevertheless, the important contribution McGary, C. W., Okamoto, Y., & Brown, H. C. (1953) Am Chem

from the potentials is evident when sufficient rangesA&r
(from —0.7 to 0.2 V) and log K.ofKm) (from 2 to 9) are

considered. The observed difference in halide inhibition may yjasserschmidt. A.. Ladenstein. R.. Huber. R. Bolognesi, M

reflect the structural difference of the T2/T3 channel in

Soc 77, 3037+3043.
Messerschmidt, A., & Huber, R. (1998)r. J. Biochem 187, 341—

2]

Avigliano, L., Petruzzelli, R., Rossi, A., & Finazzi-Agro, A.

laccase. All these are consistent with the belief that although  (1992)J. Miol. Biol. 224, 179-205.

laccase and other multicopper oxidases are quite homologoué\‘ajg '°1‘-é f;/itgcs)lc?meev, S. D. (1981iochemistry (EnglTransl)
in terms of primary sequence and backbone structureNar,’H_’ Messerschmidt, A., Huber, R., Van de Kamp, M., &

(Messerschmidt & Huber, 1990), they can have significant  canters, R. W. (1991). Mol. Biol. 218 427-447.
variation in molecular and enzymatic properties, such as Perrin, D. D., Dempsey, B., & Serjeant, E. P. (19Kp Prediction
redox potential and substrate/inhibitor specificity. These _ for Organic Acids and Base€hapman and Hall, London.

results, combined with general knowledge on copper proteins,Refgif’l'gé;J" & Thurston, C. F. (1992) Gen Microbiol. 138

could assist us not only in probing the active sites and Reinhammar, B. (1972Biochim Biophys Acta 275 245-279.

catalytic mechanism of laccase but also in identifying and Reinhammar, B., & Malmstrom, B. G. (1981) Metal lons in

optimizing their potential industrial/medicinal applications. ~ Biology: Copper ProteingSpiro, T. G., Ed.), Vol. 3, pp 109
149, J. Wiley, New York.
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