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Reactions of Nitric Oxide with Tree and Fungal Laccase'

Craig T. Martin, Randall H. Morse, Robert M. Kanne, Harry B. Gray, Bo G. Malmstrdm,* and Sunney I. Chan*

ABSTRACT: The reactions of nitric oxide (NO) with the oxi-
dized and reduced forms of fungal and tree laccase, as well
as with tree laccase depleted in type 2 copper, are reported.
The products of the reactions were determined by NMR and
mass spectroscopy, whereas the oxidation states of the enzymes
were monitored by EPR and optical spectroscopy. All three
copper sites in fungal laccase are reduced by NO. In addition,
NO forms a specific complex with the reduced type 2 copper.
NO similarly reduces all of the copper sites in tree laccase,
but it also oxidizes the reduced sites produced by ascorbate
or NO reduction. A catalytic cycle is set up in which N0,
NO,", and various forms of the enzyme are produced. On

r[‘he laccases are copper-containing oxidases which, like cy-
tochrome ¢ oxidase, can reduce dioxygen to two molecules of
water (Reinhammar, 1979). The two varieties studied most
often are obtained from the oriental lacquer tree Rhus ver-
nicifera and from the white-rot fungus Polyporus versicolor.
They both contain four copper ions per molecule. In the
oxidized enzymes two of these ions, types 1 and 2 Cu?*, are
detectable by EPR.! The type 1 Cu?* ions are characterized
by unusually strong optical absorptions around 600 nm, which
disappear on reduction, and by EPR spectra with small hy-
perfine splitting constants (|4,] < 0.010 cm™). The type 2
Cu?* ions have more normal EPR spectra, and, since they lack
strong optical bands, these Cu?* ions can only be monitored
by EPR. The two EPR-detectable Cu®* ions are the primary
acceptors of electrons from the reducing substrates.

The two copper ions which are not detectable by EPR in
the oxidized enzymes, called type 3, constitute an antiferro-
magnetically coupled binuclear Cu?*—Cu?* unit (Petersson et
al., 1978; Dooley et al., 1978) which functions as the dioxygen
reducing site. Exchange-coupled binuclear centers are also
found in many other proteins capable of reacting with di-
oxygen. Thus binuclear copper centers are present (Mason,
1976) in another blue oxidase, ceruloplasmin, in the mixed-
function oxidase, tyrosinase, and in the oxygen-transporting
protein, hemocyanin. In cytochrome ¢ oxidase, the di-
oxygen-reducing site is the copper—heme unit, Cug—cytochrome
ay (Stevens et al., 1979; Malmstrom, 1979).
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freezing of fully reduced tree laccase in the presence of NO,
the type 1 copper becomes reoxidized. This reaction does not
occur with the enzyme depleted in type 2 copper, suggesting
that it involves intramolecular electron transfer from the type
1 copper to NO bound to the type 2 copper. When the
half-oxidized tree laccase is formed in the presence of NO,
a population of molecules exists which exhibits a type 3 EPR
signal. A triplet EPR signal is also seen in the same prepa-
ration and is attributed to a population of the enzyme mole-
cules in which NO is bound to the reduced copper of a
half-oxidized type 3 copper site.

Nitric oxide (NO) has been extensively utilized as a spin
probe in the study of such dioxygen-reactive centers. For
example, direct evidence of the presence of copper pairs has
been derived from the investigation of NO complexes with
ceruloplasmin (Van Leeuwen et al., 1973; Van Leeuwen &
Van Gelder, 1978), hemocyanin (Schoot Uiterkamp & Mason,
1973; Verplaetse et al., 1979), and tyrosinase (Schoot Ui-
terkamp & Mason, 1973). Furthermore, Brudvig et al. (1980)
have found that cytochrome ¢ oxidase catalyzes several re-
actions of NO, and a study of these has yielded significant
clues to the mechanisms of dioxygen binding and reduction
in this enzyme.

Only limited information is available on the reaction of NO
with the laccases. Rotilio et al. (1975) have shown that NO
reduces the type 1 Cu®* in tree laccase, and Dooley et al.
(1979) have exploited this result to obtain a pure type 2 Cu?*
EPR spectrum. In this paper we describe a detailed exami-
nation of the interaction of NO with both tree and fungal
laccase, as well as with tree laccase depleted in type 2 copper.
It has been found that NO can reduce as well as oxidize tree
laccase. Some species observed during the reaction cycle give
a type 3 Cu?* EPR signal (Reinhammar et al., 1980) and a
triplet signal of the type also induced by NO in some other
proteins having binuclear O,-binding sites (Van Leeuwen et
al., 1973; Schoot Uiterkamp & Mason, 1973; Van Leeuwen
& Van Gelder, 1978; Stevens et al., 1979). We have also
found that in the presence of NO, the reduced type 1 copper
in tree laccase is reoxidized on freezing. The fungal enzyme
is also reduced by NO; however, the reduced form is not
oxidized by NO, probably because of the extremely high re-
duction potentials of the copper sites. We will present evidence
suggesting that NO binds to at least one of the reduced copper
centers in fungal laccase. These and related findings have
enhanced our understanding of the structure and function of
the redox active centers in the laccases.

Materials and Methods

The isolation and purification of laccase from the lacquer
tree R. vernicifera (Reinhammar, 1970; Reinhammar & Oda,

! Abbreviations used: BSA, bovine serum albumin; EDTA, ethyl-
enediaminetetraacetic acid; EPR, electron paramagnetic resonance;
Hepes, N-(2-hydroxyethyl)piperazine-N’-2-ethanesulfonic acid; NMR,
nuclear magnetic resonance; PPD, p-phenylenediamine; ¢, 5, half-time.
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1979) and from the fungus P. versicolor (Fdhraeus & Rein-
hammar, 1967) have been described previously. The prepa-
ration of tree laccase depleted in type 2 copper has also been
described (Reinhammar & Oda, 1979). Bovine serum albu-
min (Sigma Chemical Co., Fraction V) was dialyzed 8 h
against S mM EDTA to remove Mn?* contaminant. All
samples were prepared in 25 mM potassium phosphate buffer;
the pHs were 6.0 and 7.0 for the fungal and tree laccases,
respectively, except where noted otherwise.

Nitric oxide ("*NO, Matheson Coleman & Bell) was pu-
rified by condensing it in a liquid nitrogen trap and then
distilling off only the NO before the addition to the samples.
I5NO (99.1% isotopic enrichment, Prochem) was found to be
essentially free of other nitrogen oxides and was used as re-
ceived. Na'’NO, (99.1% isotopic enrichment) and K1*NO,
(99.1% isotopic enrichment) for use as *’N NMR standards
were obtained from Prochem. All other reagents used were
of at least reagent grade purity.

In the preparation of samples of enzyme plus NO, oxygen
must be strictly excluded to prevent protein denaturation. To
this purpose, all samples to which NO was added were first
made anaerobic by three cycles of evacuation and flushing with
argon on a vacuum line. NO was then added to the samples
through an inlet to the vacuum line so as to exclude oxygen
completely. Enzyme samples to which NO had been added
were judged to have retained their integrity by checking for
optical clarity and for restoration of their characteristic blue
color upon removal of NO and reoxidation by air. All incu-
bations of the enzymes with NO were carried out at 0-4 °C,
apart from the initial addition of NO and the optical exper-
iments, which were done at ~20 °C.

For recording of the time course of the optical changes upon
addition of NO to the oxidized laccases, enzyme samples were
prepared in quartz optical cuvettes fitted with a ground-glass
stopcock. NO was added, as described previously, to a 100-mL
bulb above the evacuated sample. For initiation of the reac-
tion, a valve between the bulb and cuvette was opened, the
sample was quickly mixed, and the spectrum was immediately
run,

For freezing of optical samples, we used quartz 2-mm
pathlength cuvettes fitted with glass side arms. Solutions were
collected in the side arm, frozen by slow immersion in liquid
nitrogen, then thawed, and shaken into the quartz cell for
collecting optical data.

For the EPR time course studies with the oxidized laccases,
samples were prepared in 5S-mm EPR tubes fitted with a
ground-glass vacuum joint. NO was added directly to the
samples. Within 2 min the samples were removed from the
vacuum line and mixed, since in the absence of mechanical
mixing, the rate at which NO goes into solution has been found
to be extremely slow (Brudvig et al., 1980). The reaction was
then quenched by immersing the tube in liquid nitrogen. The
samples of reduced enzyme plus NO were prepared as above,
except that the enzyme was first degassed once and a solution
of 40 mM sodium ascorbate and 4 mM PPD was added from
a side arm on the EPR tube. The samples were then made
anaerobic as before, and NO was added.

Optical spectra were recorded at room temperature on a
Cary 219 spectrometer. EPR spectra were recorded on a
Varian E-line Century Series X-Band spectrometer equipped
with an Air Products Heli-Trans low-temperature system. For
integration or spectral subtractions, spectra obtained under
nonsaturating conditions were collected on a Spex Industries
SC-32 SCAMP data processor interfaced to the spectrometer.
Intensities were obtained by monitoring the low-field portion
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of the copper EPR signals according to the method of Aasa
& Vinngard (1975). EPR spectra were recorded at 40 K
unless otherwise noted, since at this temperature the EPR
signal at g = 2 due to matrix-bound NO is not observed
(Stevens et al.,, 1979).

For NMR and mass spectrometry, samples were prepared
in a 5-mL glass bulb fitted with a ground-glass stopcock. A
magnetic stir bar was included to continuously mix the sample
with the NO gas. For mass spectroscopy, the gas above the
sample was fed directly through a ground-glass inlet into a
Du Pont 21-492B mass spectrometer. With this procedure,
only the gaseous nitrogen compounds NH;, N,, NO, and N,0
could be monitored, since other gaseous nitrogen compounds,
in particular NO,, are not stable at room temperature in the
presence of water. In these experiments, atmospheric CO, is
the major contaminant and would have interfered with the
observation of the *N,O parent peak. To alleviate this
problem and to allow N NMR determination of the soluble
products, we used ISNO in our experiments. In each exper-
iment, a blank was also prepared which was identical with the
sample except that enzyme was omitted. Quantitation of
I5N,O produced was determined relative to the ’NO parent
peak.

After mass spectral analysis, the degassed solutions were
transferred to 10-mm NMR tubes for complementary analysis
of soluble products by ’N NMR. D,O (15%) was added as
an internal lock. The YN NMR spectrum of the solution was
recorded at 25 °C with a Bruker WMS500 NMR spectrometer.
Precise quantitation of ’NO,~ and I’NO;~ was not possible
because the spectra were acquired under partially saturating
conditions.

Results

The type 1 and type 3 copper centers of the laccases may
be monitored by the optical absorbances near 610 and 330 nm,
respectively. EPR spectroscopy allows complementary mon-
itoring of the oxidation state of the type 1 and type 2 copper
centers. The reduced forms of all three copper centers are
optically and EPR silent. We have used both techniques to
follow the changes in the copper centers when the reduced and
oxidized laccases are incubated with NO.

Reduced Fungal Laccase plus NO. Reduction of anaerobic
fungal laccase by ascorbate with PPD as a mediator is rapid
and complete. Addition of NO to the fully reduced enzyme
results in no change in absorbance at either 610 or 330 nm,
even after 10 h. However, a weak absorption band at 420 nm
(¢ = 400 M! cm™) appears rapidly and does not change with
time.

The EPR spectra of reduced fungal laccase incubated with
1 atm of NO for up to 10 h at 0 °C show no indication of
oxidation of the type 1 or type 2 copper centers. However,
a new signal appears near g = 2, representing one to two spins
per enzyme molecule. This signal, shown in Figure 1A, reaches
full intensity within 1 min and does not change with time
thereafter. Subsequent degassing of the NO from the solution
results in complete loss of this signal. NO added to a blank
without enzyme yields no EPR signals at 40 K.

To determine the origin of this new EPR signal, we exam-
ined the EPR spectra of the reduced enzyme with isotopically
substituted nitric oxide. As seen in Figure 1B, substitution
of ’NO (I = !/,) for ¥NO (I = 1) results in distinct changes
in the structure of this signal. For comparison, the spectrum
of bovine serum albumin (BSA) incubated with 1 atm of ¥NO
is shown in Figure 1C. This spectrum is very similar to that
exhibited by reduced fungal laccase plus NO, except that it
shows no resolvable hyperfine structure. Substitution of NO
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FIGURE 1: EPR spectra of (A) 0.35 mM fungal laccase, pH 6.0,
reduced with 4.0 mM ascorbate and 0.4 mM PPD and then incubated
10 min with 1 atm of NO, (B) fungal laccase prepared as in (A)
but incubated with 1 atm of *NO, and (C) 0.30 mM BSA incubated
10 min with 1 atm of ¥NO. The conditions were as follows: tem-
perature, 40 K; microwave power, 80 mW; modulation amplitude,
5 G; and microwave frequency, 9.22 GHz.
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FIGURE 2: EPR spectra of oxidized fungal laccase incubated with
1 atm of NO for various lengths of time. (A and A’) 0.35 mM oxidized
fungal laccase, pH 6.0; (B) sample A made anaerobic and then mixed
with NO for 30 s; (C) sample B mixed and incubated 90 s longer;
(D) sample C mixed and incubated 2 h; (E) sample D degassed, with
NO replaced by Ar. The conditions were as follows: temperature,
40 K; microwave power, 0.2 mW; modulation amplitude, 10 G; and
microwave frequency, 9.22 GHz. Spectrum A was recorded at half
the gain of the other spectra.

for ¥NO in the BSA sample resulted in only a very slight
narrowing of the signal near g = 2.

Oxidized Fungal Laccase plus NO. Anaerobic incubation
of oxidized fungal laccase with NO at pH 6.0 results in the
reduction of the type 1 and type 3 copper centers as followed
optically at 610 and 330 nm, respectively. The reduction of
both centers follows pseudo-first-order kinetics at room tem-
perature, with ¢, , = 2 min. A weak absorption band at 420
nm is seen as the enzyme becomes reduced.

The EPR spectra obtained at various times after addition
of NO to the anaerobic enzyme solution are shown in Figure
2. The rapid reduction of the type 1 copper observed optically
is also seen by EPR spectroscopy. The type 2 copper site is
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FIGURE 3: EPR spectra of oxidized tree laccase incubated with 1 atm
of NO for various lengths of time. (A and A’) 0.25 mM oxidized
tree laccase, pH 7.0; (B) sample A made anaerobic, mixed with NO,
and incubated 5 min; (C) sample B mixed and incubated 30 min;
(D) sample C incubated with occasional mixing for 4 h; (E) as in
(B), but incubated 20 h without mixing; (F) sample E mixed briefly.
The conditions were as follows: temperature, 40 K; microwave power,
0.2 mW; modulation amplitude, 10 G; and microwave frequency, 9.22
GHz. Spectrum A was recorded at half the gain of the other spectra.

also reduced, but more slowly (#,/, ~ 10 min). Additionally,
the new signal near g = 2 seen in the reduced enzyme plus
NO also appears slowly with time. After ~1 h of incubation,
the type | and type 2 copper centers appear almost completely
reduced, and the new signal reaches a maximum, as seen in
Figure 2D. Subsequent degassing of NO from this sample
results in complete loss of the new NO signal with no increase
in the copper signals (Figure 2E). Finally, admission of air
to the degassed sample results in the complete reoxidation of
all four copper centers as measured by both EPR and optical
spectroscopy (data not shown).

Essentially the same results were obtained at pH 5 and 7.4,
However, at the latter pH, we have sometimes observed an
EPR signal attributable to type 3 copper (Reinhammar et al.,
1980), after ~1 of incubation with NO. This signal becomes
about equal in intensity to the type 2 copper signal but never
exceeds 10% of the type 3 copper centers, and its appearance
is not reproducible.

Incubation of the enzyme with either 1 or 25 equiv of
fluoride, which is known to bind tightly to the type 2 copper,
prior to addition of NO, did not affect the reduction of the
type 1 copper seen by EPR. The type 2 copper was reduced
more slowly in the presence of fluoride.

Oxidized Tree Laccase plus NO. As with oxidized fungal
laccase, NO can reduce the oxidized lacquer tree enzyme, as
seen by optical spectroscopy. Reduction of the type 1 and type
3 copper centers again occurs simultaneously and follows
pseudo-first-order kinetics. However, the reaction is much
slower than that of the fungal enzyme, with ¢,/, = 70 min. As
with fungal laccase, a weak absorbance appears at 420 nm as
the enzyme is reduced; this band is also observed when NO
is added to the reduced tree laccase.

Attempts to follow the time course of the reaction by EPR
spectroscopy were complicated by the fact that freezing of the
sample causes partial bleaching of the residual type 1 blue
copper color. The EPR spectra shown in Figure 3A-E confirm
that the reduction of the type 1 copper upon freezing is greater
than that observed at the same time point in the optical studies.
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Subsequent thawing of the EPR samples results in the reap-
pearance of the type 1 blue color. As with the fungal enzyme,
EPR studies show a slow reduction of the type 2 copper; for
the tree laccase, the time course of the type 2 copper reduction
corresponds fairly closely to that of the type 1 copper.

Also seen in Figure 3 is a broad, structureless EPR signal
near g = 2. This signal resembles that seen in the spectrum
of the fungal enzyme with NO, but is featureless. After 20
h of incubation of tree laccase with NO without mixing, the
NO signal near g = 2 completely disappears, as seen in Figure
3E. EPR spectra at 20 K (data not shown) also display no
signal from matrix-bound NO (see Materials and Methods).
The type 1 copper signal also increases, after long incubation
of tree laccase with NO, to ~50% of the intensity exhibited
by the oxidized enzyme (Figure 3E). The type 2 copper re-
mains mostly reduced. Thawing of this sample, followed by
brief mixing (~1 min), results in the return of the NO signal
to full intensity (Figure 3F). This is accompanied by a small
increase in the type 2 copper EPR signal and a slight decrease
in the type 1 copper signal.

To determine whether the depletion of NO in solution upon
long incubation with tree laccase is due to a turnover of the
enzyme similar to that which has been observed for cytochrome
¢ oxidase (Brudvig et al., 1980), we looked for evidence of
products due to the oxidation and reduction of NO. NO can
be oxidized by either the one- or two-electron process

NO + H,0 — NO, + 2H* + ¢ (1)
NO + H,0 — NO, + 2H* + 2¢ Q)

NO, is unstable, however, in the presence of water and readily
disproportionates via the reaction

2NO, + H,0 — NO,” + NO, + 2H* 3)

Accordingly, the production of nitrite and/or nitrate was ex-
amined by incubating 2.0 mL of tree laccase with NO as
described under Materials and Methods. After incubation of
the enzyme with NO at 0 °C for 37 h, "N NMR spectroscopy
of the sample solution and the appropriate blank showed
substantial production of *NO,™ relative to the blank. Only
a small amount of YNO; was detected (<10% of the Y'NO,
produced). The amount of ’NO,” produced is too great to
be accounted for by a single reduction of the enzyme and must
therefore be explained on the basis of enzyme turnover.

The only likely pathway for reoxidation of the enzyme is
via the two-electron reduction of NO

INO + 2H* + 2¢- — N,0 + H,0 (4)

To ascertain whether any N,O had been produced by the
enzyme’s reaction with NO, we analyzed the atmosphere above
the NMR samples by mass spectroscopy. The only significant
difference between the mass spectra of the enzyme sample and
the blank was a large parent peak at m/e = 46. The ratio of
intensities of this peak to the 1*NO peak at m/e = 31 was
0.002 for the blank and 0.085 for the enzyme sample, con-
firming production of >N,O in the latter.

Reduced Tree Laccase plus NO. To confirm the reduction
of NO to N,O by the reduced enzyme, we incubated 1.0 mL
of tree laccase with 1’'NO as before, but with the addition of
4 mM ascorbate and 0.4 mM PPD to provide rapid reduction
of the enzyme. After 26 h of incubation of the enzyme with
NO, mass spectral analysis confirmed the production of }*N,0O
by the enzyme. The intensity of the peak at m/e = 46 relative
to the "NO peak was 0.025 for the enzyme sample vs. 0.009
for the blank. Detailed analysis of the mass spectral data
indicates that the rate of production of ’N,O is 2-3 times
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FIGURE 4: EPR spectra of reduced tree laccase incubated with 1 atm
of NO for various lengths of time. (A) 0.25 mM tree laccase, pH
7.0, reduced with 4.0 mM ascorbate and 0.4 mM PPD, then mixed
with 1 atm of NO, and incubated 1 min; (B) sample A incubated
for 30 min without mixing; (C) sample B incubated 21 h without
mixing; (D) sample C mixed briefly. The conditions were as follows:
temperature, 40 K (A and B) and 20 K (C and D); microwave power,
0.2 mW; modulation am4plitude, 10 G; microwave frequency, 9.22
GHz; and gain, 1.0 X 10* (A and B) and 8.0 X 10° (C and D). The
inset shows the low-field region of (D), averaged over 10 scans, with
conditions as above except temperature, 11 K, microwave power, 20
mW, and gain, 2.5 X 10%

faster in the presence of external reductant than in its absence.
The half-time for the reaction in which N,O is produced, with
the assumption that the reduction of the enzyme by ascorbate
and PPD is much faster than its reoxidation by NO, is cal-
culated from the mass spectral data to be ~90 min.

Optical spectroscopy of the reduced tree enzyme in the
presence of NO shows that the bands at 330 and 610 nm are
absent. However, upon freezing of this sample (either in liquid
nitrogen or at ~20 °C), the type 1 blue color returns to about
full intensity. EPR spectroscopy verifies that reoxidation of
the type 1 copper center has taken place and is complete
(Figure 4A). Note that in this experiment a pure type 1
copper EPR spectrum has been observed from native tree
laccase without interference from the other copper centers!
Upon thawing, the type 1 copper center is completely reduced
again within 1 min, as monitored optically at 610 nm. It was
not possible to monitor the type 3 copper absorbance at 330
nm due to the appearance of a large absorption band (¢ =
20000 M~! cm™ relative to enzyme concentration) centered
at 352 nm. This absorption was also observed in an identical
blank without enzyme, if a small amount of O, was admitted;
therefore, it was not studied further.

To see whether the oxidation of the type 1 copper upon
freezing of the reduced enzyme with NO might be due to a
change in solution pH upon freezing, we repeated this ex-
periment substituting Hepes buffer (25 mM) for phosphate.
Hepes buffer had been reported to minimize pH changes upon
freezing of solutions (Williams-Smith et al., 1977). The same
EPR spectrum, identical with that of Figure 4A, is observed
for two different preparations of the enzyme in either 25 mM
Hepes, pH 7.0, or 25 mM phosphate, pH 7.0; an identical EPR
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spectrum is seen for a sample at pH 6.0 in 25 mM phosphate
buffer. However, when the enzyme solution is frozen as a glass
by using 30% ethylene glycol, no reoxidation of the type 1
copper takes place; the frozen solution remains colorless.

The reduced enzyme solution plus NO can be frozen and
thawed many times, and the same effects observed. However,
if a sample of reduced tree laccase plus NO is incubated on
ice without mixing, some changes are seen in the EPR spec-
trum. The NO peak, whether observed at 40 or 20 K, grad-
ually decreases; at the same time, EPR signals of approxi-
mately equal intensity gradually appear from the type 2 and
3 coppers (Figure 4B). Eventually, the NO peak completely
disappears, as seen in Figure 4C; concomitantly, the type 1
and 2 copper centers are almost totally reduced. At this stage,
the solution is colorless (except for some blue color near the
meniscus), and it remains colorless when frozen. When a
sample which has been incubated for a long time without
mixing is then thawed and briefly shaken to dissolve NO in
solution again, an EPR spectrum such as that shown in Figure
4D results. The NO peak is restored to full intensity, and the
type 1, 2, and 3 coppers exhibit signals of intensity ranging
from 30 to 100% of full intensity (70% for type 1, 100% for
type 2, and 30-50% for the type 3 copper, approximately).
Computer subtraction of the type 1 and type 2 EPR signals
shows that the type 3 signal is identical with that observed by
Reinhammar et al. (1980) for tree laccase. Furthermore, a
weak signal is now observed at g = 4.0, as shown in the inset
to Figure 4. We have also sometimes observed this signal in
the samples after long incubation but before remixing. The
signal at g-= 4.0 is most easily observed at low temperature
(<20 K) and high power and is not saturated at 80 mW at
20 K (in contrast, at 20 K the copper signals in the oxidized
enzyme show the onset of saturation at 0.2-mW power).

If the reduced tree laccase turns over in the presence of NO,
the reductant should eventually be consumed. This was found
to be the case; when the reduced enzyme plus NO is incubated
at 0 °C and frequently mixed to keep NO in solution, the
enzyme solution eventually turns blue and remains so there-
after. EPR spectroscopy shows that, at this point, the sample
behaves identically with one made by adding NO to the ox-
idized tree laccase.

From eq 1, it might be expected that NO,™ would react with
the reduced laccases to produce the NO derivatives. However,
no change was seen in EPR spectra of either reduced fungal
laccase (pH 6.0) or reduced tree laccase (pH 7.0) after 16 h
of incubation with 2 mM NO, at 0 °C,

Three-Copper Tree Laccase plus NO. We also examined
the interaction with NO of tree laccase depleted of type 2
copper. As with the oxidized native enzyme, NO reduced the
type 1 copper center with #,, = ~ 4050 min. EPR spectra
(not shown) show that the type 1 copper is rapidly reduced
on freezing, similarly to the native tree laccase plus NO.
However, the type 3 copper center does not appear to be
reduced by NO, as seen optically, and no absorption band is
seen at 420 nm. After 21 h of incubation with NO without
mixing, the type 1 copper is completely reduced, as in the
native tree laccase, but in contrast to the results obtained with
the native enzyme, there is no observable depletion of NO
under these conditions (Figure 5).

The type 1 copper center of three-copper tree laccase can
be readily reduced by PPD and ascorbate; however, the type
3 copper center requires ~24 h of incubation for complete
reduction (Reinhammar & Oda, 1979). The partially reduced
species can therefore be made by short incubation with re-
ductant. Addition of NO to this species again results in no
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FIGURE 5: EPR spectra of three-copper tree laccase in the presense
of NO. (A) 0.25 mM oxidized tree laccase depeleted of type 2 copper
(see Materials and Methods) in 25 mM phosphate, pH 7.0; (B) sample
A with 1 atm of NO mixed in, incubated 21 h without mixing; (C)
as in (A), but reduced 1 min with 0.7 mM ascorbate and 0.07 mM
PPD, then NO added, and the sample mixed 2 min; (D and E) as
in (A), but reduced 40 h with 0.7 mM ascorbate and 0.07 mM PPD,
then NO added, and the sample mixed and incubated 21 h without
further mixing. The conditions were as follows: temperature, 40 K
(A-D) and 20 K (E); microwave power, 0.2 mW; modulation am-
plitude, 10 G; and microwave frequency, 9.22 GHz. Spectrum C was
recorded with a 4-fold higher gain than the other spectra.

significant reduction of the type 3 copper, as seen optically.
Furthermore, freezing of this sample does not result in any
significant oxidation of the type 1 copper (Figure 5C), as seen
with the fully reduced native enzyme.

The fully reduced three-copper enzyme incubated with NO
also shows no significant oxidation of the type 1 copper, either
at room temperature as monitored optically or when frozen
as observed by EPR spectroscopy (Figure 5D). Again, no
absorption band is visible at 420 nm in this sample. It is also
interesting to note that this product shows very little en-
zyme-bound NO EPR signal near g = 2. Incubation of the
fully reduced species with NO for 21 h without mixing (Figure
5E) again shows no depletion of the EPR signal due to NO
in solution.

Discussion

The reaction of NO with oxidized tree laccase has previously
been studied by Rotilio et al. (1975), who observed only re-
duction of the type 1 copper. However, since they did not
report the lengths of incubation of the enzyme with NO, it
is difficult to compare their results with our own.

The EPR experiments summarized in Figures 3 and 4
demonstrate that oxidized tree laccase can be reduced by NO
and, conversely, the reduced enzyme can be oxidized by NO.
The most likely route for the oxidation of the reduced enzyme
is via the reduction of NO to N,O (reaction 4). The detection
of 1’N,O by mass spectroscopy after incubation of reduced
tree laccase with 'SNO confirms that the oxidation of the
reduced enzyme occurs via reaction 4. The reduction of the
oxidized tree laccase by NO could occur via the oxidation of
NO to NO,™ (a one-electron oxidation) or to NO, (a two-
electron oxidation) (reactions 1 and 2). Since NO, in solution
disproportionates to NO,™ and NO;™ (reaction 3), the obser-
vation by >N NMR spectroscopy of only a small amount of
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5N O;", compared to the amount of ’NO,™ observed, as re-
action product of oxidized tree laccase with *NO implies that
the reduction of the enzyme occurs primarily in conjuction with
the one electron oxidation of NO to NO,".

Both the oxidation and reduction of tree laccase by NO
occur very slowly. The half-time for reduction of the type 1
and type 3 copper centers, as measured by optical spectroscopy,
was found to be 70 min; the mass spectroscopy data on the
reaction of reduced tree laccase with NO, which indicate ~15
turnovers in 26 h, imply that ¢, , for the reaction in which N,O
is produced is ~90 min, on the same order as for the reaction
of the oxidized enzyme with NO.

The reaction of oxidized fungal laccase with NO, on the
other hand, is much faster. The optical data show that the
type 1 and type 3 copper centers are reduced with #;, = 2 min,
and the EPR data indicate that the type 2 copper is reduced
with #;, =~ 10 min. Furthermore, in contrast to the tree
laccase, the reduced fungal enzyme gives no indication of a
reaction with NO, even after long incubation. We ascribe this
difference in reactivity of the reduced laccases with NO to the
difference in their reduction potentials. Fungal laccase, with
its extremely high reduction potentials, is a much poorer re-
ductant than tree laccase, so it is not surprising that reduced
fungal laccase cannot be oxidized by NO.

Because the reduced fungal laccase did not react with NO,
no cyclic reaction analogous to those observed with the tree
laccase (in which NO served as oxidant and either NO or
ascorbate served as reductant) could take place. Hence, al-
though it seems likely that the reduction of fungal laccase by
NO is also accomplished by production of NO,~, we were
unable to verify this directly.

We also investigated the interactions of NO,™ with both
laccases. Nitrite is known to be reduced to NO by cytochrome
¢ oxidase (Brudvig et al, 1980) and nitrate reductase
(Wharton & Weintraub, 1980); however, we found no evi-
dence for this reaction with reduced tree or fungal laccase.
The lack of reactivity of the laccases with NO,™ is more likely
due to kinetic rather than thermodynamic constraints.

In addition to the reaction of NO with tree and fungal
laccase, we have also obtained evidence for the specific binding
of NO, particularly to fungal laccase. The peak observed by
EPR spectroscopy at g = 2 upon addition of NO to reduced
fungal laccase is somewhat similar to that seen in a sample
of NO dissolved in buffer solution. The signal differs, however,
in that with fungal laccase (1) well-defined hyperfine structure
can be seen on the EPR signal at g =2, (2) there is an in-
flection at g = 1.8 associated with the peak, and (3) the signal
is observed at temperatures as high as 80 K, whereas no EPR
signal is observed from NO dissolved in buffer solution at 40
K. In contrast to the NO signal seen with fungal laccase, the
corresponding signal seen with tree laccase is featureless and
resembles that seen upon addition of NO to a BSA solution.
This latter signal differs, however, from that of NO dissolved
in buffer solution, in that it is observable at 40 K. This fea-
tureless NO peak, which probably also contributes to the NO
signal seen with fungal laccase, is most likely due to a weak
association of NO with the protein, perhaps at a hydrophobic
region.

The NO signal seen with fungal laccase exhibits structure
which changes upon substitution of *'NO for “NO (Figure
1). The observed structure is thus due to hyperfine interaction
between the unpaired electron spin and the NO nitrogen nu-
clear spin. The signal is remarkably similar to one seen upon
addition of NO to soybean lipoxygenase (Galpin et al., 1978),
which contains a single iron atom per enzyme molecule, and
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FIGURE 6: Proposed mechanism for the reduction of tree or fungal
laccase by NO.

also bears some resemblance in its structural features to an
immobilized nitroxide spin-label (Williams et al., 1971). We
assign the signal in Figure 1 to NO bound to a reduced copper
site. The observed g anisotropy is not inconsistent with a bound
NO molecule of this structure. The high potential of the
fungal laccase copper centers (whichever one the NO is bound
to) would prevent a charge transfer from copper to NO, which
might otherwise be expected to lead to oxidation of the copper
center, as is the case for the tree enzyme.

It is most likely that the NO is bound to the reduced type
2 copper center, since the EPR signal due to this center is
observed to decrease concomitantly with the increase in the
EPR signal due to the specifically bound NO. The reduction
of the type 1 and 3 copper centers by NO occurs considerably
more quickly than the appearance of the new NO signal. The
type 2 copper center is known to bind exogenous ligands such
as F and CN~ (Reinhammar, 1979), so it is not surprising
that it could bind NO. The 420-nm band we observed when
NO was present with either reduced tree or fungal laccase may
also be due to an association of NO with the type 2 copper,
since the band does not appear in the type 2 copper depleted
enzyme plus NO.

The reductions of the type 1 and 3 copper centers by NO
occur simultaneously, in both the tree and fungal laccases. In
contrast, when fungal laccase is reduced by hydroquinone or
ascorbate, the type 1 copper is reduced considerably faster than
the type 3 copper, and the rate-limiting step in the latter
reduction appears to be an intramolecular electron transfer
(Andréasson et al., 1973). Similar results have been obtained
for the anaerobic reduction of tree laccase by hydroquinone
(Andréasson & Reinhammar, 1979). The slow and simulta-
neous reduction of the type 1 and 3 copper sites by NO in-
dicates that the first step in the reaction, whether it be re-
duction of the type 1 or 3 copper center, must be the slow step;
the reduction by NO of the second site then follows rapidly.
Such a sequence might occur in a number of ways, but the
results of adding NO to oxidized, type 2 copper depleted tree
laccase suggest a particular mechanism. In the latter ex-
periment, only the type 1 copper center was reduced by NO,
with t,; slightly less than with the normal oxidized enzyme;
the type 3 copper center remained oxidized even after long
incubation with NO. The simplest mechanism that can ac-
count for the observations made with the normal and type 2
copper depleted tree laccase (and the fungal laccase) is shown
in Figure 6. The first steps are the slow reduction of the type
1 copper center, probably by an outer-sphere electron transfer,
followed by the fast reduction of the type 3 copper site. Ap-
parently, the reduction of the type 3 copper center requires
the presence of the type 2 copper center. It may be that,
following the reduction of the type 1 copper, two NO molecules
in succession are rapidly oxidized to NO,™ at the type 2 copper,
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FIGURE 7: The proposed reaction cycle which occurs when tree laccase is incubated with NO. The dotted lines show paths which may be

taken in the presence of ascorbate.

and two electrons are quickly transferred to the type 3 site.
Alternatively, the two electrons can be transferred to the type
3 site from the type 1 and type 2 coppers immediately after
one NO molecule is oxidized to NO,™ at the type 2 site. Our
data do not permit us to distinguish between these two path-
ways. In any event, is is likely that after the initial reduction
of the type 1 site, the next two electrons enter via the type 2
copper, since there is no precedent for the reactivity of the type
1 site varying with the redox states of the type 2 or 3 sites.
On the other hand, stopped-flow experiments on the anaerobic
reduction of tree laccase indicate that the reactivity of the type
2 copper site varies with the redox state of the type 1 copper
(Andréasson & Reinhammar, 1979). We find that the re-
activity of the type 2 copper is dependent on the redox states
of both the type 1 and 3 coppers. The final reduction of the
type 2 center was found to be quite slow, in agreement with
earlier kinetic experiments showing that anaerobic reduction
of the type 2 copper becomes much slower once the type 1 and
3 copper centers have been reduced in either tree laccase
(Andréasson & Reinhammar, 1979) or fungal laccase
(Brindén & Reinhammar, 1975).

The foregoing scheme deals only with the reduction of the
oxidized tree (or fungal) laccase by NO. We have shown,
however, that NO can also oxidize the reduced tree laccase.
We now develop a scheme for the complete cyclic reaction in
which tree laccase is both oxidized and reduced by NO. Such
a scheme must embrace the following observations: (1) when
ascorbate is used as reductant with PPD as mediator, ¢, , for
the reaction in which N,O is produced is ~90 min; (2) in the
absence of ascorbate or PPD, so that the enzyme is reduced
by NO, the production of N,O is 2-3 times slower; (3) the
blue color remaining in the oxidized tree laccase plus NO after
a long incubation accounts for 10-15% of the original optical
absorbance at 610 nm in the oxidized enyzme (when the en-
zyme is kept at 4 °C); (4) upon long incubation with NO, the
reduced enzyme exhibits small type 2 and type 3 copper EPR
signals of about equal intensity; (5) only the type 1 copper of

the type 2 copper depleted tree laccase is reducible by NO;
and (6) reduced type 2 copper depleted tree laccase gives no
indication of being oxidized by NO, even after long incubation.

A simple reaction scheme which accounts for the above
observations is depicted in Figure 7. This scheme emphasizes
the requirement for the type 2 copper in both the oxidation
and reduction of laccase by NO, as dictated by the results
obtained by using the type 2 copper depleted tree laccase.
Beginning with the fully reduced enzyme, we show in steps
1-3 the binding of NO to reduced type 2 (species I) and 3
(species II) copper sites and the reaction to produce N,O,
respectively. At least one of these steps, most likely step 3,
must be slow. The reaction of step 3 almost certainly involves
two bound molecules of NO, as shown. First, we know that
the type 2 copper is required for this step from the results
obtained with the type 2 copper depleted enzyme. Second,
there is no precedent for an exogenous ligand binding to a type
1 copper in any enzyme, and it is unlikely that the second
molecule of NO could come from solution, since this would
result in a two-electron reduction taking place at a single
copper atom.

Species III, shown in Figure 7 following step 3, in which
the type 2 copper and one type 3 copper are oxidized, is most
likely reponsible for the type 3 EPR signals that we have
observed (Figure 4). A molecule of NO binding to the type
3 site in this half-oxidized enzyme would result in the ap-
pearance of species IV, which could be expected to exhibit,
in addition to a type 2 EPR signal, a triplet EPR signal due
to a weak coupling between the NO molecule bound to the
reduced type 3 copper and the remaining oxidized type 3
copper atom. This triplet species would account for the
“half-field” EPR signal observed at g = 4.0. Compared to
the type 3 signal exhibited by reduced tree laccase in the
presence of NO, which is almost as large as the iype 2 signal,
the triplet signal is quite small (Figure 4), suggesting that
species IV accounts for only a small fraction of the enzyme
molecules. From this result, we infer that the equilibriumn II1
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FIGURE 8: Proposed mechanism for the oxidation of the type 1 copper
of tree laccase upon freezing of the reduced enzyme in the presence
of NO.

= [V is toward the left. Presumably this equilibration is rapid.

Both forms of the half-oxidized enzyme, namely, species 111
and IV, are expected to be reduced in two successive one-
electron oxidations of NO (steps 5, 5/, 6, and 6) to give the
fully reduced enzyme and complete the reaction cycle. Steps
5 and 5, which result in the enzyme being three-fourths re-
duced, should be fast, to maintain consistency with our earlier
results on the reduction by NO of the oxidized enzyme (Figure
6). The relatively high reactivity of the redox state of the
enzyme in which the type 3 site is only half-reduced is probably
related to the specific function of that site, which is to react
with O,, when both coppers are reduced, to yield peroxide as
the first intermediate in oxygen reduction (Malmstrom, 1981).
The reduction of the type 2 copper shown in steps 6 and 6’
again is presumably slow.

Finally, to account for the 10-15% of the blue copper ob-
served even after long incubation of the oxidized tree enzyme
with NO, we introduce species V. Since both the type 1 and
2 coppers are oxidized in this species, the type 2 copper center
is expected to be relatively inert toward NO; hence, species
V is not shown to be active in the redox cycle.

The observations made upon freezing reduced tree laccase
in the presence of NO can also be rationalized by this scheme.
If ascorbate is present, the half-oxidized enzyme will be rapidly
reduced, so that species I and/or II in the reaction cycle
predominates in the steady state. Upon freezing of the solu-
tion, we propose that the species I and II of the enzyme un-
dergo a conformational change which increases the relative
reduction potential of the type 2 copper center and facilitates
electron transfer between the type 1 and 2 copper sites.

Transfer of an electron from the reduced type 1 copper site
to the NO which is bound to the type 2 copper, as shown in
Figure 8, would result in the restoration of the type 1 copper
EPR signal to full intensity. Note that this observation implies
that step 1 of Figure 7 is fast. When the solution is thawed
again, the enzyme slowly returns to its original conformation,
so that after ~90 s the solution again becomes colorless. The
involvement of the type 2 copper center is implicated by studies
on the reduced type 2 copper depleted enzyme, which remains
colorless upon freezing. Here, of course, there can be no
Cu(*-NO unit to which an electron can be transferred.
Furthermore, when a solution of reduced native tree laccase
plus NO is frozen as a glass, the type 1 copper remains re-
duced. This could be due to our hypothesized conformational
change being induced by a reordering of the liquid water
solvent structure around the enzyme upon freezing, whereas
the solvent structure in the frozen glass is not expected to
induce this same conformational change.

The schemes of Figures 6—8 contain certain structural im-
plications. First, the type 2 and 3 copper centers must be close,
to allow the reaction of two bound NQO’s to produce N,O as
in Figure 7, step 3. These two copper centers must act in
concert in the oxidation of tree laccase by NO. Second, NO
appears able to bind at the type 2 copper site, as in Figure 8,
and at the type 3 site, as indicated by the appearance of the
triplet EPR signal in the experiments with reduced tree laccase
plus NO, but we have obtained no evidence that NO binds
at the type 1 copper.
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The interactions of tree and fungal laccase with nitric oxide
show some similarities but also some substantial differences
from those which have been observed with other copper pro-
teins, including cytochrome ¢ oxidase. Hemocyanin (Schoot
Uiterkamp, 1972; Schoot Uiterkamp & Mason, 1973) and
tyrosinase (Himmelwright et al., 1980), both of which contain
only a type 3 copper site, exhibit triplet EPR signals upon
treatment with NO, as does ceruloplasmin (Van Leeuwen &
Van Gelder, 1978; Van Leeuwen et al., 1973), which contains
type 1, 2, and 3 copper centers. However, the triplet signal
exhibited by tree laccase (Figure 4) differs from the triplet
signals exhibited by these other enzymes, in that it is sub-
stantially narrower (<300 G) and does not exhibit the sev-
en-line hyperfine splitting expected for an interacting pair of
Cu(II) ions. Regarding the reactions of NO with copper-
containing proteins, Van der Deen & Hoving (1977) have
shown that the active site of hemocyanin can be singly oxidized
by reaction with either nitrite or nitric oxide in the presence
of ascorbate, and Verplaetse et al. (1979) have shown that the
oxidation of reduced hemocyanin from Helix pomatia is ac-
companied by production of N,O. The type 1 copper of
ceruloplasmin can also be reduced by NO (Van Leeuwen &
Van Gelder, 1978), but reaction products have not been
characterized. Clearly, further work will be required before
useful comparisons can be made regarding the reactions of the
copper-containing proteins with NO.

The effect upon freezing of reduced tree laccase plus NO
in our study is unique among the blue copper proteins.
Morpurgo et al. (1981) recently reported a change in the g
values and hyperfine splittings in the EPR spectrum of tree
laccase upon freezing, which may be related to the effect of
freezing on reduced tree laccase plus NO reported here.
Reduced fungal laccase plus NO does not behave like the tree
laccase upon freezing, but it may be that the much higher
reduction potentials of the copper centers in the fungal laccase
preclude an electron transfer similar to that of Figure 8.

Finally, cytochrome ¢ oxidase is remarkably similar to tree
laccase in its reactions with NO (Brudvig et al., 1980). In
the presence of reductant, both cytochrome ¢ oxidase and tree
laccase are oxidized by NO to the half-oxidized state. In
cytochrome ¢ oxidase, the oxidized enzyme is also slowly re-
duced by NO and slowly reoxidized to form a cycle similar
to that of Figure 7 deduced for tree laccase. However, all four
metal centers of tree laccase (and fungal laccase), as we have
seen, are completely reduced by NO, whereas only Cug and
cytochrome a; of cytochrome c oxidase are reduced by NO.
Furthermore, in the cyclic reaction of oxidized tree laccase
with NO, all three copper centers are involved (Figures 6 and
7), whereas only the oxygen-binding site is involved in the
analogous cycle of oxidized cytochrome ¢ oxidase with NO.
The similarity of cytochrome ¢ oxidase to the laccases in its
reactions with NO is undoubtedly related to its similar function
of catalyzing the four-electron reduction of oxygen to water.
The differences, on the other hand, may reflect the unique role
of cytochrome c oxidase as an energy-conserving protein with
proton-pumping capabilities (Chan et al., 1979) to create a
transmembrane proton gradient during its catalytic cycle
(Wikstrom & Krab, 1979).
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