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1. Introduction 

It has been shown recently, that mushroom tyro- 
sinase (EC 1.14.18.1) contains a pair of copper ions 
at the active site [1 ]. In contrast, Neurospora tyro- 
sinase has been reported to contain only one copper 
per functional unit [2,3]. However, based on a recent 
determination of the molecular weight [4] this 
enzyme contains close to two copper ions per poly- 
peptide chain. In analogy to the mushroom tyrosinase 
the copper in Neurospora tyrosinase might also be 
present as a copper pair. To get more information on 
the state of copper in Neurospora tyrosinase an EPR 
study was undertaken. 

A careful search at various temperatures revealed 
no EPR-detectable copper, in agreement with the 
results of others [2,3] and consistent with the existence 
of coupled dimeric copper. 

The reaction of NO with the native and the reduced 
enzyme did not give rise to any EPR signals typical 
for the NO-complex of hemocyanin and mushroom 
tyrosinase [5]. On the other hand, the reaction of the 
native enzyme with/~-mercaptoethanol leads to a 
green, enzymatically completely inactive complex 
[6]. This complex displays an EPR signal with rather 
unusual characteristics probably arising from para- 
magnetic copper. The green compound may represent 
a complex between a half reduced copper pair and 
/3-mercaptoethanol. 

*Permanent address: Biochemisches lnstitut der Universit//t 
Z(irich, Zfirichbergstrasse 4, CH-8028 Zfirich, Switzerland. 

2. Materials and methods 

2.1. Protein 
Neurospora tyrosinase (thermolabile isoenzyme 

from Neurospora crassa, FGSC-strain NO 320) was 
prepared according to the method of Lerch (Lerch, K., 
unpublished). The freshly isolated enzyme consisted 
of a mixture of about 30% oxytyrosinase and 70% 
resting tyrosinase as has been reported by Gutteridge 
and Robb [3] using a different purification method. 
The enzyme was homogeneous according to the 
criteria of SDS-polyacrylamide electrophoresis [7] 
and isoelectric focusing [8]. The pure enzyme had an 
extinction coefficient AXl%cm of 22 at 280 nm [4]. 
The determination of the specific activity was carried 
out according to Fling et al. [2] and the obtained 
value, 1100 units per mg protein, is slightly higher 
than those reported by others [2,3,9]. 

2.2. Analytical methods and anaerobic technique 
Total copper was determined with 2,2'-biquinoline 

[10]. The anaerobic technique used has been described 
elsewhere [11 ]. All chemicals were of analytic grade 
and were used without further purification. Solutions 
were made with deionized, distilled water. 

2.3. Electron paramagnetic resonance (EPR ) measure- 
merits 

EPR measurements at 9 GHz were made at 77 
and 10 K with a Varian E-3 spectrometer and a Varian 
E-9 spectrometer, respectively, and at 35 GHz and 
90 K in a Varian V-4503 spectrometer. EPR-detect- 
able copper was determined by double integration of 
the 9 GHz spectra and corrections for the different 
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g-factors were applied [12]. In all EPR experiments 
the concentration of the protein was 1.I 6 mM 
(2.1 mM in total copper) in 10 mM sodium phosphate 
with 0.5 M NaC1 (pH 6.8). 

3. Results and discussion 

Based on the copper determination and the recently 
determined molecular weight obtained by different 
methods [4] Neurospora tyrosinase contains 1.8-1.9 
Cu per polypeptide chain. EPR analysis of the native 
enzyme under anaerobic and aerobic conditions 
showed less than 3% EPR-detectable copper with the 
signal shape typical for a normal Cu 2÷ complex. The 
same results were obtained after treatment with 
hydrogen peroxide (1 mol of H202 per tool of protein) 
leading to the completely oxygenated form [4,6] 
under aerobic conditions or to the 'reduced' form 
(cf. ref. [ 1 ] ) under anaerobic conditions. After reduc- 
tion with hydroxylamine (1 mol of NH2OH per mol 
of protein) EPR-detectable copper diminished to less 
than 0.5%. Under the above conditions no other EPR 
signal was detectable between 0 and 0.6 T at 9 GHz 
either at 77 or 10 K. These results show that the 
copper in the native and the reduced form is EPR- 
non-detectable, as has been found in hemocyanin and 
mushroom tyrosinase [5]. Since Neurospora tyrosinase 
contains close to two Cu/molecule of enzyme the 
results strongly suggest that copper is present in the 
form of a copper pair. 

For mushroom tyrosinase evidence for a copper 
pair has been obtained from experiments with NO [5]. 
Therefore, the native and the reduced (1 mo lo f  H202 
mol of protein) Neurospora tyrosinases were treated 
anaerobically with NO (1 arm) according to the 
method used by Schoot Uiterkamp and Mason [5]. 
However, the typical EPR signals observed with hemo- 
cyanin and mushroom tyrosinase were not obtained. 
Since ceruloplasmin forms an EPR-detectable NO 
complex [ 13] only after treatment with an excess of 
reducing agent [Deinum, J. and Reinhammar, B., 
unpublished] experiments were performed with 
Neurospora tyrosinase using an excess of either H202, 
NH2OH or ascorbic acid. Subsequent treatment with 
NO did not give rise to any EPR signals. However, 
these results still do not exclude the possibility that 
Neurospora tyrosinase contains a copper pair, since 

the tree and fungal laccases and ascorbate oxidase, 
which all have a copper pair [15,16], do not yield an 
EPR-detectable NO complex (Deinum, J. and 
Reinhammar, B., unpublished and ref. [14]). Further- 
more, the CD spectra in the visible region of hemo- 
cyanin [17], mushroom tyrosinase [18] and Neuro- 
spora tyrosinase [6] are rather different, indicating 
differences in the copper site of these three proteins. 

Upon anaerobic addition of/3-mercaptoethanol to 
the native enzyme, a green, enzymatically completely 
inactive complex (fig.l) is formed, displaying a 
characteristic absorption with maxima at 355 nm 
(e = 1700 M -1 cm-l),  460 nm (e = 800 M -1 cm -1) 
and 700 nm (e = 1900 M -1 cm-1). This complex can 
be isolated by gel filtration and is stable for several 
days at 4°C [6]. This compound was now studied by 
EPR and was found to be paramagnetic. The EPR 
signal at 9 and 35 GHz is shown in figs.2 and 3. The 
signal remained unchanged in a sample that had been 
kept overnight at O°C. The shape of the signal at 9 GHz 
was the same at 10 and 77 K, and no half-field line 
could be observed at even a 20 times higher amplifica- 
tion. At 10 K the signal is power saturated to about 
50% with 20 mW microwave power. The signal is 
essentially axial as follows from the 35 GHz spectrum 
(fig.3). No hyperfine structure has been observed. 
Although the signal at 9 GHz somewhat resembles the 
Am ='1 line from a Cu2÷-Cu2÷ pair [19], such an 
interpretation is not supported by the 35 GHz 
spectrum. The 9 and 35 GHz spectra are consistent 
with a paramagnetic species having a S = 1/2 with 
gll = 2.19 and gL = 2.05. The linewidth has an aniso- 
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Fig.1. Absorption spectrum of 3-mercaptoethanol treated 
Neurospora tyrosinase at 4°C. The concentration of the 
enzyme was 70 ~M and a 10-fold molar excess of 3-mercapto- 
ethanol was used. The spectrum was recorded 18 h after 
addition of 3-mercaptoethanol. 
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Fig.3. The spectrum was recorded at 90 K and 34.42 GHz. 
The microwave power was 40 mW, the modulation amplitude 
0.2 mT. Other conditions as in rigA. 
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Fig.2. EPR spectrum ofNeurospora tyrosinase (1.t6 raM) 
treated anaerobically with a 5-fold excess of O-mercapto- 
ethanol per mole of protein. (a) The spectrum was recorded 
at 77 K and 9121 GHz. The microwave power was 2 mW, the 
modulation amplitude 0.2 mT. (b) Simulated spectrum of 
the signal in fig.2a, assuming axial g - t e n s o r  ( g l l  = 2.19, 
gi = 2.05, A II = 1.5 mT, A± = 3.5 mT) and 8 fiaT line-width. 

tropy, which could arise from an anisotropic hyperfine 
coupling. Assuming that the unpaired spin couples to 
one Cu nucleus only, a reasonable good stimulation of  
the 9 GHz'spectrum is obtained (fig.2b) if the hyper- 
fine coupling constants are smaller or equal to: A II --- 
1 .5-2 .0  mT, A i = 3.5-4.0 mT. The integrated intensity 
of  the signal amounts to 30% of  the total copper con- 
tent, i.e. less than one unpaired spin per pair of  copper. 
The spectrum is rather unusual as compared to other 

copper proteins, but its parameters are such that is could 
arise from an isolated Cu 2÷. For example, small hyper- 
fine coupling constants have also been observed for 
the copper ion in stellacyanin [20].  However, the 
possibility that two copper ions are involved in the 
paramagnetic center must also be considered. If  the 
protein is first completely reduced anaerobically with 

NH2OH, subsequent addition of/~-mercaptoethanol 
will not give rise to the green-colored complex and 
the new EPR signal is not tormed. Since/~-mercapto- 
ethanol is known to be a reducing agent, the para- 
magnetic species is most likely a one-electron reduced 
form of  this protein. However, this green species is not  
formed with other reducing agents and consequently 
it probably represents a complex between half-reduced 
protein and/3-mercaptoethanol. As Neurospora tyro- 
sinase does not have any disulfide bridges [2],  only 
the copper can be reduced. 

In summary, the absence of  an EPR signal from the 
oxidized and reduced forms of  the protein together 
with the new information that the.protein contains 
two copper ions per molecule suggests the presence of  
a copper pair also in Neurospora tyrosinase. Since no 
paramagnetic NO-complex was observed the state of  
the two EPR-nondetectable copper ions is still not 
known with certainty. However, the rather unique 
observation of  a paramagnetic species in Neurospora 
tyrosinase reacted with/3-mercaptoethanol opens the 
possibility for further investigations of  the copper site 
in the tyrosinases. Preliminary experiments with the 
mushroom enzyme also show that this tyrosinase 
forms an inactive, green, complex with/3-mercapto- 
ethanol [Lerch, K., unpublished]. EPR studies of  this 
complex are currently being performed in this labora- 
tory. 
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