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ABSTRACT: Rate constants have been determined for the electron-transfer reactions between reduced horse 
heart cytochrome c and resting Rhus vernicifera laccase as a function of pH, ionic strength, and temperature. 
The second-order rate constant for the oxidation of reduced cytochrome c was determined to be k = 125 
M-1 s-l at 25 O C  in 0.2 M phosphate buffer a t  pH 6.0 with the activation parameters M* = 16.2 kJ mol-' 
and ASs = 28.9 J mol-' K-I. The rate constants increased with decreasing buffer concentration, indicating 
that electron transfer from cytochrome c to laccase is favored by the local electrostatic interaction ( 2 ~ 2 ~  
= -0.9 at pH 6 and -1.3 at  pH 4.8) between the basic proteins with positive net charges. From the increase 
of the rate of electron transfer with decreasing pH, one of the driving forces of the reaction was suggested 
to be the difference in the redox potentials between the type 1 copper in laccase and the central iron in 
cytochrome c.  Further, on addition of one hexametaphosphate anion per cytochrome c molecule, the rate 
of the electron transfer was increased, probably because the association of both proteins became more 
favorable. 

Oxidoreduction reactions between metalloproteins have 
received special attention from both biological and mechanistic 
pointsofview (KostiC, 1991; McLendon, 1991; Therien et al., 
199 1). Respiration and photosynthetic chains are composed 
of a series of highly specific and directional electron-transfer 
reactions. Various factors which govern the rate of these 
processes are the distance and intervening medium (bonds) 
between redox centers, the orientation and redox potential 
difference (A,??) between donor and acceptor, an appropriate 
association of the redox couple, protein structure dynamics 
coupled with electron transfer, etc. (Williams, 1990; Balton 
& Archer, 1991; Isied, 1991). Although electron transfer 
between inherent redox partners is naturally important, the 
reactions between metalloproteins which are not intrinsic redox 
partners are also significant to explore the driving force of the 
reaction and the origins of specificity and efficiency in 
macromolecular recognition. In line with this, the reactions 
between the heme proteins, cytochromes, and the blue copper 
protein plastocyanin have been examined by kinetic methods 
(Rosen & Pecht, 1976; Niwa et al., 1980; Corin et al., 1983; 
Augustin et al., 1984; Morand et al., 1989; Perrey et al., 1991; 
Roberts et al., 1991; Zhou et al., 1991). The reactions of 
these proteins with inorganic oxidants or reductants have also 
been studied in detail, aiming at the same goal (Rosenberg 
et al., 1976; Lappin et al., 1979; Farver & Pecht, 1981,1989; 
Brunschwiget al., 1985; Pladziewicz et al., 1985; Gray, 1986; 
Tollin et al., 1986; Blake et al., 1991; Kyritsis et al., 1991; 
Navarro et al., 1991). 

Laccase is a multi-copper oxidase which is widely distributed 
in plants and fungi (Reinhammar, 1984). The active site of 
laccase consists of a set of four copper ions classified according 
to its ESR feature: type 1 copper (blue copper), type 2 copper 
(nonblue copper), and a pair of type 3 coppers (ESR- 
nondetectable copper). A recent X-ray crystallographic study 
of another multi-copper oxidase, ascorbate oxidase, displayed 
that electrons enter into the protein molecule through the 
type 1 copper site and are transferred to the trinuclear center 
constructed with the type 2 and type 3 coppers (Messers- 
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chumidt et al., 1989). Much of the research on laccase has 
focused on defining the structure of its complex active site 
and the four-electron-reduction process of a dioxygen molecule 
at the trinuclear center (Reinhammar, 1984). Although 
kinetic studies have also frequently been performed, infor- 
mation about the binding site of urusiol, a derivative of catechol 
contained in lacquer latex, and information about the 
mechanism of how an electron is transferred from the substrate 
tothe type 1 cooper sitearestillquiteunsatisfactory (Holwerda 
& Gray, 1974; Nakamura, 1976). In this paper, we report 
the electron-transfer reaction between laccase and another 
metalloprotein for the first time. We selected cytochrome c 
as the electron donor to laccase, because its structure is known 
in detail, its properties have been thoroughly examined by 
spectroscopic and electrochemical methods, and its reactions 
with various redox reagents have been well examined by kinetic 
methods (Yamanaka, 1988; Moore & Pettigrew, 1990). These 
points are very favorable in studying how the two proteins 
associate and how intermolecular electron transfer occurs, 
because information on the protein structure of laccase is 
limited at present. 

EXPERIMENTALPROCEDURES 

Chinese lacquer latex (Rhus vernicifera) was supplied by 
Takano and Co., Kanazawa, Japan. Laccase was purified 
according to the method of Reinhammar (1972) with minor 
modification (A280/&15 = 16). Horse heart cytochrome c 
was purchased from Sigma Chemical Co. (type VI, 99% purity) 
and dialyzed against 0.2 M phosphate buffer (pH 6.0). Protein 
concentrations were determined on the basis of molar ab- 
sorptivities, €615 = 5800 for laccase and €550 = 27 500 for 
reduced cytochromec, by using a JASCO Ubest-50 absorption 
spectrometer. Potassium phosphate buffer was used through- 
out experiments. All chemicals were of the highest quality 
available and were used without further purification. Water 
was deionized and distilled. 

Cytochrome c was treated with a small amount of dithionite 
and was dialyzed against a buffer solution under N2. 
Cytochrome c in the reduced form was quickly used for kinetic 
measurements in order to avoid its gradual autoxidation under 
air. Kinetic experiments were performed in a 1-cm path- 
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FIGURE 1: Plots of the second-order rate constants for cytochrome 
c oxidation versus the square root of the ionic strength (pH 6.0, 25 
"C). Inset: Kinetics of elektron transfer from reduced cytochrome 
c to laccase in 0.2 (O) ,  0.1 (O), 0.05 (A), and 0.008 M (0) phosphate 
buffer (laccase concentration was 4.88 pM). 

length cell on an Otsuka Denshi MCPD-1000 spectro- 
photometer with diode array detector. Absorption spectra in 
the range 300-800 nm were monitored for 5 min at l-s 
intervals, and the data of the absorbance change of reduced 
cytochrome c at 550 nm were stored in a desk-top computer. 
Pseudo-first-order decreases of reduced cytochrome c con- 
centration were observed. The margins of error were ap- 
proximately i 1 5 % .  

RESULTS 

Effects of the Ionic Strength Dependence on Electron- 
Transfer Reactions between Cytochrome c and Laccase. For 
the kinetic measurements, a l-5-fold excess of cytochrome c 
tolaccase was used. The reason why more excess of reductant 
was not used is that the a band of reduced cytochrome c at 
550 nm is so strong that the linearity of absorbance larger 
than 2 is not ensured. Four sets of reactions were performed 
at 25 OC in 0.2,0.1, 0.05, and 0.008 M phosphate buffer at 
pH 6.0. First-order plots of the absorbance-time data were 
linear at the early stage of the reactions. The electron-transfer 
reaction with reduced cytochromec was a second-order process 

Cyt,, + Lac,, * Cyt,, + Lac,, 

and the reaction rate could be obtained by the equation: 

-d[Cytr,lldt = kob[C~t,l = k[LacoxI [C~tredl 
where kob is the pseudo-first-order rate constant and k is the 
second-order rate constant for the oxidation of reduced 
cytochrome c by laccase. The rate constants kob at pH 6 
depending on the concentration of cytochrome c are shown in 
the inset of Figure 1 ,  This figure displays that the rate of the 
reactions was increased with decreasing buffer concentration 
[linearity was not retained for the reactions in 0.008 M 
phosphate buffer with more than 1 O-fold excess of cytochrome 
c, probably because an association of proteins occurs in the 
low-concentration buffer (data not shown)]. According to 
Debye-HUckel's limiting law, the following simplified relation 
is retained for the reaction of the charged reactants (k, rate 
constants; p, ionic strength; Z A  and ZB, charges of reactants 
A and B): 

log k = 1 .O 1 8 2 G Z A Z B  
This equation shows that the rate constant for a reaction 
depends on the ionic strength of the solution and the charges 
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FIGURE 2: Eyring plots of the electron-transfer rate from reduced 
cytochrome c (24.4 pM) to laccase (4.88 pM) (25 OC, pH 6.0, 0.2 
M phosphate buffer). 
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FIGURE 3: Effect of pH on the second-order rate of the oxidation 
of cytochrome c (24.4 pM) by laccase (4.88 pM) (25 OC, 0.2 M 
phosphate buffer). 

of the reactants. Log values of the averaged second-order 
rates for a set of data at each buffer concentration were plotted 
against the square root of the ionic strength in Figure 1, where 
the ionic strengths were evaluated from the ionization constants 
of phosphoric acid (pKa1, pKa2, and pKa3 values are 2.12,7.2 1, 
and 12.32, respectively). From the slope of the line in the 
figure, ZAZB = 4 . 9  was obtained. This shows that the 
association of cytochrome c and laccase with an electrostatic 
interaction allows electron transfer although the net charges 
of both proteins are positive at pH 6.0 (+ lo  for cytochrome 
c and +30 for laccase). Further, ZAZB = -1.3 was obtained 
at pH 4.8, at which condition the net charges of cytochrome 
c and laccase are +11 and +38, respectively (data not shown). 

Effect of Temperature on Electron- Transfer Reactions 
between Cytochrome c and Laccase. Kinetic measurements 
have been performed at five different temperatures (1 5, 20, 
25,30, and 35 "C) in 0.2 M phosphate buffer at pH 6.0, and 
the linear Eyring plot was obtained in Figure 2. From the 
slope and intercept, the thermodynamic parameters AH* = 
16.2 kJ mol-' and ASs = 28.9 J mol-' K-I were determined. 

Effect of p H  on Electron- Transfer Reactions between 
Cytochrome c and Laccase. We investigated the pH depen- 
dence of the rate constants at 25 OC in 0.2 M phosphate buffer. 
The rate constant increased with decreasing pH from 7.5 to 
5.5 but did not change profoundly between pH 4 and 5.5 as 
shown in Figure 3. As pH 4 was approached, the rate seemed 
to begin to decrease. However, we did not get precise data 
near pH 4, since this pH value does not biologically make 
sense and is even harmful for protein stability. 
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this site and are transferred to the trinuclear center. Ap- 
parently, the oxidation of reduced cytochrome c proceeded at 
a rate much faster than that of the autoxidation under air. 

The result of the ionic strength dependence (Figure 1) was 
unexpected, because both cytochrome c and laccase are basic 
proteins (pzvalues for cytochrome c and laccase are 10.5 and 
8.6, respectively) having positive net charges within the pH 
range we used in our experiments (+lo at pH 6 and +11 at 
pH 4.8 for cytochrome c, and +30 at pH 6 and +38 at pH 
4.8 for laccase). Therefore, it will be quite natural to expect 
that the collision of the positively charged molecules becomes 
more favorable with increasing ionic strength. Such an ionic 
strength dependent reaction between positively charged 
proteins was, for example, found for the electron-transfer 
reaction from 3Zn-myoglobin to stellacyanin by flash pho- 
tolysis (Tsukahara et al., 1992). However, the Debye-Hiickel 
law showed that a weak, local electrostatic interaction is 
important ( 2 ~ 2 ~  = -0.9 at pH 6 and -1.3 at pH 4.8) in the 
association which allows the electron transfer between cyto- 
chrome c and laccase (Figure 1). In line with this, the rate 
of electron transfer between positively charged cytochrome c 
and cytochrome f has been reported to be much slower (4 X 
lo-' M-l s-l) (Wood, 1974) compared to the present result 
(ca. 1 X lo2 M-l s-l). If weare permitted tospeculate further, 
a negatively charged amino acid might be present near the 
substrate-binding site in laccase. The observed rather slow 
rate will not be that the thermodynamic driving force is not 
sufficient but will be that the intervening medium (bonds), 
especially that in laccase, or the orientation between redox 
centers is considerably unfavorable (vide infra). 

The activation enthalpy (16.2 kJ mol-') obtained from 
Figure 2 was similar to those reported for the reactions between 
cytochromec and plastocyanin (3 1 kJ mol-') (Augustin et al., 
1984), cytochrome f and plastocyanin (35 kJ mol-') (Niwa 
et al., 1980), and cytochrome c and azurin (9.2 kJ mol-') 
(Augustin et al., 1984), indicating that the relatively low 
activation energy did not necessarily lead to a high reaction 
rate. Since the entropy term was positive, the free energy 
(AG*) value is considerably small (8.6 kJ mol-' at 25 "C), 
and, accordingly, the cause for the relatively slow rate will be 
that the association of cytochrome c and laccase molecules is 
not very favorable. The positive activation entropy has been 
attributed to the reaction between the oppositely charged 
proteins (Segal & Sykes, 1974). 

The reaction rate increased with decreasing pH from ca. 
7.2 to ca. 5.5 but did not change prominently below pH ca. 
5.5 (Figure 3). In line with this, the redox potential of the 
type 1 copper in laccase has been reported to change from ca. 
380 mV to ca. 460 mV in harmony with the pH change from 
ca. 9 to 4 (Nakamura, 1958), while that of cytochrome c is 
almost independent of pH (250 mV) (Ikeshoji et al., 1989). 
Therefore, the thermodynamic driving force of the electron 
transfer between laccase and cytochrome c should increase 
with decreasing pH: the ~ E O C , + L ~ ~  value increases from 130 
to 210 mV with decreasing pH. The increase in the second- 
order rate constant with decreasing pH from 7.2 to ca. 5.5 
supports the idea that the difference in the redox potential 
between the donor and acceptor is a driving force of the 
reaction. Nevertheless, it does not necessarily seem to account 
fully for the data between pH 5.5 and 4.2. Alternatively, the 
acid-base equilibrium of a residue which has a PKa value of 
ca. 6.5 might be concerned with the pH dependency. The 
plausible residue to give such the PKa value is histidine. 
However, the imidazole group is protonated in the acidic form, 
while un-ionized in the basic form. This is contradictory to 

t 
s o o t  h I 

200 1 
0 
0 20 40 

[Hexametaphosphalel , pM 

FIGURE 4: Effect of hexametaphosphate concentration on the second- 
order rate constant of the oxidation of cytochrome c (24.4 pM) by 
laccase (4.88 KM) (25 OC, pH 6.0, 4 mM phosphate buffer). 

Effect of the Hexametaphosphate Anion on Electron- 
Transfer Reactions between Cytochrome c and Laccase. One 
or more hexametaphosphate anion(s) has been revealed to 
bind to the basic patch(es) of the cytochrome c surface 
surrounding the exposed heme edge (Concar et al., 1991a,b; 
Whitford et al., 1991). Since this polyanion is expected to 
affect the manner of the interaction between cytochrome c 
and laccase and accordingly is expected to affect the electron- 
transfer process, the experiments were performed by using 
cytochrome c which had been allowed to equilibrate previously 
with hexametaphosphate. Figure 4 shows that the presence 
of one hexametaphosphate ion per protein molecule accelerates 
the rate of electron transfer ca. 1.5 times. However, the 
electron-transfer process was inhibited on addition of more 
than one hexametaphosphate. 

DISCUSSION 

Electron-transfer reactions between cytochrome c or f and 
blue copper proteins such as plastocyanin, azurin, or stella- 
cyanin have been reported to occur with a second-order rate 
constant as high as ca. lo7 M-l s-l (Rosen & Pecht, 1976; 
Niwa et al., 1980; Corin et al., 1983; Augustin et al., 1984; 
Morand et al., 1989; Peerey et al., 1991; Roberts et al., 1991; 
Zhou et al., 1991). These results might not be unexpected, 
since the physiological function of both types of proteins is 
electron transfer. However, the biological function of laccase 
is essentially to oxidize urusiol, and its reaction is highly specific 
for phenol derivatives. This will be one of the reasons why 
no intermolecular electron-transfer reaction between laccase 
and another metalloprotein has been performed. However, 
although the electron-transfer rate is considerably slow as 
can be followed by using a conventional spectrophotometer 
(k = ca. 1 X lo2 M-l s-l), the reaction between laccase and 
cytochrome c was actually found to occur. 

Since the reactions which take place inside the laccase 
molecule, the intramolecular electron transfer between the 
copper centers and the four-electron reduction of dioxygen, 
occur much faster than the rate of intermolecular electron 
transfer from cytochrome c (Andreasson & Reinhammar, 
1976, 1979; Goldgerg et al., 1980), the absorption feature of 
laccase did not change during the reaction. Although it is not 
clear which type of copper in laccase is involved in the entry 
of electrons in the reaction with cytochrome c, the type 1 
copper site will be most probable. In the normal enzyme 
process, four electrons enter into the laccase molecule through 
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the fact that the reaction between laccase and cytochrome c 
molecules is favored at  weak acidic pHs than of neutral pH. 
The decrease of the reaction rate near pH 4 might reflect an 
electrostatic effect: the pKa value of a carboxylic acid group 
in the side chain of glutamic acid or aspartic acid is ca. 4, and 
the group is negatively charged at a higher pH but is un- 
ionized at a lower pH. In addition to this effect near pH 4 
and the redox potential difference between the donor and 
acceptor, it is probable that a structure change on the protein 
molecule(s) dependent on pH also affected the electron- 
transfer process, although it was not noticeable in the 
absorption, CD, and ESR spectra (Sakurai et al., 1990). The 
ionic strength dependence at pH 6 and 4.8 (the ZAZB values 
were 4 . 9  and -1.3 at pH 6 and 4.8, respectively) indicates 
that the local electrostatic charge on the reactants also changes 
depending on the pH. 

According to Williams et al. (Concar et al., 1991a,b; 
Whitford et al., 1991), hexametaphosphate binds close to 
lysines-13, -86, and -87 in cytochromec (Concer et al., 1991a,b; 
Whitford et al., 1991), facilitating the approach of the two 
molecules by reducing intermolecular electrostatic repulsion. 
The prominent effect of this polyanion on the electron-transfer 
rate might suggest that the positively charged patch formed 
by the three lysine residues on cytochrome c surface is not the 
site to associate with laccase. The approach of cytochrome 
c toward laccase would have become easier in the presence of 
this polyanion. 

We are trying to modify the charged residues in cytochrome 
c in order to get further information about the manner of the 
association of the two proteins. The study on ascorbate oxidase 
in the place of laccase indicated that this multi-copper oxidase 
shows similar behavior except that the activation enthalpy for 
the electron transfer is practically zero (unpublished data). 
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