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ABSTRACT: We demonstrate direct oxidation of ferrocytochrome ¢ by lignin peroxidase (LiP) from the
lignin-degrading basidiomycete, Phanerochaete chrysosporium. Steady-state kinetic data fit a peroxidase
ping-pong mechanism rather than an ordered bi-bi ping-pong mechanism, suggesting that the reductions
of LiP compounds I and II by ferrocytochrome c are irreversible. The pH dependence of the overall reaction
apparently is controlled by two factors, the pH dependence of the electron-transfer rate and the pH dependence
of enzyme inactivation in the presence of H,O,. In the presence of 100 uM H,0,, veratryl alcohol (VA)
significantly enhanced cytochrome c oxidation at pH 3.0 but had little effect above pH 4.5. In the presence
of <10 uM H;O,, the stimulating effect of VA on the reaction is greatly diminished. As with cytochrome
c peroxidase reactions, LiP oxidation of ferrocytochrome c decreased as the ionic strength increased, implying
the involvement of electrostatic interactions between the polymeric substrate and enzyme. The reaction
product ferricytochrome ¢ inhibited VA oxidation by LiP in a noncompetitive manner, suggesting that
cytochrome ¢ binds to LiP at a site different from the small aromatic substrate binding site. Recent
crystallographicstudies show that the heme is buried in the LiP protein and unavailable for direct interaction
with polymeric substrates, suggesting that electron transfer from ferrocytochrome ¢ to LiP occurs over a
relatively long range. The role of VA in this electron-transfer reaction is discussed. This observation of
ferrocytochrome ¢ oxidation by LiP, which is stimulated at low pH and high [H,0,] by VA, suggests that
this system may serve as a useful model for probing the mechanism of electron transfer between the buried
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heme of the enzyme and other polymeric substrates, such as lignin.

Lignin is a heterogeneous, random, phenylpropanoid poly-
mer that constitutes 20-30% of woody plant cell walls
(Sarkanen & Ludwig, 1971). Whiterot basidiomycetous fungi
are primarily responsible for initiating the depolymerization
of lignin, which is a key step in the earth’s carbon cycle (Gold
et al., 1989; Kirk & Farrell, 1987; Buswell & Odier, 1987).
The best-studied lignin-degrading fungus, Phanerochaete
chrysosporium, secretes two extracellular heme peroxidases,
manganese peroxidase and lignin peroxidase (LiP),! which,
along with an H,O,-generating system, are apparently major
extracellular components of its lignin degradative system (Gold
et al., 1989; Kirk & Farrell, 1987; Buswell & Odier, 1987;
Hammel et al., 1993; Wariishi et al., 1991b; Higuchi, 1991;
Schoemaker, 1990). Nucleotide sequences of several LiP
¢DNAs and genes (Tien & Tu, 1987; Gold & Alic, 1992;
Ritchet al,, 1991) as well as the recently published LiP X-ray
crystal structures (Edwards et al., 1993; Poulos et al., 1993;
Piontek et al., 1993) demonstrate that important catalytic
residues including the proximal and distal His, the distal Arg,
and an H-bonded Asp are all conserved within the heme pocket.

LiP also shares mechanistic features with other plant and
fungal peroxidases. Characterization of the formation and
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cation radical.

reactions of the oxidized intermediates LiPI, LiPII, and LiPIII
indicates that the oxidized states and catalytic cycle of LiP
are similar to those of horseradish peroxidase (Gold et al.,
1989; Renganathan & Gold, 1986; Marquez et al., 1988;
Dunford & Stillman, 1976; Tien et al., 1986). Yet LiP has
several unique features, including an apparently higher redox
potential (Gold etal., 1989; Kirk & Farrell, 1987; Schoemaker,
1990), a very low pH optimum of ~3.0 (Tien et al., 1986;
Renganathan et al.,, 1987; Wariishi et al., 1991a), and an
unusually high reactivity of compound II with HyO, (Wariishi
& Gold, 1991; Wariishietal., 1990). LiPslowlydepolymerizes
synthetic polymeric lignin in the presence of VA (Hammel et
al., 1993) and effectively oxidizes nonphenolic lignin models
and aromatic pollutants with redox potentials beyond the reach
of other peroxidases (Gold et al., 1989; Kirk & Farrell, 1987;
Buswell & Odier, 1987; Schoemaker, 1990; Vallietal., 1992).
Since, as in CCP, the heme group in LiP is buried (Edwards
et al., 1993; Poulos et al., 1993; Piontek et al., 1993), it is not
available to interact directly with polymeric substrates. In
this report, we utilize ferrocytochrome ¢ as a model polymeric
substrate for LiP and discuss the implications of our findings
for lignin oxidation by the enzyme.

MATERIALS AND METHODS

Protein Preparation. LiPisozyme 2 (H8) was purified from
cultures of P. chrysosporium strain OGC101 as previously
described (Wariishi & Gold, 1990; Gold et al., 1984). The
purified enzyme was electrophoretically homogeneous and
hadan RZ value (A4408/ A280) of ~5.0. Enzyme concentrations
were determined at 408 nm using an extinction coefficient of
133 mM-! em! (Gold et al., 1984). Horse heart ferricyto-
chrome ¢ was obtained from Sigma. Stock solutions of
ferrocytochrome c were prepared by dissolving ferricytochrome
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¢ in water, and then adding excess potassium dithionite as
described (Kang & Erman, 1982). Excess dithionite was
removed by gel filtration on a Sephadex G-10 column
equilibrated with an argon-saturated 10 mM KNOj solution.
After gel filtration, the ferrocytochrome ¢ solution (>97% in
the reduced state) was stored under argon. The stock solution
concentration was determined spectroscopically after each
series of experiments, and data were used for kinetic analysis
only with solutions which were >95% ferrocytochrome c.
Concentrations of ferri- and ferrocytochrome ¢ were deter-
mined using an €410 of 106 mM-! cm~! and an esso of 27.7
mM-!ecm-1, respectively (Margoliash & Frohwirt, 1959). HRP
(type VI) was purchased from Sigma, and yeast CCP was
kindly supplied by Dr. A. G. Mauk (University of British
Columbia, Canada). Concentrations of HRP and CCP were
determined using an e4; of 102 mM-! cm~! (Dunford &
Stillman, 1976) and an €403 of 98 mM-! cm! (Vitello et al.,
1990), respectively.

Chemicals. H,0,(30%solution) was obtained from Sigma,
and the stock solution concentration was determined as
described (Cotton & Dunford, 1973). VA was purchased
from Aldrich. All other chemicals were reagent grade. All
solutions were prepared using deionized water from a Milli
Q 50 system (Millipore).

Determination of Oxidation Rates. Ferrocytochrome ¢
oxidation was monitored at room temperature at 550 nm using
a Shimadzu UV-260 spectrophotometer with a 1-cm light
path. The initial oxidation rate was calculated using a Aesso
of 19.5 mM-1cm-! between ferro- and ferricytochrome ¢ (Kang
& Erman, 1982). The initial velocities were corrected for the
uncatalyzed H,0, oxidation of ferrocytochrome ¢. The
oxidation of VA to veratraldehyde was monitored at 310
nm (e310= 9.3 mM- em!) (Gold et al., 1989; Kirk & Farrell,
1987; Buswell & Odier, 1987).

1/v versus 1/[ferrocytochrome c] was plotted at several
fixed concentrations of H,O,. Reaction mixtures contained
LiP (1 ug/mL), ferrocytochrome ¢ (8-100 uM), and H,0,
(20-100 uM). The reaction was initiated by the addition of
H,0,. Buffers used were 10 mM potassium succinate for the
LiP and HRP reactions and 10 mM potassium phosphate for
the CCP reaction at the indicated pHs. The ionic strength
of the reaction mixture was adjusted with KNO;. Owing to
the low ionic strength, the pH was remeasured after the
reactions were completed. The pH change over the course of
the reaction was less than 0.03 in all cases. Reactions were
carried out under both air and argon.

Protection of Lignin Peroxidase from Inactivation by H,0..
The ability of ferrocytochrome ¢ and VA to protect LiP from
H,0; was investigated. Reaction mixtures consisted of LiP
(50 ug/mL, ~1.2 uM) and H,0, (120 uM) in 10 mM sodium
succinate, pH 3.0. Reactions were runat 25 °Cinthe presence
of ferrocytochrome ¢ (250 uM), VA (250 uM), or no additives.
Periodically during the reaction a 20-uL aliquot was removed
and LiP activity was measured in an assay mixture consisting
of enzyme, 5 mM VA, and 0.1 mM H,0; in 20 mM sodium
succinate, pH 3.0. The VA oxidation rate was corrected for
the inhibition caused by ferricytochrome ¢ in the aliquot.

Inactivation of Lignin Peroxidase during the Reaction. LiP
inactivation during the course of the reaction was monitored
via a previously reported procedure (Selwyn, 1965). Inthese
Selwyn tests the rate of ferricytochrome ¢ produced at pH 3.0
was plotted against (LiP concentration X time) at three LiP
concentrations. LiP concentrations of 1, 2, and 4 ug/mL
were used for reactions conducted in the absence of VA. LiP
concentrations of 0.1, 0.2, and 0.4 pg/mL were used for
reactions conducted in the presence of VA. To compensate

Wariishi et al.

I.0 T T - T T
04+ E
|
2
€ 3
c
o 031 :
[ e}
Q ']
s 5
L os M
Q
g c
= 2 02F -
5
2
L
<<
4
(oA = -
4 g
1) | ] 1 . ! . L
450 500 550 600 0 10 2.0
A (nm) Time (min)

FiGURE 1: Oxidation of ferrocytochrome ¢ by LiP. (A) Spectra were
recorded at 2-min intervals. Reaction mixtures consisted of LiP (0.5
pg/mL), ferrocytochrome ¢ (30 uM), H,O, (100 uM) in potassium
succinate, pH 6.2 (¢ 0.01). (B) Ferrocytochrome ¢ oxidations were
monitored at 550 nm under aerobic conditions. Trace 1 (spontaneous
autoxidation): ferrocytochrome ¢ (13 uM) in potassium succinate,
pH 4.5 (1 0.01). Trace 2: Same as trace 1 with addition of 100 uM
H,0,. Trace 3: Same as trace 2 with addition of HRP (1 ug/mL).
Trace 4; Same as trace 2 with addition of LiP (1 ug/mL).

for the differences in enzyme concentration, the recorder chart
speed was varied accordingly.

Effect of Ferricytochrome ¢ on the Lignin Peroxidase
Oxidationof Veratryl Aicohol. Reaction mixtures contained
LiP (1 pug/mL), VA (50-500 pM), and H,0, (100 uM) in
the presence of ferricytochrome ¢ (0—10 uM). The generation
of superoxide during aerobic VA oxidation by LiP has been
reported (Schmidtetal., 1989), and ferricytochrome cis readily
reduced by superoxide to form ferrocytochrome ¢. To avoid
interference from the possible reduction of ferricytochrome
¢ by superoxide, the isosbestic point between ferri- and
ferrocytochrome ¢ (337 nm) was used to monitor VA oxidation,
using an €337 of 2.06 mM-! cm!. The reaction was initiated
by the addition of H;O, and carried out under aerobic
conditions.

RESULTS

Ferrocytochrome c Oxidation by LiP. The visible spectral
change observed when ferrocytochrome ¢ was treated with
LiP/H,0, is shown in Figure 1A. During the course of the
reaction, the 550- and 520-nm bands indicative of ferrocy-
tochrome ¢ decreased and a new peak appeared at 528 nm.
This conversion has several isosbestic points (Figure 1A) which
are identical to those observed during the CCP oxidation of
ferrocytochrome ¢ and during autoxidation (data not shown),
strongly suggesting that LiP oxidizes ferrocytochrome ¢ to
ferricytochrome c via a single-electron step. The LiP-catalyzed
oxidation of cytochrome c is much faster than autoxidation
or oxidation with HO, alone (Figure 1B). Asshownin Figure
1B, HRP has minimal activity with ferrocytochrome c.

Effect of pH and Veratryl Alcohol. The effect of pH on
the LiP-catalyzed oxidation of ferrocytochrome ¢ in the
presence and the absence of VA is shown in Figure 2. In the
presence of VA, ferrocytochrome ¢ oxidation increased
continuously as the pH was lowered to 3.0. This is similar
to the pH dependence for VA oxidation by LiP (Tien et al.,
1986; Renganathan et al., 1987). In the absence of VA, the
activity increased with decreasing pH to a maximum at pH
4.0, beyond which the activity decreased considerably. The
addition of VA had little effect above pH 4.5, but it enhanced
the rate significantly below pH 3.5.
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FicuRE 2: pH profile for LiP oxidation of ferrocytochrome ¢ in the
presence or absence of veratryl alcohol. Reaction mixtures consisted
of LiP (1 ug/mL), ferrocytochrome ¢ (20 uM), and H,0, (100 uM)
in potassium succinate (u 0.01) without VA (0) and with VA (0.5
mM) (@).

Table 11 Veratryl Alcohol and Ferrocytochrome ¢ Oxidation by LiP

nmol-min~leug-!

VA oxidation ferrocytochrome ¢
pH assay method? (%)? oxidation (%)?
3.04 A 21.34 2.90

B 18.90 (89) 1.56 (54)
3.97 A 11.03 8.32

B 10.81 (98) 6.41 (73)
5.04 A 2.87 4.83

B 2.84 (99) 4.62 (96)
6.12 A 1.61 2.80

B 1.58 (98) 2.73 (98)

4 Method A: 20-s preincubation of the reducing substrate and LiP in
buffer, prior to addition of H,O; to initiate the reaction. Method B: 20-s
preincubation of LiP and H,0; in buffer, prior to addition of reducing
substrate to initiate the reaction. Reaction mixtures consisted of LiP (1
pg/mL), H,0, (0.1 mM), and VA (0.5 mM) or ferrocytochrome ¢ (20
#M) in potassium succinate (1 0.01). ® Percentage of the rate for method
B over that for method A.

Toexplore therole of VA in this reaction, two assay methods
were used to measure the initial velocities. In the first assay
(method A), the reducing substrate and LiP were preincubated
in the buffer solution for 20 s, after which H,O, was added
toinitiate the reaction. Inthesecond assay (method B), H,0,
and LiP were preincubated for 20 s in the buffer, after which
the reducing substrate was added toinitiate thereaction. Table
1 shows the initial rates at several pHs with either VA or
ferrocytochrome ¢ as substrate.

Thedirect effect of cytochrome c or VA on H,O; inactivation
of LiP also was investigated (Figure 3). When LiP was
incubated with 120 uM H;O; at pH 3.0, almost all activity
was lost within 2 min at 25 °C. However, in the presence of
250 uM VA, essentially all LiP activity was retained. Under
the same conditions in the presence of ferrocytochrome c,
70% of the LiP activity was lost within the first 2 min.

The effect of LiP inactivation on the rate of cytochrome ¢

oxidation at pH 3.0isshownin Figure 4. Inthese experiments,
the rate of ferricytochrome c formed was plotted against (LiP
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FiGURE 3: Effect of veratryl alcohol and ferrocytochrome c on lignin
peroxidase stability and activity. LiP (50 pg/mL) was incubated
with H,O; (120 uM) in 10 mM potassium succinate, pH 3.0, in the
absence (O) or in the presence of either VA (250 xM) (1), or
ferrocytochromec (250 uM) (A). Periodically, aliquots (20 uL) were
removed and assayed for LiP activity as described in the text.

concentration X time) at three different LiP concentrations
(Selwyn, 1965). At pH 3.0, in the presence of 65 uM H,0,
and in the absence of VA, the Selwyn test demonstrated that
the enzyme was inactivated during the course of the reaction
(Figure 4A). When the reaction was conducted under the
same conditions in the presence of 500 uM VA, the Selwyn
test indicated that the enzyme was not inactivated significantly
(Figure 4B). Finally,atpH 3.0 with 6.5 uM H,0,, theenzyme
was not inactivated significantly even in the absence of VA
(Figure 4C).

The results in Figure S show the stimulatory effect of VA
on the oxidation of ferrocytochrome ¢ at various H,0;
concentrations. At pH 3.0, in the presence of 100 M H,0,,
VA stimulated the reaction approximately 7-fold with maximal
effectat ~250 uM VA. Incontrast,at pH 3.0inthe presence
of 3 or 6 uM H,0;, the effect of VA was minimal. These
results show that the VA stimulatory effect increased with
increasing concentrations of H,0; in the reaction mixture.

Steady-State Kinetics. The family of plots, 1/v versus
1/[ferrocytochrome c] at various fixed concentrations of H,Os,
yielded a set of parallel lines, indicating a ping-pong mechanism
for the LiP oxidation of ferrocytochrome ¢. Reactions were
carried outat pH 4.0 under aerobic conditions. The secondary
plot of primary y-intercepts versus 1 /[H,0,] showed a linear
relationship but passed through the origin within experimental
error, suggesting that the reaction obeys peroxidase ping-
pong kinetics rather than classical ordered bi-bi ping-pong
kinetics (data not shown). For this reason, the K, for H,O,
could not be determined. However, at a fixed [H;O,], the
apparent K, and kc for ferrocytochrome ¢ could be
determined. CCP reactions were carried out at pH 7.3 in
potassium phosphatebuffer. Table2 summarizes these kinetic
parameters at an [H,0,] of 100 uM. CCP did not oxidize
VA under the conditions used.

Effect of Ionic Strength. A plot of the logarithm of the
initial velocity versus the square root of the ionic strength
exhibited a linear relationship at pH 4.0 (Figure 6). As the
ionic strength increased, the rate of ferrocytochrome c
oxidation by LiP decreased.

Inhibition of Veratryl Alcohol Oxidation by Ferricyto-
chrome c. The family of plots, 1 /v versus 1/[VA] at various
fixed concentrations of ferricytochrome c, intercepted on the
x-axis (Figure 7). A linear relationship of the secondary plot,
y-intercept versus [ferricytochrome c], demonstrated non-
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FIGURE 4: Inactivation of LiP by H,0, during the oxidation of
ferrocytochrome ¢. The amount of ferricytochrome ¢ produced is
plotted against (enzyme concentration X time) as described (Selwyn,
1965). All reaction mixtures contained 20 uM ferrocytochrome c in
10 mM potassium succinate, pH 3.0. (A) Reactions contained 65
#M H,0,, and either 1.0 (0), 2.0 (O), or 4.0 (A) ug of LiP but no
VA. (B) Reactions contained 65 uM H,0;, 500 uM VA, and either
0.1 (0), 0.2 (Q), or 0.4 (A) ug of LiP. (C) Reactions contained 6.5
uM H,0; and either 1.0 (0), 2.0 (Q), or 4.0 (A) ug of LiP but no
VA. The recorder chart speed was run at 1, 2, or 4 cm/min to
compensate for the enzyme concentrations used.

competitive inhibition (Figure 7, inset). The X; for ferricy-
tochrome ¢ was determined to be 2.5 uM.

DISCUSSION

Although considerable work has been reported on the
mechanism of LiP, the precise role of this enzyme in polymeric
lignin degradation remains unclear. The role that VA plays
in the lignin degradative system also is still under discussion.
VA stimulates the LiP-catalyzed depolymerization of synthetic
lignin (Hammel et al., 1993) and the LiP-catalyzed oxidation
of a variety of poor reducing substrates (Valli et al., 1992;
Harvey et al., 1986; Renganathan et al., 1985; Haemmerli et
al., 1986). P.chrysosporium produces VA under ligninolytic
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FIGURE 5: Effect of H,O, concentration on the stimulation of
cytochrome ¢ oxidation by VA. Reaction mixtures contained LiP (1
ug/mL), VA (0.0-0.5 mM), and ferrocytochrome ¢ (20 pM) in 10
mM potassium succinate, pH 3.0. Reactions were initiated by addition
of H,0; to a final concentration of 3 (O), 6 (@), 9 (&), or 100 (A)
uM, and ferrocytochrome ¢ oxidation was monitored as described in
the text.

Table 2: Kinetic Parameters of LiP and CCP Reactions®

enzyme substrate Km(app) (uM) keatapp) (571)
LiP ferrocytochrome ¢ 68.2 25.7
veratryl alcohol 113 19
CCP ferrocytochrome ¢ 18.3 175

4 Values were determined at an H,0; concentration of 100 uM. The
LiP reaction with VA was carried out in potassium succinate, pH 3.04
(1 0.01). The LiP reaction with ferrocytochrome ¢ was carried out at
pH 4.0. CCP reactions were carried out in potassium phosphate, pH 7.3
(2 0.01). Reaction mixtures consisted of enzymes (LiP, 1 ug/mL; CCP,
0.5 ug/mL), reducing substrates (ferrocytochrome ¢, 10-100 uM; VA,
50-500 pM), and H,0;.
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FIGURE 6: Effect of ionic strength on the initial velocity of
ferrocytochrome ¢ oxidation by LiP. The logarithm of initial velocities
was plotted against the square root of the ionic strength at pH 4.0.
Reaction mixtures consisted of LiP (1 ug/mL), ferrocytochrome ¢
(17 uM), and H;0, (100 uM).

conditions; VA is a good reducing substrate for LiP (Gold et
al., 1989; Kirk & Farrell, 1987; Buswell & Odier, 1987). A
variety of mechanisms have been postulated to account for
the stimulation of LiP reactions by VA. One role of VA
appears to be protection of the enzyme from H;O,-derived
irreversible inactivation (Wariishi & Gold, 1989, 1990),
although the exact protection mechanism(s) has not been
clarified. A second proposedrole for VA is that of a diffusible
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FIGURE 7: Inhibitory effect of ferricytochrome ¢ on veratryl alcohol
oxidation by LiP. Reaction mixtures contained LiP (1 ug/mL), VA
(0.05-0.5 mM)), H,0, (100 uM), and fixed [ferricytochrome c] of
0(0), 1.97 (@), 4.95 (a), 7.92 (A), and 9.89 (O) uM in potasstum
succinate, pH 3.04. Inset: Replot of the y-intercept versus [ferri-
cytochrome ¢] (uM).

radical mediator, wherein the VA** produced via the one-
electron oxidation of VA diffuses and, in turn, oxidizes the
terminal substrate (lignin) some distance from the surface of
theenzyme (Harvey etal., 1986, 1987; Akamatsu et al., 1990;
Popp et al., 1990). However, both the long-range mediation
by a diffusible VA** and the formation of a catalytic LiPII-
VA** complex (Harvey et al., 1987) have been challenged
(Wariishi et al., 1991a, 1992a; Valli et al.,, 1990; Cui &
Dolphin, 1990). Recentcrystalstructures of LiP demonstrate
that the heme group is buried in the protein (Edwards et al.,
1993; Poulos et al., 1993; Piontek et al., 1993) and that a
narrow access channel may be available to H,O; and small
aromatic compounds such as VA. Indeed, a protein-binding
site for VA has been postulated via computer modeling (Poulos
et al.,, 1993). This raises the question of whether LiP can
directly attack polymeric lignin or whether VA plays some
role in electron transfer between the buried heme and the
polymeric substrate. To investigate the interaction between
the enzyme and a polymeric substrate, we utilized ferrocy-
tochrome ¢ as a model polymer. Ferrocytochrome ¢ was
selected as a polymeric substrate since (i) its heme iron is low
spin and hexacoordinated (Ferguson-Miller et al., 1979),
assuring that it does not react with H>O; to form higher redox
states such as compounds I and II of peroxidases; (ii) ferro-
ferricytochrome c is a well-characterized one-electron couple,
limiting complexities in the reactions; (iii) the molecular mass
of horse heart cytochrome ¢ (~12 300 Da) is considerably
larger than the average molecular mass of chemically
synthesized lignin (3000-5000 Da); and finally, (iv) the heme
incytochrome c is buried (Pelletier & Kraut, 1992; Ferguson-
Miller et al., 1979).

Effect of pH and Veratryl Alcohol. Below pH 3.5,
ferrocytochrome ¢ oxidation by LiP is enhanced significantly
by VA. The lower the pH, the greater the effect of VA. In
contrast, above pH 4.5 the effect of VA on the reaction is
negligible (Figure 2). To examine the role of VA in the
reaction, several experiments were conducted. Initially, two
assay methods were used to measure the initial velocities for
LiP oxidation of ferrocytochrome ¢ and VA (Table 1).

Preincubation of LiP with H,O, at pH 3 for 20 s before
initiating the reaction results in ~50% loss of the ferrocy-
tochrome ¢ oxidation activity. In contrast, only ~10% loss
of LiP activity is observed with VA as the substrate (Table
1). This may be explained by our previous finding that LiPII
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has an unusually high reactivity with H,O, generating LiPIII
(Wariishi & Gold, 1990; Wariishi et al., 1990). The latter
reacts further with H,O,, causing irreversible heme bleaching
via the intermediate formation of LiPIIT*. We have shown
previously that VA both reduces LiPII efficiently and reacts
with the intermediate LiPIII* to regenerate native LiP
(Wariishi & Gold, 1990; Wariishi et al., 1990). The 10%
activity loss with respect to VA oxidation probably is caused
by the irreversible inactivation of the enzyme during the 20-s
incubation period. In contrast, ferrocytochrome ¢ does not
react with the intermediate LiPIII* to regenerate native LiP
(see below), and at pH 3, ferrocytochrome is a relatively poor
substrate as compared to VA. Thus, in the presence of both
ferrocytochrome ¢ and H,O5 but in the absence of VA, the
enzyme does not complete its catalytic cycle. Instead, it is
rapidly converted to LiPIII*, followed by slow irreversible
enzyme inactivation. Since LiPIII*isnotcatalytically active,
50% loss of activity is seen for ferrocytochrome ¢ oxidation;
most likely 40% of the loss is caused by LiPIIT* formation and
10% by enzyme inactivation.

Wo have reported that the reaction of LiPII with H,0; is
pH dependent, with a pK, of 4.2, and that the reaction rate
dramatically decreases above pH 4 (Wariishi et al., 1990).
Thus, the rate for irreversible inactivation also decreases above
pH 4 (Wariishietal., 1990). This previous finding may explain
why above pH 4 no loss is observed for VA oxidation activity
by preincubation of LiP with H,O, (Table 1). As the pH
increases, the loss of ferrocytochrome ¢ oxidation activity also
decreases, correlating well with our previous findings on the
pH dependence of LiP inactivation (Wariishi & Gold, 1990).

Theelectron-transfer reaction increases as the pH decreases.
The protonated forms of LiPI and LiPII are most active for
one-electron transfer from VA (Wariishi et al.,, 1991a).
However, the enzyme inactivation rate also rapidly increases
as pH decreases, possibly explaining why LiP oxidation of
ferrocytochrome ¢ has an apparent pH optimum at 4.0 in the
absence of VA,

The ability of VA and ferrocytochrome ¢ to protect LiP
directly from H,O,-derived inactivation also was examined
(Figure 3). Both VA and ferrocytochrome ¢ protect the
enzyme, but the extent of protection is much greater with VA.
We have reported that VA protects the enzyme via two mech-
anisms: (i) by stimulating the reduction of LiPII to the native
enzyme, thus preventing the reaction of LiPII with H,O,; and
(ii) by converting LiPIII* back to the native enzyme (Wariishi
& Gold, 1990). Ferrocytochrome ¢ is a good reducing
substrate for LiP above pH 4.0 (Figure 2). The reactivity of
LiPIII* with cytochrome ¢ was examined at pH 3.0. Owing
to the strong absorptivity of ferrocytochrome c, the spectral
shifts due to LiPIII* conversion are difficult to observe.
However, a shoulder at 578 nm attributable to LiPIII* remains
for several minutes after addition of ferrocytochrome ¢. This
shoulder is observed in LiPIII* spectra but is not observed
with native LiP or with ferro- or ferricytochrome c¢. Fur-
thermore, this shoulder disappears upon addition of VA to
LiPIIT* (Wariishi & Gold, 1990).

These results suggest that at pH 3.0 and in the presence of
100 pm H,O5, ferrocytochrome ¢ reduction of LiPII is unable
to compete with the rapid conversion of LiPII to LiPIII*. In
addition, ferrocytochrome ¢ is unable to convert LiPIII* to
the native enzyme. Thus, at pH 3.0 in the presence of 100
M H,0; and in the absence of VA, LiP would be inactivated
during the oxidation of ferrocytochrome ¢. This inactivation
also accounts, at least in part, for the slow rate of ferrocy-
tochrome ¢ oxidation observed at pH 3.0. Under the same
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conditions but in the presence of VA, LiP should not be
inactivated.

Toexamine the possible inactivation of LiP during the course
of ferrocytochrome ¢ oxidation, we conducted a simple test.
Selwyn (1965) showed that when the product formed during
thereaction is plotted against (enzyme concentration X time),
enzyme inactivation during the course of the reaction will
become apparent. Theresultsshownin Figure 4A demonstrate
that LiP is inactivated during the course of the reaction at pH
3.0in the presence of 65 uM H,0,. Figure 4B shows that VA
protects against this inactivation. Finally, Figure 4C shows
that significant inactivation does not occur when the reaction
is conducted in the presence of only 6.5 uM H,0,. The exact
mechanism of this protection has not been elucidated.
However, it is likely to involve the comparative facile reduction
of LiPII in the presence of VA and conversion of LiPIII* to
the native enzyme. At pH 3.0, LiPII is readily converted to
LiPIII in the presence of H,O,. Apparently, the oxidation of
VA by LiPIl effectively competes with the conversion of LiPII
to LiPIII. At pH 3.0 and in the presence of 100 uM H,O,,
the rate of ferrocytochrome ¢ oxidation apparently does not
compete with the rate of LiPII conversion to LiPIII. At pH
3.0, the presence of VA significantly stimulates ferrocyto-
chrome ¢ oxidation, at least in part by protecting LiP from
inactivation, but the mechanism(s) for this remains unclear.
At least three possibilities are feasible: (i) VA may act as an
enzyme-binding activator such that the binding of VA
stimulates the direct transfer of an electron from the alternate
substrate (ferrocytochrome c¢) to the heme in LiP; (ii) by
reacting rapidly with LiPII, VA stimulates completion of the
peroxidatic cycle and prevents the formation of LiPIIT*
(Wariishi & Gold, 1990; Paszczyfiski & Crawford, 1991);
alternatively, (iii) VA bound in the heme pocket may mediate
the electron transfer directly. In this case, VA would act as
a cofactor cycling between the fully reduced and the radical
cation oxidation states. The radical cation would accept an
electron from ferrocytochrome ¢ and in turn be reoxidized by
LiPIand LiPII. Thisalternative does not require VA todiffuse
into the aqueous medium as proposed by Harvey et al. (1986)
with subsequent rapid loss of a proton. As shown in Figure
4, when the reaction is conducted at pH 3.0 in the presence
of 6.5 uM H,0,, LiP is not inactivated, suggesting that VA
stimulates the oxidation of ferrocytochrome c only at relatively
high concentrations of H,O,. The results shown in Figure 5
confirm that VA stimulates the oxidation of ferrocytochrome
¢ in the presence of high concentrations of H,O,; but in the
presence of low concentrations of H,O, (3—6 uM), there is
minimal stimulation by VA. Furthermore, there is minimal
stimulation by VA above pH 4.0, even in the presence of high
concentrations of H,O,. These observations suggest that the
VA stimulation of cytochrome c oxidation is due to its capacity
to foster efficient enzyme turnover at pH 3.0 and 100 uM
H,0,, conditions which are optimal for activity. Intheabsence
of VA, theenzymeis rapidly inactivated under these conditions.

Peroxidase Ping-Pong Mechanism. A linear relationship
is obtained for the plot of 1 /v against 1 /[ferrocytochrome c],
suggesting that only one ferrocytochrome ¢ equivalent is
involved in each reduction step of the catalytic cycle. The
series of plots of 1 /v against 1 /[ferrocytochrome c] at various
fixed [H2O;] yield parallel lines. The secondary plot of
primary y-intercepts (1/Vmax) against 1/[H,0,] passes
through the origin. In classical ordered bi-bi ping-pong
kinetics, Km and V. are assigned from the secondary plot.
This difference between classical ping-pong and peroxidase
ping-pong mechanisms is well documented, resulting from
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the irreversible reactions of the peroxidase catalytic cycle
(Dunford, 1991). Both the irreversible formation of LiPI by
H>0; and irreversible reductions of LiPI and LiPII by VA
have been reported (Marquez et al., 1988; Wariishi et al.,
1991a,b). The LiP oxidation of ferrocytochrome ¢ obeys
peroxidase ping-pong kinetics rather than classical ordered
bi-bi ping-pong kinetics. This strongly suggests that the
reductions of LiPI and LiPII by ferrocytochrome ¢ also are
irreversible. Peroxidase ping-pong kinetics also have been
observed for Mn!! oxidation by manganese peroxidase (Wari-
ishi et al., 1992b).

To compare the rates of ferrocytochrome ¢ oxidation by
LiP and CCP, steady-state kinetic parameters were deter-
mined. The kinetics of CCP reactions depend upon the
ferrocytochrome ¢ concentration (Kang & Erman, 1982;
Margoliash et al., 1976, Kang et al.,, 1977). With the
concentrations used in this study, the kinetics display no such
complexity. For CCP, a double-reciprocal plot of the initial
velocity versus ferrocytochrome ¢ concentration shows a linear
relationship at 100 uM H,0; (data not shown). At pH 7.3
and 100 uM H;0,, a Kiapp) for ferrocytochrome ¢ of 18.2
#M and a kcay(app) 0f 175 s71 are obtained for CCP (Table 2).
A Knapp) of 15.2 uM and a Kear(app) of 209 s71 at 170 uM
[H;0,] were recently reported for CCP (DePillis et al., 1991).
In contrast, Yonetani and Ray (1965) reported a kcay(app) Of
1800 s~ at 176 uM [H20,] at pH 6.0 with a different CCP
preparation. At pH 4.0 and an H,O, concentration of 100
uM, LiP shows a Kinapp) of 68 uM and a keas(app) of 25.7 57!
for ferrocytochrome c. Although CCP/H,0; is a better
catalyst of ferrocytochrome ¢ oxidation than LiP/H,0,,
ferrocytochrome ¢ oxidation by LiP is significant. Indeed,
LiP has a Kpapp) of 113 uM and a keay(app) of 19 571 for VA
at 100 uM H,O, (Table 1). The faster rate for ferrocyto-
chrome ¢ oxidation may be explained in part by the lower
redox potential of ferrocytochrome ¢ (0.26 V) vs ~1.5 V for
VA. However, VA oxidation to veratraldehyde requires 2
one-electron steps, which also accounts for the lower turnover
number. The Kipp) for these two substrates suggests that
the polymeric substrate may bind more strongly to the enzyme.
We carried out additional experiments to characterize the
binding of ferrocytochrome ¢ to LiP.

Effect of Ionic Strength. Ferrocytochrome c¢ oxidation by
CCP is inhibited at high ionic strength (Kim et al., 1990).
Detailed kinetic studies have shown that ionic strength has a
strong effect on the binding interaction of ferrocytochrome
¢ with CCP compounds I and II, but not on compound I
formation or the rate of electron transfer (Kim et al., 1990;
Loo & Erman, 1975). The equilibrium dissociation constant
for ferricytochrome c and native CCP is also dependent upon
ionic strength (Erman & Vitello, 1980). These studies
demonstrated a 1:1 binding between CCP and cytochrome ¢
and suggest that an electrostatic interaction between CCP
and cytochrome c is the rate-determining step (Kim et al.,
1990; Loo & Erman, 1975; Erman & Vitello, 1980).

The initial velocity of ferrocytochrome c oxidation by LiP/
H,0; also decreases with increasing ionic strength. A plot of
the logarithm of the initial rate versus the Debye—Hiickel
ionic strength function at pH 4.0 (Figure 6) indicates that the
rate-determining step(s) of this reaction depends upon ionic
strength. These results suggest that electrostatic binding of
LiP and cytochrome c is the rate-determining step. However,
a direct interaction between the LiP heme and the polymeric
substrateis ruled out by recent X-ray crystallographic studies
of LiP (Edwards et al., 1993; Poulos et al., 1993; Piontek et
al., 1993) which show that the heme is buried and is not
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available to interact directly with the substrate. This is
supported by our previous results showing that the heme edge
is not available for modification with arylhydrazine (DePillis
etal,, 1990). All of these results suggest that protein surface
electrostatic interaction between LiP and cytochrome c is
required for the reaction. Involvement of an electrostatic
surface interaction is consistent with the binding of these two
proteins which would be oppositely charged in the pH range
of 4.5-6.0. LiP isozymes have pIs of 3.2-3.9 (Leisola et al.,
1987), and cytochrome ¢ has a pI of 10.7 (Ferguson-Miller
et al,, 1979). Like LiP, CCP also is an acidic protein
(Yonetani, 1967).

Cytochrome c Binding Site. Recent crystallographic and
modeling studies suggest that LiP may have a VA binding site
in an access channel near the buried heme (Poulos et al,,
1993). Ifelectrostatic surface interactions are involved in the
binding of LiP to cytochrome ¢, then the sites for the two
substrates would be distinct and VA oxidation by LiP should
be inhibited by cytochrome ¢ in a noncompetitive manner. In
this study ferricytochrome ¢ was utilized as an inhibitor.
Although it is not a substrate for LiP, the surface amino acids
and charge which control the electrostatic binding are identical
for ferri- and ferrocytochrome c.

The family of plots, 1/v versus 1/[VA] at various fixed
concentrations of ferricytochrome ¢, demonstrate a noncom-
petitive inhibition pattern (Figure 7), suggesting that VA is
oxidized at a site separate from the cytochrome ¢ binding site.
From the secondary plot of y-intercept versus [ferricytochrome
¢], the K; for ferricytochrome ¢ was determined to be 2.5 uM
(Figure 7, inset), demonstrating that it is an effective
noncompetitive inhibitor of VA oxidation by LiP. Others
have suggested that noncompetitive inhibition of VA oxidation
by a terminal LiP substrate implies that VA is acting as a
radical mediator in the reaction (Akamatsu et al., 1990; Popp
et al., 1990). However, in this experiment, we have used
ferricytochrome ¢ which is not a substrate for LiP; therefore,
the noncompetitive inhibition kinetics strongly suggest the
existence of different binding sites rather than a radical
mediation mechanism, at least in this case. These kinetics
are consistent with the assumption that cytochrome c is
oxidized through surface interaction with LiP and that VA
may be oxidized in a binding pocket relatively closer to the
heme edge.

Ferrocytochrome ¢ also is oxidized by LiP/H,0; in the
absence of VA above pH 4.0. This electron-transfer reaction
most likely occurs via surface interaction of the two proteins.
In this case, an electron relay system through amino acid
residues is possibly involved as proposed for the CCP reaction
(Pelletier & Kraut, 1992). X-ray crystallographic studies on
CCP—cytochrome ¢ complexes have suggested that the
interaction between these proteins is highly specific (Pelletier
& Kraut, 1992) and LiP may have a similar surface docking
site for cytochrome ¢. Recently, it has been demonstrated
that CCP oxidizes monomeric phenols at the buried heme
edge whereas it interacts with ferrocytochrome c on the surface
of the protein (DePillis et al., 1991). A similar model could
be proposed for LiP. However, the direct access of small
aromatic substrates (such as VA) with the heme edge has not
yet been demonstrated conclusively. Indeed, (i) arylhydrazine
modifies the heme edge of CCP but not of LiP (DePillis et
al., 1990, 1991), and (ii) LiP has a narrower heme access
channel than CCP (Poulos et al., 1993).

This is the first report of ferrocytochrome ¢ oxidation by
LiP. Although ferrocytochrome c has a lower redox potential
than the phenolic groups and aromatic rings in lignin, this
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system may serve as a useful model for probing the mechanism
of electron transfer between the buried heme of the enzyme
and polymeric substrates. In particular, study of ferrocyto-
chrome c oxidation by LiP should aid our attempts to elucidate
the stimulating role of VA in some LiP-catalyzed reactions.
Manganese peroxidase is also capable of oxidizing ferrocy-
tochrome ¢, but this reaction is strictly dependent upon the
presence of Mn!! (unpublished). Manganese peroxidase does
not oxidize cytochrome ¢ directly; rather, the substrate is
oxidized by Mn!! chelator complexes generated by the enzyme
(Glennetal., 1986). Thus, LiP oxidizes cytochrome ¢ through
a direct interaction, and this reaction is stimulated by VA at
low pH and high [H,0,]. Incontrast, manganese peroxidase
oxidizes cytochrome ¢ through the redox mediation of a
diffusible Mnl!! complex. These observations may reflect the
mechanisms used by these two peroxidases in the oxidation
of polymeric lignin.

Further spectral, kinetic, and structural studies aimed at
probing the role of VA in this reaction are planned.
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