
The mechanism of oxidation of myoglobin (Mb)
and hemoglobin (Hb) by divalent cupric compounds is
of interest because of the presence of similar substances
in real biological structures. These redox systems
resemble mitochondrial cytochrome oxidase, which
contains simultaneously both heme and copper active
centers.

Metal compounds with high redox potentials, such
as bipyridyl and phenanthroline Cu2+ complexes (E0 =
480 and 590 mV, respectively), react with these heme pro-
teins by the simple outer-sphere mechanism where elec-
tron transfer proceeds through overlapping π-orbitals of
the heme and the metal complex [1]. In this case, the
reaction rate is proportional to the difference of standard
redox potentials and electronic self-exchange rates of the
protein and the reagent. The reaction rate usually does
not depend on pH or ionic strength of the solution. An

essentially different mechanism takes place in reactions
of Mb and Hb with copper compounds with sufficiently
low redox potentials (E0 ~ 100-150 mV) unable to oxidize
the protein by the simple outer-sphere mechanism. In
this case, the metal compound is first complexed to some
specific protein site(s) with substitution of one or several
ligands of a metal ion by protein ligands and subsequent
intramolecular electron transfer (site-specific outer-
sphere mechanism). As a result, the reaction rate
becomes dependent also on the stability of the
metal–protein complex and factors of the medium influ-
encing its formation (pH, ionic strength) [2, 3]. For
example, oxidation of oxy-Mb by Cu2+ proceeds accord-
ing to the scheme:

k1

MbO2+Cu(II)Ln
→← MbO2 · Cu(II)Ln–m+ mL , (1)
k–1

k–2

MbO2 ·Cu(II)Ln–m
→← Mb(2) ·Cu(II)Ln–m+O2 , (2)
k2
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Abstract—The influence of Cu2+ concentration, pH, and ionic strength of the solution as well as redox-inactive zinc ions on
the rate of oxidation of sperm whale, horse, and pig oxymyoglobins (oxy-Mb) by copper ions has been studied. These myo-
globins have homologous spatial structures and equal redox potentials but differ in the number of histidines located on the
surface of the proteins. It was shown that oxy-Mb can be oxidized in the presence of Cu2+ through two distinct pathways
depending on which histidine binds the reagent and how stable the complex is. A slow pH-dependent catalytic process is
observed in the presence of equimolar Cu2+ concentration for sperm whale and horse oxymyoglobins. The curves of pH
dependence in both cases are sigmoid with pKeff corresponding to the ionization. The process is caused by the strong binding
of Cu2+ to His113 and His116, an analogous His residue being absent in pig Mb. In contrast, rapid oxidation of 10-15% of
pig oxy-Mb is observed under the same conditions (fast phase), which is not accompanied by catalysis because the reduced
copper is apparently not reoxidized. The complexing of Cu2+ with His97 situated near the heme is probably responsible for
the fast phase of the reaction. The affinity of His97 for Cu2+ must be significantly lower than those of the “catalytic” His
residues since the fast phase does not contribute markedly to the rate of sperm whale and horse oxy-Mb oxidation. Increasing
copper concentration does not produce a proportional growth in the oxidation rate of sperm whale and horse oxy-Mbs.
Which Cu2+ binding sites of Mb make main contributions to the His reaction rate at different Cu2+/Mb ratios from 0.25 to 10
is discussed.

Key words: myoglobin, copper, redox reactions



MECHANISM OF OXIDATION OF OXYMYOGLOBIN BY COPPER IONS 781

BIOCHEMISTRY  (Moscow)  Vol.  66  No. 7    2001

k3
Mb(2) · Cu(II)Ln–m → Mb(3) · Cu(I)Ln–m .               (3)

It has been shown that the immediate electron transfer
occurs in the copper complex of ligand-free deoxy-Mb
(stage 3). Dissociation of the ligand (stage 2) is rate limit-
ing for the process [2].

Transformation of oxy-Mb and oxy-Hb into oxi-
dized met-forms, which is catalyzed by small amounts of
ions or complexes of divalent copper, is of special interest
in biology [4, 5]. The reaction also proceeds through for-
mation of the specific reagent–protein complex(es)
according to Eqs. (1)-(3). Reduced copper is then reoxi-
dized by oxygen to Cu2+, providing the closure of the cat-
alytic cycle (catalysis is not observed under anaerobic
conditions). Protons of the medium participate in the
electron transfer from bound Cu+ to O2 [6]:

k4
Mb(3) · Cu(I)Ln–m + O2 + H+    →
k4
→ Mb(3) · Cu(II)Ln–m + HO2 , (4)

k–5

Mb(3) ·Cu(II)Ln–m+mL →← Mb(3) +Cu(II)Ln .          (5)
k5

The detailed physical mechanism of oxidation of
oxy-Mb by copper compounds is still not clear. One rea-
son is that sperm whale Mb, which contains the maximal
number of histidines, has been the sole object of exami-
nation. Out of twelve histidines of sperm whale Mb, five
are inside the protein and inaccessible to the solvent. The
seven histidines located on the surface of the protein at
various distances from the heme can be protonated and
bind to copper with different affinities.

From equilibrium dialysis data [7], up to six Cu2+

ions can bind to sperm whale met-Mb at various pH val-
ues. Three binding sites have apparently the highest affin-
ity for Cu2+ as they are saturated already at small
[Cu2+]/[Mb] molar ratios, from 1 up to 4 (the binding
constants correspond to 105-106 M–1). The high affinity of
these sites to copper can be explained by the formation of
chelated Cu2+ complexes with the participation of the
protein ligands. With 10-fold molar excess of Cu2+, all six
sites are saturated and denaturation of the protein is
observed. The affinity of Mb for copper is pH-dependent
because protons compete with Cu2+ for binding. Redox-
inactive Zn2+ ions evidently bind to sperm whale Mb at
the same sites as Cu2+ ions do. However, the affinity of
Zn2+ for Mb is clearly lower [7]. Even in 20-fold excess of
Zn2+, when all six sites must be occupied by zinc, the lat-
ter is easily displaced from three sites on addition of 1-4

equivalents of copper. Only one Zn2+ remains bound to
Mb in the presence of 10-fold excess of copper, i.e., com-
petes with copper for this site. The different affinity of
Cu2+ and Zn2+ for the same binding sites in Mb can be
explained by different structures of complexes formed,
square for copper and tetrahedral for zinc [1, 2]. It has
been shown [8] that only one His site in sperm whale oxy-
Mb is saturated at [Zn2+]/[Mb] ratios from 5 to 1 (the
binding constant is 4.4⋅105 M–1 at pH 6).

High-resolution NMR data on complexes of
Cu(II)NTA with sperm whale carboxy-Mb (at pH 4.7)
and met-Mb (at pH 5.4) are in accord with the results of
equilibrium dialysis of Mb and can be used to locate the
sites of metal binding [2]. The C2H and C4H resonances
of five histidines are found to be especially sensitive to
small additives of the copper complex. The resonances of
His113, His116, and His48 are widened most, and the
resonances of His12 and His119 to a lesser degree, sug-
gesting that the first three residues bind copper most
strongly.

X-Ray data have been obtained by the difference
Fourier method for sperm whale met-Mb crystals main-
tained in the presence of 3-4-fold molar excess
Zn(CH3COO)2 and 80-fold excess CuCl2 at pH 6 [9]. It
was concluded that there is only one binding site in both
cases: Cu2+ is complexed with Mb at His12(A10), and
Zn2+ near His119(GH1), which is 0.89 nm from
His12(A10). The nearby functional groups of Lys16(A14)
and Asp122(GH4) must additionally coordinate the Cu2+

and Zn2+, thus explaining the high affinity of these sites
for the metal ion as well as competition between them for
binding. The X-ray diffraction data coincide with the
above data for zinc, but contradict the NMR and equilib-
rium dialysis results for copper. Note that the interpreta-
tion of the X-ray diffraction data on Cu2+ location in Mb
is possibly erroneous because all six binding sites should
be saturated by copper at the Cu2+ concentration used.

Thus, the exact number of copper binding sites in
Mb depending on Cu2+ concentration is not clear, as
well as their location in the Mb structure. Besides, it is
not known how effective different sites are in the elec-
tron transfer from the heme and whether there is a cor-
relation between the stability of the Cu 2+–protein com-
plex and the contribution of this site to the overall oxi-
dation rate.

In the present work, kinetics of oxidation of sperm
whale, horse, and pig oxymyoglobins by Cu2+ ions has
been studied. These myoglobins have homologous spatial
structures and identical redox potentials but differ in the
number of His residues located on their surfaces. In com-
parison to sperm whale Mb, horse Mb lacks His12(A10),
which is replaced by Gln, and in pig Mb three histidine
residues, His12(A10), His113(G14), and His116(G17)
are replaced by Gln [10, 11]. The influence of pH, ionic
strength, and Cu2+ and Zn2+ concentration on the rate of
oxidation of the three oxymyoglobins is investigated.
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MATERIALS AND METHODS

Sperm whale myoglobin (fraction IV) was isolated
from skeletal muscles and purified as described earlier
[12]. Tris (Serva, Germany), CuCl2, ZnCl2, maleic anhy-
dride (chemical grade), and KCl (analytical grade) were
used without additional purification.

Oxy-Mb was obtained under aerobic conditions by
reduction of met-Mb with sodium dithionite and remov-
ing the latter by gel filtration through a Sephadex G-25
column. A complex of oxy-Mb with Zn2+ was obtained by
mixing the protein solution with concentrated ZnCl2

solution (10 µl) [8]. All experiments with zinc complexes
of myoglobin ( [Zn2+]/[Mb] ratios were 2, 5, 10, and 20)
were carried out in Tris-malate buffer (pH 6.0-7.5) in
which, unlike phosphate buffer, insoluble salts of zinc are
not formed.

The rate of oxymyoglobin oxidation was studied
spectrophotometrically by the changes in absorption at
581 or 543 nm using a Specord UV-VIS spectrophotome-
ter (Germany) with a thermostatted cuvette holder. All
experiments were carried out at 20°C. The initial concen-
tration of oxymyoglobin was 2.25⋅10–5 M. For the
required [Cu2+]/[MbO2] ratios, 10 µl of a concentrated
CuCl2 solution was added to the reaction mixture using a
Hamilton microsyringe.

Kinetic curves were monitored over the time interval
during which the reaction amplitude varied by 15-20%,
usually including its initial linear part. The reaction rate
was characterized by the initial rate (v0). The MbO2 con-
centration was determined spectrophotometrically using
extinction coefficients (M–1⋅cm–1) of 13,600 at 543 nm
and 14,200 at 581 nm.

RESULTS

The kinetic curves of sperm whale and pig MbO2 oxi-
dation in the presence of one Cu2+ equivalent (pH 7.5)
are shown in Fig. 1. The kinetics of horse MbO2 oxidation
under the same conditions coincides with the curve of
sperm whale MbO2 (Fig. 1, curve 1). The common char-
acter of the copper-induced oxidation of sperm whale
and horse oxymyoglobin differs greatly from that of pig
oxy-Mb. The first two proteins are completely oxidized to
met-Mb, and a slow process is observed in both cases. In
contrast, a fast (less than 1 min) oxidation of 10-15% of
the pig oxy-Mb is observed (fast phase), but its further
transformation to met-Mb does not occur (Fig. 1, curve
2). That is, for sperm whale and horse MbO2 there is
essentially no fast phase of oxidation, while with pig
MbO2 there is no slow phase.

Figure 2 shows the effect of pH in the pH interval 5-
8 on the rate of sperm whale and horse oxy-Mb oxidation
in the presence of one Cu2+ equivalent at low ionic
strength (I = 0.01). Both pH dependences have pro-
nounced sigmoid shape, indicating that the reaction rate
is influenced by ionization of a group with pKeff corre-
sponding to the ionization of His. The pKeff values for the
two proteins differ by 0.3-0.4 pH unit, being 6.3-6.4 for
sperm whale MbO2 and 6.7-6.8 for horse MbO2. In the
presence of 5-fold molar excess of Cu2+, the shape of the
pH dependence changes (Fig. 3), pointing to the partici-
pation of some other process dependent on pH in a dif-
ferent way.

Increasing ionic strength in the interval 0-0.1 has
practically no influence on the rate of sperm whale and
horse MbO2 oxidation in the presence of Cu2+ (pH 7.5),

Fig. 1. Kinetics of oxidation of sperm whale oxy-Mb (1) and
pig oxy-Mb (2) in the presence of one equivalent of CuCl2

(0.01 M Tris-malate buffer, pH 7.5, 20°C).
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though both reagents, the protein and the copper ions,
are charged (Fig. 4). This implies that the complexing of
copper to oxy-Mb (stage 1) does not limit the overall rate
of the process. As ionic strength is further increased to I =
0.4, the reaction rate increases 4-5-fold, which can be
explained by changes in the redox potentials of Mb and
Cu2+ [13].

The dependences of initial oxy-Mb oxidation rate on
copper concentration at pH 6 and 7.5 are identical for
sperm whale and horse oxy-Mbs (Fig. 5a). They are com-
plex in that there is no additivity in the increasing of the
reaction rate with Cu2+ concentration. Two parts can be
clearly seen on the concentration dependence curve. The
first one, at [Cu2+]/[MbO2] ratios from 0 to about 5,

where the oxidation rate initially grows with increasing
copper concentration and then reaches a plateau, and the
second, at 8-fold and more excess of copper, where a
sharp increase of the rate is observed. In the first part of
the concentration curve, up to [Cu2+]/[MbO2] ratio 3 : 1,
the oxidation rate grows linearly with Cu2+ concentration
at pH 6, while at pH 7.5 the dependence noticeably devi-
ates from linearity (Fig. 5b). The addition of Zn2+ at var-
ious [Zn2+]/[MbO2] ratios to the reaction mixture at dif-
ferent Cu2+ concentrations has no appreciable effect on
the rate of MbO2 oxidation (Table 1).

Fig. 3. The pH dependence of the rate of sperm whale MbO2

oxidation with fivefold molar excess of CuCl2 (0.01 M Tris-
malate buffer, 20°C).
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Fig. 4. Ionic strength dependence of the rate of sperm whale
MbO2 oxidation in the presence of one equivalent CuCl2 in
0.01 M Tris-malate buffer, pH 7.5, 20°C.
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DISCUSSION

The results suggest that oxy-Mb oxidation in the
presence of copper can proceed by different pathways
depending on which histidine is complexed with the
reagent and what the stability of the complex is. The slow
process taking place in sperm whale and horse oxy-Mbs is
obviously explained by strong binding of Cu2+ to His12,
His113, and His116, residues that are absent in pig Mb. It
is mainly due to the last two residues, which are identical
for sperm whale and horse Mbs (His12 in horse Mb is
replaced by Gln). Due to this, conditions arise for fast
reoxidation of reduced copper bound to the protein,
resulting in oxidation of all of the oxy-Mb by even small
Cu2+ concentrations (catalysis). This process should pre-
vail at low concentrations of Cu2+ when these binding
sites of Mb are saturated. The catalytic process is slow
because it is probably limited by the rate of Cu+ reoxida-
tion and dissociation of bound Cu2+ from myoglobin
(stages 3-5). In contrast, the fast oxidation of 10-15% of
pig oxy-Mb (the fast phase) is not accompanied by the
catalysis since in this case reoxidation of the reduced cop-
per does not occur. The Cu+ ions perhaps easily dissoci-
ate into the solution, where they are known to be slowly
oxidized by oxygen with the participation of protons [14].
Indeed, some further slow oxidation of pig oxy-Mb after
the fast phase can be seen only at pH 5.

The amino acid residues contacting the heme group
are strictly conserved in the three studied myoglobins.
Besides His, amino acids in 19 more positions are
replaced in horse and pig Mbs in comparison to sperm
whale Mb [10, 11]. However, all these replacements are
identical or homologous (except for Thr87 in pig Mb
instead of Lys87 in sperm whale and horse Mbs), which
makes it impossible to explain the special kinetic behav-
ior of pig oxy-Mb by these replacements. The analysis of
primary and spatial Mb structures shows that the nearest
environment of His residues is very similar in all three
myoglobins, so that complexes of equal affinity for Cu2+

should be formed at the Cu2+ binding sites.
Of four histidines, His48(CD6), His81(EF4),

His97(FG3), and His119(GH1), that are common for
studied myoglobins, Cu2+ binding to His48 and His97
closest to the heme (Table 2) are most probably responsi-
ble for the fast reaction phase. The greatest contribution
should be from His97, which is located only 0.62 nm from
the heme. The affinity of His97 to Cu2+ is apparently
much less than His48 and the “catalytic” His residues as
no appreciable contribution of the fast phase to the kinet-
ics of the sperm whale and horse oxy-Mb reactions is
observed even though His97 is present. The His48, His81,
and His119 residues of pig Mb not participating in the
catalysis should compete with His97 for copper binding,
in particular, His48 with the highest affinity based on the
NMR data. The fact that only ~10-15% of this protein is
oxidized at equimolar Cu2+ concentration supports this

conclusion. Lower affinity of His97 for copper can be
explained by its H-bonding to the propionate COO–-
group of the heme and a poor accessibility to the solvent
[10, 11].

The fast reaction phase was observed earlier when
studying oxidation of oxyhemoglobins in the presence of
copper ions [4, 17]. Only the β-chains of Hb are oxidized,
and these are close to Mb in their structure and redox
properties. At the same copper concentration (0.5 Cu2+

per heme), distinctions in kinetics of horse and human
oxy-Hb oxidation were revealed: 50 and 8% of the pro-
tein, respectively, was oxidized during the fast phase (3 min).
Only one Cu2+ binding site was found in horse Hb by
equilibrium dialysis, which was shown to be situated near
Cys93 on the proximal side of the heme. This is in good
agreement with the binding of Cu2+ to His97(FG4) of Hb
β-subunits, similar to His97(FG3) of myoglobins. At the
same time, two copper binding sites were found in human
Hb in which β-chains, apart from His97(FG4), contain
His116(G18) resembling His116(G17) of myoglobin. As
His116 binds Cu2+ with higher affinity than His97, the
amount of the protein oxidized in the fast phase should
decrease, as observed experimentally. Both these residues
are absent in the Hb α-chains, which are resistant to oxi-
dation by copper.

Histidine 97 in Mb and Hb plays an important role in
stabilization of the heme position. Therefore, its com-
plexing with copper should result in a changed local con-
formation and stability of the protein, thus increasing
availability of intrinsic histidines, especially distal
His64(E7), to copper. In turn, this must result in protein
denaturation. In our experiments, no denaturation of
sperm whale and horse oxy-Mbs at the Cu2+ concentra-
tions used was observed, but the denaturation of pig oxy-
Mb did take place at [Cu2+]/[Mb] ratio more than 1.
Earlier, changes in the absorption of met-Mb in the Soret
region were noted at more than twofold excess of copper
[18], pointing to changes in the heme cavity, and denatu-
ration of oxy-Hb was noted as well [4, 17].

Thus, the His113 and His116 residues that are com-
mon for sperm whale and horse Mbs are apparently
responsible for the catalysis. These histidines are close to
each other in the Mb structure (the smallest distance
between them is 0.62 nm). Another pair of histidines,
His12 and His119, present in sperm whale Mb (the dis-
tance between them is 0.89 nm), either does not partici-
pate in the catalysis at all or its efficiency is much less
than of the His113-His116 pair since the kinetics of the
oxidation of the two proteins practically coincide.
Besides, the addition of zinc ions into the reaction mix-
ture at [Zn2+]/[Mb] ratios from 1 to 20 when only one site
in the Mb structure near His119 is saturated does not
appreciably influence the reaction rate (Table 1). Also
against the participation of His119 in the oxy-Mb oxida-
tion catalyzed by Cu2+ is the lack of catalysis in pig Mb
where this residue is present. That is, His119 located in
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the same Mb region as the catalytic His113 and His116
residues does not contribute significantly to the Mb oxi-
dation even if it binds Cu2+. The same is true for the His81
residue. All discussed residues, His81, His113, His116,
and His119, are located far from the heme (Table 2).

The sigmoid pH-dependence curves for sperm whale
and horse Mbs with transition pK 6.4-6.7 that are regis-
tered at equimolar concentration of copper (Fig. 2) point
to the effect of ionization a His residue on the catalysis
rate. From the fact that the pK values found for sperm
whale and horse Mbs differ by ~0.3 pH unit, it is possible
to conclude that the rate of oxy-Mb oxidation catalyzed
by Cu2+ is influenced by ionization of His116. This His is
protonated with pK 6.5 in sperm whale Mb and with pK
6.7 in horse Mb (Table 2). Upon complexing of Cu2+ with
His113, which has the greatest affinity for copper accord-
ing to the NMR data, protonation of His116 located
nearby should increase the probability of electron tunnel-
ing from the heme to the given Mb site because the posi-
tive electrostatic potential there becomes higher. Besides,
it is very probable that the His116 ionization enhances
reoxidation of Cu+ bound to neighboring His113, which
proceeds with participation of O2 and protons, providing
an optimal arrangement of the reagents just like in
enzymes. We recently found a similar effect in the reac-
tion of sperm whale oxy-Mb oxidation catalyzed by ferro-
cyanide, where His119 ionization at the binding site of
the anion [Fe(CN)6]

4– strongly increased the reaction
rate [19].

As shown, the sigmoid shape of the pH-dependence
curves becomes less pronounced at higher Cu2+ concen-
tration, and pKeff is moved to more acidic pH value (Fig.
3). It should be noted that increase of the rate at pH < 6
is generally inherent in redox reactions of heme proteins
with different low molecular weight reagents and also in
autooxidation of oxy-Mb and oxy-Hb [1-5, 20]. The pH
dependence of oxy-Mb oxidation by copper can be due
to the influence of proton concentration on different
stages of the process. While Cu2+ binding to His residues
of oxy-Mb (stage 1) must be worsened at acidic pH
because of competition of copper ions with protons, the
rates of intramolecular electron transfer and reoxidation
of reduced copper (stages 3 and 4) should be increased
[2, 4, 5]. Since the reaction rate increases considerably
at pH < 7, complexing of Cu2+ with oxy-Mb obviously
does not limit the process. The character of the ionic
strength dependence is also in favor of this (Fig. 4). In
the course of catalytic oxidation of oxy-Mb in the pres-
ence of copper (stages 3), as well as during autooxida-
tion of oxy-Mb, the primary reaction product must be
superoxide anion. The reason for general acceleration
of reaction rates at acidic pH can be because reduction
of O2 is thermodynamically much more favorable in
the presence of protons since the Eo of the O2 +
H+/HO2 system is –37 mV, whereas for the O2/O2

–• pair
it is –330 mV [21].

The data do not completely explain the complicated
shape of the Cu2+ concentration dependence (Fig. 5, a
and b), so additional investigations are necessary.
However, well-justified assumptions can be made about
which Cu2+ binding sites give the main contributions to
the reaction rate on the first part of the curve where the
[Cu2+]/[Mb] ratio varies from 0 up to approximately 5.
According to the equilibrium dialysis data, at least three
copper ions should be bound to Mb under these condi-
tions. As His113, His116, and His48 have the greatest
affinity from the NMR data, these very residues are prob-
ably saturated first. The nonlinear character of the con-
centration dependence curve in this interval of Cu2+ con-
centrations at pH 7.5 (Fig. 5b) suggests that at least two
copper complexes take part in the catalysis with different
efficiencies. Evidently, these are the copper ions bound to
His113 and His116. At the same time, at pH 6 only the
one bound to His113 participates in the reaction.
Protonation of His116 at pH < 7 and Coulomb repulsion
of the charges interferes with binding of the second Cu2+

to His116, so that only one metal ion can then be com-
plexed in the His113 and His116 region. It is in agree-
ment with the nearness of His113 and His116 to each
other and with the influence of His116 ionization on the
catalysis. The fact that proton resonances of both his-
tidines are widened in NMR spectrum at pH 5.6 [2] can
be explained by an influence of paramagnetic Cu2+ on
both residues. The low rates of oxy-Mb oxidation at pH
7.5 with any excess of copper are apparently related to the
lack of both sufficient proton concentration and the assis-
tance from the side of protonated His116, which is neces-
sary for the reoxidation of the copper.

As to the “non-catalytic” His48 residue, it possibly
also contributes to the reaction rate in the first part of the
concentration dependence, especially for higher than
equimolar copper concentrations. The pH dependence of
this particular process is apparently different than for that
catalyzed by His116 ionization. The different shape of the
pH dependence at the ratio [Cu2+]/[Mb] = 5 (Fig. 3)
compared to the curve at equimolar Cu2+ concentration
(Fig. 2) is in favor of this interpretation.

A sharp increase in the oxy-Mb oxidation rate occurs
in the second part of the concentration curve at the ratio
[Cu2+]/[Mb] > 8 where, as already mentioned, up to six
copper ions can be bound to Mb. The rate increase can be
due to both the involvement of additional Cu2+ binding
centers and structural changes in the protein, with both
these factors acting interdependently. Because His113,
His116, and His48 having higher affinity for Cu2+ and
should be completely saturated at high concentrations of
copper, the additional contribution from Cu2+ bound to
“non-catalytic” residues His81, His119, and, in particu-
lar, to His97 located close to the heme is probable. It is
possible that in this part of the concentration dependence
even the distal His64(E7) can be involved in complexing
with copper.
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