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Summary. Binding of azide to type-2-copper-depleted 
(T2D) zucchini ascorbate oxidase, containing reduced 
type-3 Cu centers, and met-T2D ascorbate oxidase, 
containing oxidized type-3 Cu centers, has been studied 
spectroscopically. In both cases titration with azide in 
0.1 M phosphate pH 6.8 produces a broad near-ultra- 
violet band with maximum at 455 nm 
(Ae~2500 M -1 cm -1, with respect to the met-T2D en- 
zyme) and shoulder at 390 nm (Ae~ 1700 M -~ cm-~), 
that are assigned to 3r(azide)~Cu(II) ligand-to-metal 
charge transfer (LMCT) transitions. This is accompa- 
nied by a reduction of absorbance at 330 nm in the met- 
T2D enzyme adduct (Ae~ - 1400 M -a cm-a). A broad 
circular dichroic band of negative sign between 370- 
480 nm corresponds to the LMCT absorption band. 
Analysis of the titration data indicates that one azide 
ion binds independently to each of the binuclear T3 Cu 
couples with low affinity (K = 50 M - 1). The ESR signal 
of the T1 Cu observed in frozen solutions of the T2D 
enzyme is also perturbed by the addition of azide. The 
analogies in the azide-binding characteristics between 
ascorbate oxidase and taccase are discussed. 
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Introduction 

The enzyme ascorbate oxidase (L-ascorbate; 02 oxidor- 
eductase, EC 1.10.3.3) is a blue copper oxidase mostly 
found in plants, where it probably performs the aerobic 
oxidation of a variety of biological compounds (Daw- 
son 1966; Kroneck et al. 1982). It contains eight copper 
atoms/molecule (Mr 140000); three type-1 (blue, T1), 
one type-2 (nonblue; T2) and two pairs of type-3 Cu 
(coupled binuclear, T3). The T1 Cu(II) dominates the 
visible absorption and electronspin resonance (ESR) 
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spectra of the enzyme, while the optical features of T2 
Cu(II) are weak and buried under the intense TICu(I I )  
absorption bands; though, it can be detected by ESR 
(Deinum et al. 1974; Marchesini and Kroneck 1979; 
Aikazyan and Nalbandyan 1979; Casella et al. 1984; 
Kawahara et al. 1985). The T3 Cu(II) is not detectable 
by ESR and probably occurs as pairs of strongly anti- 
ferromagnetically coupled Cu 2+ ions; it contributes to 
the near-ultraviolet absorption of the enzyme and, in 
particular, it is mostly responsible for the prominent 
shoulder observed near 330 nm. 

Redox studies on native (Sakurai et al. 1985, 1986) 
and type-2-copper-depleted (T2D) ascorbate oxidase 
from cucumber (Sakurai et al. 1987) have shown that 
the copper centers can be divided into two groups. The 
first of these groups constitutes the 'principal' active 
site of the enzyme; it comprises one T1, one T2 and a 
pair of T3 copper atoms and is thus similar to the cop- 
per set found in laccase, the smallest and best charac- 
terized member of the group of blue copper oxidases 
(Fee 1975; Reinhammar and Malmstr6m 1981), while 
the other group consisting of two T1 and the second 
pair of T3 copper atoms forms a sub-route for electron 
transfer during the catalytic cycle. A recent report 
(Messerschmidt et al. 1989) on the preliminary X-ray 
structure analysis of two crystal forms of ascorbate oxi- 
dase from zucchini indicates the existence of laccase- 
like subunits requiring a stoichiometry of 2 T1, 2 T2 
and 4 T3 Cu (instead of 3 T1, 1 T2 and 4 T3 Cu) atoms/ 
dimeric protein molecule. A similar stoichiometry was 
obtained by ESR on a solution of the crystallized pro- 
tein (Morpurgo et al. 1988). However, as we have 
shown separately (Casella et al., unpublished work), the 
crystallization process occurs with a modification of the 
native protein involving a loss of blue copper and con- 
comitant increase of nonblue copper. A similar change 
in the ratio between T1 and T2 Cu is observed in aged 
ascorbate oxidase samples (Kroneck et al. 1982; Mar- 
chesini and Kroneck 1979; Avigliano et al. 1983; Ca- 
sella et al. 1984). For both the crystallized and aged 
protein samples the process is accompanied by de- 
crease in the activity of the enzyme. The X-ray struc- 
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tura l  resul ts  are  i m p o r t a n t ,  though ,  b e c a u s e  they  con-  
f i rm the  ex i s t ence  o f  t r i nuc lea r  act ive si tes in the  cop-  
p e r  ox idases ,  as o r ig ina l ly  p r o p o s e d  for  l accase  (Al len-  
d o f f  et al. 1985; S p i r a - S o l o m o n  et al. 1986; K a u  et  al. 
1987). 

We  have  recen t ly  f o u n d  tha t  a f r ac t ion  o f  the  T3 
c o p p e r  a t o m s  are  in the  r e d u c e d  s tate  in na t ive  ascor -  
ba t e  o x i d a s e  f rom zucch in i  a n d  the fu l ly  o x i d i z e d  en- 
zyme  can  be  o b t a i n e d  b y  t r e a t m e n t  wi th  smal l  a m o u n t s  
o f  h y d r o g e n  p e r o x i d e  (Case l l a  et al. 1988a). Fu r the r ,  
az ide  b i n d s  wi th  h igh  a f f in i ty  (K > 5000 M - 1) to the  en-  
zyme  w h e n  the  T3 sites are  r e d u c e d  a n d  with  low aff in-  
i ty ( K ~  100 M -1)  w h e n  these  sites are  ox id ized .  This  
behav io r ,  a n d  a lso  the  spec t ra l  f ea tu res  o f  the  az ide  ad-  
ducts ,  a re  s imi l a r  to those  exh ib i t ed  b y  l accase  (Al len-  
d o r f  et al. 1985; S p i r a - S o l o m o n  et al. 1986) so tha t  
s t ruc tu ra l ly  a n a l o g o u s  ac t ive  sites b e t w e e n  the  two en- 
zymes  seem poss ib le .  Since  the  m o d e  o f  b i n d i n g  o f  
az ide  invo lves  b o t h  the  T2 Cu  a n d  one  o f  the  T3 C u  
pa i rs ,  a use fu l  s tep  t o w a r d  a be t t e r  de f in i t i on  o f  the  ac-  
t ive-s i te  s t ruc ture  o f  a sco rba t e  ox ida se  is r e p r e s e n t e d  by  
the inves t iga t ion  o f  the  az ide  b i n d i n g  charac te r i s t i c s  to 
the  T 2 D  de r iva t ive  o f  the  enzyme.  This  p a p e r  ampl i f i e s  
u p o n  o u r  p r e l i m i n a r y  r e p o r t  on  the  op t i ca l  f ea tu res  o f  
az ide  b i n d i n g  to  T2D a sco rba t e  o x i d a s e  f rom zucch in i  
(Case l l a  et al. 1989) a n d  c o m p l e m e n t s  s imi la r  op t i ca l  
s tud ies  p e r f o r m e d  on  the  enzyme f rom c u c u m b e r  (Sa- 
kura i  et al. 1987) b y  r epo r t i ng  d e t a i l e d  s p e c t r o s c o p i c  
a n d  b i n d i n g  s tud ies  o f  the  a n i o n  to the  T2D fo rm o f  
zucch in i  a s c o r b a t e  ox idase .  

Ligand titrations of  the enzyme and data analysis 

All spectroscopic measurements were made with protein dis- 
solved in 0.1 M phosphate pH 6.8. Azide binding studies were 
performed by adding concentrated aqueous solutions of the anion 
to the protein solution in buffer, followed by incubation at 4°C 
(=48 h for the T2D enzyme and 15-40 h for the peroxide-treated 
T2D enzyme) before performing each spectroscopic measure- 
ment. 

The equilibrium constant (K) for complex formation between 
the enzyme (E) and azide (L) was determined by using the Hill 
equation: 

Y= K [L]C/(1 + K[L] c) (1) 

where Y is the fractional saturation of the enzyme with tigand 
bound, [L] the free ligand concentration, and c an empirical pa- 
rameter measuring the degree of interaction between the sites, in 
the case of multiple binding (Antonini and Brunori 1971). Eq. (1) 
is usually written in the logarithmic form: 

log[Y/(1 - Y)] = log K+c log[L] (2) 

A plot of log[Y/(1-  Y)] versus log[L] should give a straight line 
with a slope of c and an intercept of log K. In protein systems 
with a single binding site or with no interaction between the bind- 
ing sites c= 1, while c> 1 indicates the presence of positive inter- 
actions between the sites. 

In the case of multiple independent binding of ligand mole- 
cules by the protein, an evaluation of the number (n) of binding 
sites can be made only if it is possible to determine the average 
number (v-) of ligand molecules bound/molecule of protein 
(/~= [L]bound/[E]total; U=  Yn) through, for instance a Scatchard plot 
(Antonini and Brunori 1971). But this determination was impossi- 
ble in the present case with the standard techniques available. 

Physical measurements 

Experimental procedures 

Materials 

Ascorbate oxidase was purified from the green zucchini squash 
(Cucurbita pepo) according to the method of Marchesini and 
Kroneck (1979). The absorbance ratios of the present enzyme pre- 
paration w e r e  A330/A610 = 0.72 and A28o/A61o = 25.3 (0.1 M phos- 
phate, pH 6.8). The high purity of the enzyme was confirmed by 
polyacrylamide gel electrophoresis. Protein concentrations were 
determined by assuming e61o = 9800 M - 1 cm-  1 and Mr = 140 000. 
Sodium N,N-diethyldithiocarbamate was recrystallized from etha- 
nol, carefully dried and stored under nitrogen at 4 ° C. All other 
reagents were of the highest grade commercially available. Buffers 
were prepared in water purified in a Milli-Q water purification 
system. Protein solutions were concentrated as needed using Sar- 
torius collodion bags. 

Type-2-copper depleted ascorbate oxidase was prepared ac- 
cording to the N,N-diethyldithiocarbamate method (Morpurgo et 
al. 1987). A 0.1 mM solution of ascorbate oxidase in 0.1 M phos- 
phate, pH 6.0 was treated with 9 mol/mol of 1 mM sodium N,N- 
diethyldithiocarbamate in 0.1 M phosphate pH 6.0. The solution 
turned green and, by centrifugation at 20 000 rpm for at least 4 h 
at 4 ° C, a brownish red precipitate could be removed. The result- 
ing blue solution was extensively dialyzed against buffer at pH 6.0 
to remove all traces of unreacted N,N-diethyldithiocarbamate. 

Peroxide-treated T2D ascorbate oxidase was prepared by 
reacting the T2D protein with 20 mol/mol of hydrogen peroxide 
(0.01 M aqueous solution) in 0.1 M phosphate pH 6.8 at 4 ° C. Ex- 
cess peroxide was immediately removed by dialysis against buffer 
containing 1 mM EDTA (disodium salt) and then against buffer 
alone. 

Optical absorption spectra were recorded at room temperature us- 
ing a Perkin-Elmer Lambda 5, a Philips PU 8700 spectrophoto- 
meter or an HP 8452 A diode array spectrophotometer. 

Circular dichroic (CD) spectra were obtained on a Jasco J- 
500 C dichrograph. ESR spectra were measured in frozen solution 
at -150°C using a Varian E-109 spectrometer operating at X- 
band frequencies and a V-4000 variable-temperature-control ap- 
paratus. Total copper ion determinations were made by atomic 
absorption spectrometry. The amount of ESR-detectable Cu(II) 
was estimated by double integration of the spectra using Cu- 
EDTA as standard. 

Results 

Spectroscopic properties of  T2D ascorbate oxidase 

R e m o v a l  o f  T2 c o p p e r  f rom a s c o r b a t e  o x i d a s e  was per -  
f o r m e d  a c c o r d i n g  to the  d i e t h y l d i t h i o c a r b a m a t e  
m e t h o d  ( M o r p u r g o  et al. 1987). W e  a lso  p r e p a r e d  the  
T2D enzyme  on a sma l l e r  scale  fo l lowing  the  E D T A  
m e t h o d  d e s c r i b e d  for  c u c u m b e r  a s c o r b a t e  o x i d a s e  (Sa-  
ku ra i  et al. 1987) o b t a i n i n g  a p r o t e i n  wi th  p r a c t i c a l l y  
i den t i ca l  charac ter i s t ics .  S tar t ing  f rom 7.9 mol  C u / m o l  
na t ive  a s c o r b a t e  ox idase ,  the  to ta l  a m o u n t  o f  c o p p e r  in 
the  T 2 D  enzyme  p r e p a r a t i o n  d e c r e a s e d  to 6.7 m o l / m o l  
a n d  the  E S R - d e t e c t a b l e  Cu  c o r r e s p o n d i n g l y  d e c r e a s e d  
f rom 3.9 to 2.7 m o l / m o l .  The e lec t ronic  spec t rum of  T2D 
a s c o r b a t e  o x i d a s e  shows  a m a r k e d  dec rease  in the  ab-  
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Fig. 1. Electronic (a) and CD (b) spectra of native (- - - )  and T2D 
( - - )  ascorbate oxidase from zucchini 

83 

b 

b" 

/ 
f 

L i p 
2680 2840 3000 

G 

3160 

Fig. 2. ESR spectra of native (a) and T2D (b) ascorbate oxidase. 
Conditions : temperature - 150 ° C; 8.98-GHz microwave frequen- 
cy, 6.3-G modulation amplitude, 100-kHz modulation frequen- 
cy, 5-roW microwave power. The low-field portion of the spec- 
trum of the T2D enzyme (b') is shown at a higher gain 

sorbance at 330 nm (Fig. 1), the absorbance ratio A33o/ 
A61o decreasing to 0.33. Comparable changes were ob- 
served previously in T2D enzyme preparations employ- 
ing different methods (Sakurai et al. 1987; Avigliano et 
al. 1979; Kroneck and Jacob 1985). The ratio A28o/A61o 
of 24.5 shows that no loss of T1 Cu or degradation of 
the protein occurs with the N,N-diethyldithiocarbamate 
treatment. 

The CD spectrum of T2D ascorbate oxidase shows 
that only some minor changes in the 300-500-nm re- 
gion, with respect to the native protein, parallel to the 
decrease of absorbance at 330 nm (Fig. 1). No appreci- 
able change occurs in the aromatic and far-ultraviolet 
regions; in particular, the intensity of the tryptophan 
CD peaks near 290 and 295 nm (Casella et al. 1984) 
does not seem to be affected. 

The ESR spectrum of T2D ascorbate oxidase shows 
the complete loss of type-2 copper in the preparation 
(Fig. 2). The perpendicular component of the signal be- 
comes narrower in the T2D enzyme (the peak-to-peak 

separation decreases from ~65 G in the native to 
55 G in the TD2 enzyme) and also the parallel com- 

ponent of the signal is better resolved, as if the three T1 
Cu centers become more strictly equivalent. The fol- 
lowing parameters can be calculated from the spec- 
trum: 911 =2.220, AH=56 G, and g± =2.055. 

Azide binding to T2D ascorbate oxidase 

When T2D ascorbate oxidase is titrated spectropho- 
tometrically with azide a broad band extending over 
350-550nm, with maximum at 455nm (As~3000 
M - l c m  -1) and shoulder near 390nm (As~2300 
M-1 cm-  1), slowly develops (Fig. 3). Long incubation 
times are required to develop fully the optical features 
after each addition of the anion. Note that, contrary to 
the native enzyme, no decrease of absorbance at 
330 nm occurs on binding of the anion. The changes 
observed in the CD spectrum of the T2D enzyme dur- 
ing this experiment are similar to those of the low-affin- 
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Fig. 3. Absorption (a) and CD (b) spectra of 52 IxM T2D ascot- 
bate oxidase before ( - - )  and after the addition of 100 (---) ,  300 
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Fig. 4. ESR spectra of T2D ascorbate oxidase treated with azide. 
(a) T2D enzyme (0.3 raM); (b) with 5 mol azide/mol protein; (c) 
with 10 tool azide/mol protein; (d) with 50 mol azide/mol pro- 
tein; (e) with 200 mol azide/mol protein. Conditions: tempera- 
ture -150 ° C; 8.98-GHz microwave frequency, 6.3-G modulation 
amplitude, 100-kHz modulation frequency, 5-roW microwave 
power 

ity azide binding to native ascorbate oxidase (Casella et 
al. 1988a) and consist of  the progressive disappearance 
of  the positive CD band near 420 nm, replaced by 
broad CD activity between 370-480nm, and the re- 
placement of  the weak negative CD activity in the 300- 
350-nm range by ill-defined optical activity of  opposite 
sign (Fig. 3). Binding of  azide affects also the T1 copper  
ESR signal of  T2D ascorbate oxidase, even though the 
optical features of  the T1 Cu are negligibly affected, as 
is observed for the native protein (Fig. 4). In particular, 
both the parallel and perpendicular  components  of  the 
signal are markedly broadened at high az ide/prote in  
ratios; possibly the T1 Cu atoms become nonequivalent  
in these conditions. However,  compared to the native 
enzyme, larger amounts of  the anion are required to 
perturb significantly the ESR spectrum. The overall in- 
tensity of  the ESR signal does not change appreciably, 
within the experimental uncertainty of  the measure- 
ments, on addition of  azide. 

Azide binding to peroxide-treated (met) T2D ascorbate 
oxidase 

A met form of  T2D ascorbate oxidase, containing oxid- 
ized T3 Cu centers, can be obtained by treatment with 
excess hydrogen peroxide. This treatment restores to a 
large extent the absorbance at 330 n m  (A833o ~2500 
M-1  cm-1,  Fig. 5). The ratio A33o/A61o rises to 0.58, but 
this value is still lower than that of  the native enzyme. 
Dialysis of  excess peroxide produces no further appre- 
ciable change in the optical spectrum. Rather surpris- 
ingly, practically no change occurs in the CD spectrum 
of  T2D ascorbate oxidase on peroxide treatment. Also 
the ESR spectrum is completely unaffected, but this is 
expected, since the optical features of  the T1 Cu are 
unchanged. 

When met-T2D ascorbate oxidase is titrated spec- 
trophotometrical ly with azide, the growth of  the same 
broad absorption band at 455 n m  (Asass ~ 2500 
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Fig. 6. Absorption spectra of 35 l-tM met-T2D ascorbate oxidase 
( - - ) ,  and in the presence of 250 ( - - - ) ,  750 ( . . . . .  ) and 1200 
( - . - )  tool azide/mol protein 

M -1 c m - ~ ) ,  wi th  s h o u l d e r  nea r  390 n m  (As39o~- 1700 
M - 1  c m - 1 ) ,  o b s e r v e d  for  the  T2D enzyme  occurs  (Fig.  
6). But this  is a c c o m p a n i e d  by  a pa ra l l e l  r e d u c t i o n  o f  
the  a b s o r b a n c e  at 330 n m  (z~330 ~ - 1 4 0 0  M -~ c m - ~ ) ,  
in con t r a s t  wi th  the  spec t ra l  d a t a  r e p o r t e d  for  the  en- 
zyme  f rom c u c u m b e r  (Sakura i  et al. 1987). A c o m p a r a -  
b le  d e c r e a s e  o f  the  a b s o r b a n c e  at 330 n m  was o b s e r v e d  
also on  a d d i n g  az ide  to H202- t r ea ted  a s c o r b a t e  o x i d a s e  
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Fig. 8. ESR spectra of met-T2D ascorbate oxidase treated with 
azide. (a) Met-T2D enzyme (0.12 raM); (b) with 10 tool azide/ 
tool protein; (c) with 50 mol azide/mol protein; (d) with 100 tool 
azide/mol protein. Conditions: temperature -150 °C; 8.99-GHz 
microwave frequency, 6.3-G modulation amplitude, 100-kHz 
modulation frequency, 20-mW power 



86 

(Casella et al. 1988a). Analysis of the titration data at 
455 nm using Eq. (2) yields an apparent intrinsic bind- 
ing constant of 50 M -1 (correlation coefficient 0.99; 
Fig. 7). A Hill coefficient of c = 1 indicates the existence 
of either a single binding site or multiple, independent 
and noninteracting binding sites. 

The CD spectral changes in the 300-450-nm region 
occurring on azide binding to met-T2D ascorbate oxi- 
dase are practically the same as those shown in Fig. 3b 
for binding to the T2D enzyme. Also the ESR spectral 
changes are similar, but the perturbations undergone by 
the T1 Cu signals are perhaps less pronounced (Fig. 
8). 

Discussion 

Selective removal of type-2 copper from laccase and as- 
corbate oxidase is part of the strategy which has been 
followed to gain information on the active-site structure 
and reaction mechanism of these complex metallopro- 
teins. For laccase, while there have been controversial 
reports on the oxidation state of the T3 Cu in the T2D 
enzyme (Reinhammar 1983a; LuBien et al. 1981; Mor- 
purgo et al. 1980; Hanna et al. 1988; Frank and Pecht 
1986), there is direct proof by X-ray absorption spec- 
troscopy that bleaching of the 330-nm chromophore ac- 
companying the T2-Cu depletion corresponds to reduc- 
tion of the binuclear T3 Cu site (Kau et al. 1987). Simi- 
lar results from X-ray absorption data have been re- 
ported recently for T2D cucumber ascorbate oxidase, 
although the amount of reduced T3 Cu could not be 
determined (Sakurai et al. 1988). Since even in native 
ascorbate oxidase (Casella et al. 1988a), as in laccase 
(Allendorf et al. 1985; Spira-Solomon et al. 1986), a 
fraction of the T3 Cu is stable to dioxygen in the re- 
duced state, it is likely that T2-Cu depletion involves 
complete T3-Cu reduction. The reason for this diffi- 
culty of T3 Cu to remain in the oxidized state in the 
native copper oxidases is not known, but it is clearly 
related to some particular conformational state of the 
proteins, since on binding of the substrate the reaction 
with dioxygen becomes extremely fast (Kroneck et al. 
1982; Reinhammar and Malmstr6m 1981). 

If we adopt the picture emerging from the prelimi- 
nary X-ray structural data of ascorbate oxidase (Mes- 
serschmidt et al. 1989), showing a trinuclear cluster 
composed of one T2 Cu and a pair of T3 Cu atoms 
bound to a total of eight imidazole groups (three to 
each T3 Cu and two to the T2 Cu), it is possible to as- 
sociate the bleaching of the 330-nm protein chromo- 
phore occurring upon T2-Cu depletion with the loss of 
LMCT features from both the T2 and T3 Cu(II) centers. 
In fact, the zc(imidazole)~Cu(II) LMCT transition oc- 
curs in this range in the ultraviolet/visible and CD 
spectra of simple, tetragonal copper-imidazole com- 
plexes (including Cu-histidine) (Fawcett et al. 1980; 
Bernarducci et al. 1981; Casella and Gullotti 1983). In 
the cluster the optical contribution of each of these 
LMCT transitions (e ~ 200-500 M -  ~ cm- 1) is clearly 

additive, while partial cancellation of the signed CD 
contributions (IAe1~0.05-0.25 M -1 cm -a) may occur 
according to the relative spatial orientations of the var- 
ious chromophores. Hydroxide or alkoxide ions are ad- 
ditional potential ligands for the trinuclear Cu site that 
can contribute with LMCT transitions (Solomon et al. 
1983) to the 330-nm protein chromophore, and also 
'dimer' bands (Desjardins et al. 1987; Ross et al. 1989) 
may contribute to this near-ultraviolet region. Note that 
the residual absorption at 330 nm of the T2D enzyme 
does not necessarily imply incomplete T3-Cu reduction 
since the LMCT absorptions of Cu(I)-imidazole chro- 
mophores, with maximum near 290 nm (Sorrell and 
Borovik 1986; Casella et al. 1988b) tail into this re- 
gion. 

Treatment with hydrogen peroxide of T2D ascor- 
bate oxidase yields the met-T2D enzyme form, contain- 
ing oxidized T3 Cu centers. The possibility that excess 
peroxide can act as a ligand for the oxidized type-3 
sites seems excluded by the relatively weak optical fea- 
tures at 330 nm, compared with the intense O 2- ~Cu(  
II) LMCT transitions observed in oxyhemocyanin, oxy- 
tyrosinase and synthetic copper-dioxygen complexes 
(Solomon 1981; Tyeklar and Karlin 1989) and by the 
complete lack of CD features associated with the 330- 
nm chromophore in the met-T2D enzyme. Reoxidation 
of T3 Cu by peroxide does not lead to complete recov- 
ery of the absorbance at 330 nm present in native ascor- 
bate oxidase, or rather the peroxide-treated native en- 
zyme (Casella et al. 1988a) showing that T2 Cu is partly 
contributing to this protein chromophore. In practice, 
only the T3 Cu is responsible for the optical activity of 
the enzyme between 300-350 nm. 

Azide binds to T3 Cu in T2D ascorbate oxidase, but 
the optical features slowly developed by the adduct are 
clearly those of Cu(II)-azide chromophores (Karlin et 
al. 1987; McKee et al. 1984; Agnus et al. 1984). In par- 
ticular, the absorption bands at 390 and 455 nm can be 
assigned to 1r(azide)-+Cu(II) LMCT transitions. The 
broad CD activity of negative sign developed between 
370-480 nm, that obscures the original CD absorption 
of the T2D enzyme in the same range, can also be attri- 
buted to this chromophore. The same spectral features 
are in fact exhibited by the azide adduct formed by 
met-T2D ascorbate oxidase. Therefore, azide binding to 
T2D ascorbate oxidase induces a slow autoxidation 
process of T3 copper, which still remains ESR-unde- 
tectable and thus strongly antiferromagnetically cou- 
pled. Being a negative ion, azide is expected to stabilize 
the Cu(II) oxidation state and, in fact, azide binding to 
model complexes is found to lower the redox potential 
of the Cu(II)/Cu(I) couple (P. Zanello, unpublished 
observation). This behavior is different from that exhi- 
bited by T2D laccase, for which no new optical feature 
is produced by aerobic treatment with excess azide (Lu- 
Bien et al. 1981), although the redox potential of the T3 
Cu is higher in laccase (434mV in Rhus laccase, 
782 mV in Polyporus laccase) (Reinhammar 1983b) than 
in ascorbate oxidase (345 mV) (Kroneck et al. 1982). It 
is therefore likely that binding of azide to the reduced 
T3 centers in T2D laccase is insufficient to promote the 



Table 1. Comparison of the binding characteristics of the azide adducts of various derivatives of laccase and ascorbate oxidase 
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Enzyme form Laccase Ascorbate oxidase 

2, (nm) Ae (M -I  cm -1) K (M -1) ref. 2, (nm) Ae (M -1 cm -1) K (M -1) ref. 

Native: 
high-affinity 

low-affinity 

Met-T2D 

410 br 630 10000 b 400 br 1000 5000 
500 br 500 500 br 1300 

400 1900 200 b 420 6000 100 
300 - 500 a 330 -2000 

450 900 455 2500 
390 sh 1000 170 c 390 sh 1700 50 
330 -1000 330 -1400 

this 
work 

br = broad, sh = shoulder 
a Estimated from the spectra reported in Allendorf et al. (1985) 
b Data from Spira-Solomon et al. (1986) 
c Data from Spira-Solomon and Solomon (1987) 
a Data from Casella et al. (1988a) 

Cu(I) autoxidation.  In addition, T2D ascorbate oxidase 
may preserve some possibility of  electron transfer  to O2 
through the sub-route provided by its ' secondary '  active 
site (Sakurai et al. 1985). 

When compared  with binding studies of  azide per- 
formed on native ascorbate oxidase (Sakurai et al. 
1987; Casella et al. 1988a), the spectral features of  the 
T3-Cu-azide adducts change when T2 Cu is removed.  
This confirms that T2 Cu is directly involved in the 
binding of  the anion in the native enzyme, as it is in 
laccase (Spira-Solomon and Solomon 1987). The over- 
all binding characteristics of  the azide adducts o f  the 
various enzyme forms, summarized in Table 1, are also 
quite similar between ascorbate oxidase and laccase, so 
that structurally related active sites are a possibility. 
However,  ascorbate oxidase contains two binuclear  T3 
Cu sites and it is likely that azide can bind to both of  
them. Although the binding experiments reported here 
do not directly prove the existence of  two independent  
and noninteract ing azide binding sites, the L M C T  
bands of  the azide adducts  of  the various derivatives of  
ascorbate oxidase are systematically about  twice as in- 
tense as those of  the corresponding derivatives of  lac- 
case, for which a single azide molecule b inds /p ro te in  
molecule. The broad optical contribution of the T3-Cu- 
azide adduct  at the ' secondary '  site must  be buried un- 
der the well-featured and intense L M C T  band  of  the 
T2-Cu-T3-Cu-az ide  center in native ascorbate oxidase. 
It is surprising to find that the affinity of  azide in the 
native oxidases, where it may be bridging between the 
T2 Cu and one of  the T3 Cu centers, is about  as low as 
that in the T2D enzymes, where it is apparent ly  termi- 
nally bound  to one a tom of  the T3 Cu couple (Spira- 
Solomon and Solomon 1987). 

It is interesting to note that binding of  azide ot met-  
T2D or native (Casella et al. 1988a) ascorbate oxidase, 
as well as to met-T2D (Spira-Solomon and Solomon 
1987) or native (Spira-Solomon et al. 1986) laccase, pro- 
duces a decrease in the absorbance at 330 nm. This ob- 
servation is important because it indicates that either 

azide replaces one of  the ligands in the binuclear  T3 Cu 
unit or causes some marked conformat ional  change at 
this site. Our binding studies of  azide to model  Cu(II)  
complexes (Casella et al. 1990) show that, for termi- 
nally bound azide, binding constants as low as those 
found here for ascorbate oxidase cannot  be associated 
with Cu(II)  centers carrying dipositive charge. Unless 
the protein backbone imposes some steric constraint to 
the coordinated azide so that its affinity for the T3 
Cu(II)  is lowered, it seems reasonable to assume that an 
anionic ligand is part  of  the coordinat ion sphere of  the 
T3 Cu(II)  ion which binds N~-. This conclusion indi- 
rectly supports  the view that some endogenous anionic 
ligand is present  in the binuclear T3 Cu unit (Spira-So- 
lomon and Solomon 1987). 

A final comment  is necessary on the remarkable  
ESR changes that we observe at the T1 Cu sites on ad- 
dition of azide, even though these sites are not involved 
in the binding of  the anion. The changes are clearly 
produced  by freezing of the solutions, since at room 
temperature  the optical and CD features of  T1 Cu are 
only slightly affected. Similar behavior  was noted pre- 
viously on addit ion of  azide to native ascorbate oxidase 
(Casella et al. 1988a). Freezing can induce local struc- 
ture rearrangements  at the T1 Cu sites but the depend-  
ence of  the ESR changes on the azide concentrat ion in- 
dicates that such changes are related to the binding of  
the ligand to the T3 Cu sites. At least part  of  the T1 Cu 
is p robably  located close to the T3 Cu site(s) and is sen- 
sitive to the variations occurring in the coordinat ion 
sphere of  the T3 Cu. 
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