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Native Octopus vulgaris hemocyanin (Hc) reacts
with cyanide stepwise. The first step involves the
formation of a complex HcCN with O, displacement.
This complex reacts further with cyanide causing the
removal of one copper ion from the active site. The
same reaction sequence occurs for the extraction of
the second metal ion. The formation of the HcCN
complex and the removal of the first and the second
copper ion can be differentiated according to the
KCN concentration.

The rate of metal removal is slightly affected by
KCN concentration. The kinetics are dominated by
site—site interactions. The kinetic curves show only
slight differences when the protein is in the 11 S
or 49 S aggregation states, suggesting that the site—
site interactions are restricted mainly within the 11 S
structure. A kinetic model describing the removal of
the first copper ion is proposed assuming that the
11 § component (MW 250,000) is an annular-shaped
structure made by five equivalent functional subunits
(MW 50,000). An explanation for the incomplete
copper removal from molluscan Hc is given. The
results are compared with those previously reported
for Carcinus maenas Hc.

Introduction

Hemocyanins (Hcs)™ are deeply blue coloured
coppercontaining proteins which play the role of
oxygen carriers in the hemolymph of several in-
vertebrates belonging to the phyla of Mollusca and
Arthropoda [1]. These proteins, in the oxygenated
form, contain at the active site a pair of antiferro-
magnetically coupled Cu(ll) ions. Oxygen is re-
versibly bound to the binuclear metal center as a
peroxide bridge between the two Cu(Hl) ions [2]. The
Cu(ID)—peroxide (2Cu:10,%7) complex is the
chromophore responsible for the rather unusual
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spectral properties of oxy-Hc. In the deoxy-form, the
metal is present as Cu(I) and the protein is colourless.
The absorption spectrum of oxy-Hc shows a strong
band at A ~ 345 nm (¢ ~ 20000 M ! cm ') and a
reasonably intense transition at X ~ 570 nm (e ~
1000M ' cm™!) [3].

Although no significant difference can be found in
aminoacid composition [4] and spectral properties of
the copper bands [3], molluscan and arthropod Hcs
differ widely in copper [1] and sugar content [5], in
the minimal molecular weight obtainable under
dissociating conditions and in quaternary structure
[1].

Good ligands of cupric copper as EDTA or diethyl-
dithiocarbamate as well as ligands of cuprous copper
like thiourea, thiocyanate ezc. are unable to remove
the metal from the active site in both oxy- and
deoxy-Hc. Copper-free Hc is obtained only by
cyanide treatment. The apoprotein maintains the
tertiary and quaternary structures [6] and can be
reconverted to the native protein using various Cu(l)
complexes [7-9].

Some differences, however, exist between
molluscan and arthropod Hc in their reactions with
cyanide. Whereas in molluscan Hc the removal of
copper does not exceed 85%, even after prolonged
incubation with cyanide, an apoprotein containing
less than 2% of the original copper can be easily
obtained from arthropod He [1].

Previous studies [10, 11] of the reaction between
cyanide and Hc indicated that the first step of the
reaction is the formation of a complex between CN~
and Hc with O, displacement. This complex further
reacts with CN™ leading to the loss of one copper ion
from each active site. The same reaction sequence
also occurs for the second copper ion leading to the
formation of the apoprotein.

In this work the removal of the first copper ion
(here called ‘fast reacting copper ion’) from the
Octopus v. He active site has been studied at various
KCN concentrations. In addition, the reaction was
also carried out on the protein either in the aggrega-
tion state of 49 S (in 100 mM CaCl,) corresponding
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to the whole molecule or in the aggregation state of
11 S corresponding to a 250,000 D [12] dissociation
product. The time dependence of the following
parameters has been determined during the reaction
with CN: a) absorption at 348 nm (copper—oxygen
band), b) copper still bound to the protein, ¢)
intrinsic fluorescence.

The data have been interpreted in terms of a reac-
tion model which provides useful information on the
structure of the protein and on the site—site inter-
actions, Furthermore, the results obtained for
Octopus Hc are compared with those reported for
Carcinus He [11]. It is concluded that although
molluscan and arthropod Hcs have quite similar
active site organizations, they show different active
site accessibilities towards external ligands which may
be a consequence of the differences in their qua-
ternary structures.

Experimental

Materials and Methods

Octopus v. He was prepared as described elsewhere
[13]. The hemolymph was collected from living
animals at the Zoological Station of Naples.

Chemicals were of analytical grade and were used
without further purification.

Protein concentration was determined spectro-
photometrically using the absorption coefficient
E%% = 143 in Tris/HCl buffer pH = 8.0 u = 0.1.
The absorbance was corrected for the light scattering
contribution [13].

Absorption spectra were recorded with a Perkin-
Elmer 576 spectrophotometer.

Fluorescence spectra were recorded with a Perkin-
Elmer MPF 4 spectrofluorimeter, equipped with
a thermostatted sample holder, using the ‘ratio’
mode to correct for the light source fluctuations. No
correction was applied for the variations of the mono-
chromator and photomultiplier response as a function
of the wavelength. Sample solutions having absor-
bance values lower than 0.05 at the excitation wave-
length were used to minimize inner filter or self-
absorption effects.

Copper was determined by atomic absorption
using a Perkin-Elmer Mod 300 spectrophotometer.
Kinetic measurements of copper removal were done
using a dialysis tube (diameter = 0.7 cm) having inside
a glass rod of 0.5 cm diameter, to minimize the
dialysis time of the reaction products. The efficiency
of copper removal from the solution inside the
dialysis tube was checked using a solution of the
cyanocuprate complex. The reaction with cyanide
was made using 4 ml of Hc solution (4 mg/ml) in
Tris/HCI buffer pH = 8.0 4 = 0.2 containing either
100 mM CaCl, or 20 mM EDTA which was dialyzed
against the same buffer containing the desired con-
centration of cyanide. At different reaction times,
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200 ul of the Hc solution were withdrawn, diluted
with 2 ml of the same buffer (without KCN) and
dialyzed against 100 ml of buffer to remove the
copper released and the excess cyanide, After 24 h,
the absorption spectrum between 230—450 nm was
taken and the copper content determined. Fluo-
rescence spectra were obtained after dilution of 50 ul
of the samples with 3 ml of buffer. The dilutions used
were large enough to stop the reaction. Experiments
were done also at pH 5.8 and 8.5. In some experi-
ments the protein was directly incubated with
cyanide; aliquots taken at different intervals were
dialyzed and analyzed. All experiments were carried
out at 20° + 0.1 °C.

Results

In the presence of KCN concentrations lower than
1 mM, Hc loses the copper—peroxide absorption band
(Amax = 348 nm) and the rate and the extent of the
process depend on the KCN concentration. The band
is almost completely restored after the removal of
cyanide,

At higher KCN concentrations a time dependent
decrement of both the Cu—0,?~ absorption band and
of the copper content occurs. When the experiment
is carried out by direct incubation of the protein with
KCN, followed by dialysis of samples at different
reaction times, the kinetic curves describing the
residual copper bound to the protein and the
absorbance at 348 nm show a fast decrease followed
by an upward curvature (Fig. 1). This kinetic profile

1 2 3 4 5 6 7
Time (h)
Fig. 1. Kinetic curves obtained by direct incubation of Hc
with 20 mM KCN at T = 21.0 * 0.2 °C. Time-<ourse of
residual copper (®) and of residual absorbance at 348 nm
(O) expressed as the percentage of the initial values. Tris/HCl
buffer pH = 8.0 u =0.2.

shows that when Octopus Hc is incubated with
cyanide, the ligand extracts the metal forming a
copper—cyanide complex. The presence of an upward
curvature indicates that after a certain incubation
time the apoprotein formed during the reaction is
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Fig. 2. A) Decrease of the 348 nm absorbance of Hc in 49 S aggregation state at different KCN concentrations: () 5 mM, (O) 10
mM, (O) 15 mM, (@) 25 mM, (4) 48 mM. The data are expressed as in Fig. 1. Tris/HCl buffer pH = 8.0 u = 0.2 plus 100 mAM
CaCl, T =21.0 £0.2 °C. The curves are calculated according to eqn. 1 using a non-linear least-squares method. B) Semilogarithmic
plots obtained from the data reported in A). A and Ap indicate the absorbances at 350 nm measured at time zero and t respec-

tively.
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Fig. 3. A) Decrease of the 348 nm absorbance of Hc in the 11 S aggregation state at different KCN concentrations: (@) 5 mM, (O)
10 mM, (m) 20 mM, (4) 30 mM. The data are expressed as in Fig. 1. Tris/fHCl buffer pH = 8.0 u = 0.2 plus 20 mM EDTA. T =
21.0 £ 0.2 °C. The curves are calculated according to eqn. 1 using a non-inear least-squares method. B) Semilogarithmic plots

obtained from the data reported in A). 45 and Ayas in Fig. 2

reconstituted. This effect may be due to the lower
diffusion rate of the copper—cyanide complex as
compared to that of the free cyanide ion and to the
capability of this complex to reconstitute apo-Hc
[7, 10]. When the experiment is done by continuous
dialysis, the cyanocuprate complex is continuously
removed and the kinetic curves do not show upward
curvatures.

The removal of cyanocuprate is described by a
single exponential with a t,, of about 6 min, negligi-
ble compared with the time scale of the reaction
between CN~ and Hc so that the procedure as above
described was employed for all the experiments. The

B.

decrease of the concentration of the sites containing
two metal ions can be measured by following the
time dependence of the 348 nm absorption band. In
Figs. 2A and 3A are reported the kinetics observed at
different KCN concentrations at pH 8.0 and in the
presence of either 100 mM CaCl, or 20 mM EDTA
respectively. In these plots the intensity of the 348
nm band is reported as a percentage of the value
measured at the time zero of reaction. The cor-
responding semilogarithmic plots are reported in Figs.
2B and 3B.

The reaction rate is slightly influenced by cyanide
concentration and the curves cannot be described by
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a single exponential. The slope of the semilogarithmic
plots decreases indicating a continuous decrease of
reaction rate with time. No large differences are
evident either in the presence of calcium (syq0 = 49
S) or in the presence of EDTA (5,40 = 11 S).

The effect of pH (5.8 and 8.5) on the reaction rate
was investigated using Hc either in the 49 S or in the
11 S aggregation states (Fig. 4A). In both cases the
rate of the 348 nm absorption decrement increases
with pH. This effect is, moreover, more pronounced
when the protein is in the 11 S form.
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Fig. 4. A) Time-course of the 348 nm absorbance of Hc in
the 49 S aggregation state at pH = 5.8 (O) and 8.5 (®) and of
Hc in the 11 S aggregation state at pH 5.8 (&) and 8.5 (4).
KCN concentration = 48 mM in the 0.2 M Tris/HCI buffer or
0.2 M Tris/acetate. T = 21.0 * 0.2 °C. B) Time-course of the
residual copper of Hc in the 49 § or 11 S aggregation states
at pH 5.8 and 8.5. Conditions and symbols as in Fig. 4A.

In Fig. 5 (A, B) are reported the kinetics of the
copper removal at various KCN concentrations and
using Hc in the 49 S (Fig. SA) or 11 S (Fig. 5B). The
figures show the plots of the copper still bound as a
function of time. The former parameter is reported as
percentage of the copper content in Hc at various
times of reaction with respect to the content at time
zero. The copper still bound to the protein decreases
with an initial rapid phase accounting for the loss of
about 50% of the copper content in native Hc, fol-
lowed by a much slower phase.

The copper content determined after 24 h is
essentially independent of both aggregation states
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Fig. 5. A) Time-course of the residual copper of Hc in the 49
S aggregation state. Conditions and symbols as in Fig. 2. B)
Time-course of residual copper of Hc in the 11 S aggregation
state. Conditions and symbols as in Fig. 3.

of the protein and the cyanide concentration used
and reaches a constant value of about 15—18%. The
same value was observed after 96 h of dialysis.

The effect of pH on the kinetics of copper removal
is shown in Fig. 4B. The results are very similar to
those observed in Fig. 4A for the 348 nm band. The
changes in the fluorescence emission intensity of
Hc in the 11 S state during the reaction with CN~ are
reported in Fig. 6 for different concentrations of the
ligand. The emission intensity F is normalized to the
emission of the protein in absence of CN™ (Fy). The
limiting value of the ratio F/F, is always equal to
about 5. The trend of the curves is similar, and shows
that regardless of the concentration of CN~ the
process involves several phases.

The experimental data have been interpreted on
the basis of a kinetic model assuming that the 11 S
component is an annular structure made by five

equivalent functional subunits. The extraction of one
metal ion from a site leads to the abolishment of the
site-equivalence by modifying in the adjacent sites the
rate constant of the copper removal.
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Fig. 6. Time-course of the emission fluorescence intensity of Hc in the 11 S aggregation state. Fg is the fluorescence intensity in
the absence of KCN. Aexc = 295 nm; emission Apay = 330 nm, KCN concentrations: (0) 5 mM, (&) 10 mM, (w) 20 mM, (®) 30
mM. The fluorescence intensities are normalized to the same protein concentration. Conditions as in Fig. 3.

Different rate constants for the reacting sites have
been assumed according to the loading situation of
the adjacent sites; namely: k, if the sites adjacent to
the reacting one are still double-copper loaded, k&, if
one is double- and the other one is single-copper
loaded and k; if both adjacent sites are single-copper
loaded. Taking into account the statistical effects, the
following reaction model for the loss of the ‘fast
reacting’ copper ion is proposed:

Az
Sky 2%, / \
Ag > A, —>A13\/ —> AR
A13s

where A4 is the concentration of the 11 S component
containing all five sites double-copper loaded; 4,,
Ais, ..., AT are the concentrations of components
containing single-copper loaded sites at the position
1,1 and 3,and 1, 2, 3,4, 5, respectively, efc. Asthe
value of k; can be presumed to be much higher than
ky and k3, some possibilities have been omitted.
Furthermore, the reaction between the site and CN~
has been considered as pseudo first-order, the CN~
concentration being in large excess with respect to
the site concentration. The curves (Figs. 2, 3)
describing the time dependence of the Cu—0,%"
absorption band, which is proportional to the con-
centration of unremoved ‘fast copper’, have been
calculated according to the following equation,
obtained from the mathematical treatment of the
model (see Appendix):

e el b e+ (5~ Zi)e R =4
1)
where A represents the concentration of still un-

reacted ‘fast copper’ ions at the time ¢ (taking 4q =5
and A =0) and

10k, 2 2k, + ks ]
S S S [ BT
5k, — 2k, ~k3) | 3 Sk, — ks
(2)
- 10k, 4 k,
={6.66 + — +
2, — 2k, — ka3 2Ky — ks
k3(2k, —k, — k
32k, —ky — k3) ~1]§ 3)
3(ky — k) (2ky ~ ki)

10 k(s — Ks)(Thy — 4)
O3 = — (4)
3 (2ky — k3)(Sky — 2k} (ky — Ka)

It is evident that the coefficients of the various
exponentials change according to the values assigned
to ky, k,, k3. So, this equation is more rigid than may
be supposed from the number of the exponentials.

In Table I, the values of the apparent mono-
molecular rate constants k;, k, and k3, in different
conditions, are reported together with the calculated
bimolecular rate constant.

The theoretical curves of Figs. 2 and 3 have been
calculated using k,, k, and k; values arising from the
application of the least squares method to all data
simultaneously.
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Discussion

Native Octopus v. Hc reacts stepwise with KCN
[10]. The first step is the formation of the colourless
HcCN complex by displacement of O,. At KCN con-
centrations lower than 1 mM, the system is re-
presented by the following equilibria (site—site inter-
actions are not considered):

Hc+0, = HcO, (blue)
Hc + CN” —= HcCN  (colourless)

In agreement with the presence.of two equilibria,
after KCN removal the Cu—0,2~ absorption band
centered at 348 nm is almost completely recovered.

At higher KCN concentrations, the HCCN complex
further reacts with cyanide leading to the removal of
one copper from each active site. Actually, no recovery
of the Cu—0,%~ absorption band, which is a measure of
the ‘doublecopper’ loaded sites, is observed when
more than 50% of the total copper is removed. The
time<course of copper removal shows the kinetic
inequivalence of the copper ions in the active site.

This conclusion can be inferred also by electron
addition experiments [14] and by isotopic exchange
using *Cu* complexes [15]: only one half of the
total copper of Hc is, respectively, reduced or
exchanged. Clearly, one of the two copper ions in the
active site is shielded from interactions with the
external medium. The structure of the Hc active site
has been widely investigated. In the proposed model,
oxygen is bound as a peroxide bridge between two
Cu(Il) ions. Histidine (2 or 3 per Cu) and probably a
bridging phenolate are the protein ligands [3]. Ac-
cording to the results presented herein, the protein
moiety plays very important roles in the inequivalent
shielding of the two metal ions and is responsible for
the strong site—site interactions. We call ‘fast reacting
copper ion’ the copper ion which is removed more
rapidly and ‘slow reacting copper ion’ the other one,

The model previously proposed.for interpreting
the reaction between Octopus v. He and cyanide [10]
assumed that the removal of the ‘fast reacting’ copper
ion was an homogeneous process described by a single
exponential. The change of the rate constant (see
Figs. 2B and 3B) during the reaction course clearly
shows that this process is more complex than pre-
viously reported, involving strong negative site—site
interactions. Two levels of molecular organization are
present in molluscan Hcs. The 49 S structure is a
polymer of the 11 S component (MW ~ 250,000 D)
which in turn arises from the covalent linkage of S
functional units (MW ~ 50,000 D) [12]. The close
similarities between the kinetic curves obtained for
the two aggregation states suggest that the 49 S can
be considered a modulating structure of the 11 S.
Actually, the latter is the basic unit mainly responsi-
ble for the site—site interactions.
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The same suggestion is provided by oxygen-
binding experiments [16]. This allows the elaboration
of a kinetic model for the Hc—CN~ reaction by
defining only the structural organization of the 11 S
component.

The experimental data are well described by
assuming that the 11 S component contains 3 fast
and 2 slow reacting sites. However, this model must
be discarded since this inequivalence in Octopus v. He
is not supported by any experimental evidence. Also
a linear structural model, made by 5 subunits linked
in a necklace structure cannot be accepted. In fact,
in a structure of this kind, the two end-subunits
would behave quite differently in comparison to the
inner ones.

Therefore, a kinetic model has been elaborated on
the assumption that 11 S component is an annular
structure made by five equivalent functional subunits.

Structures of this kind have been observed in elec-
tron micrographs of Fissurella [17] and Octopus Hcs
[18]. The theoretical curves calculated on the basis
of this structural model give a very satisfactory inter-
polation of the experimental data. The comparison
between the k values obtained for the two aggrega-
tion states allows us to conclude that the 49 S Hc
shows a small increase of the metal accessibility and
a small decrease of the site—site interactions. In the
49 S form, Hc contains many Ca(Il) ions linked to
the protein matrix [19]. This makes the molecule
more rigid and compact, leading to the observed
effects on the rate of the process with CN". Actually
it is incorrect to consider the 49 S structure as a
mere aggregation of several 11 S components. In fact
the polymerization occurs via Ca(Il) binding which
clearly introduces new constraints in the molecular
organization. This may lead to a simple interpretation
of pH effect. In fact the differences between the
curves obtained at pH 8.5 and 5.8, in the presence of
CaCl,, can be attributed to the increased dissociation
of the weak acid HCN. In the presence of EDTA, the
additional effect of pH can be attributed to the
swelling of the protein depending on the increase of
the electrostatic potential and on the elimination of
Ca(Il) constraints. The combination of these effects
would lead to greater accessibility of the sites.

The data describing the total copper removal
confirm previous results on the kinetic differences
between the two copper ions in the Ocropus v. He
active site. The difference in the extraction rate
between ‘fast’ and ‘slow’ reacting copper ions is very
large under both sets of conditions used. The kinetics
of the ‘slow reacting’ copper removal have not been
analyzed in detail; however it is evident from Figs. 4
and 5 that this reaction is complex too. The negative
cooperation between sites would be so strong as to
prevent the total removal of the metal. It must be
emphasized that, when the protein still contains 15%
of the original copper, 30% of sites are single-copper
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loaded. We have recently selected experimental con-
ditions to obtain an apoprotein from molluscan Hc
containing no more than 2% of the original copper
and a half-apo derivative containing more than 95%
of single-copper loaded sites [20]. Work is in progress
to define the kinetic behaviour of the reaction be-
tween the ‘slow reacting’ copper ion and cyanide
using half-apo Hc.

The trend of the fluorescence curves as a function
of time may be interpreted on the basis of the quite
different quenching effect on the intrinsic protein
fluorescence exerted by the two metal ions: the fast
reacting copper ion is responsible for about 95% of
the quenching effect; the other one exerts no signifi-
cant influence [20]. The presence in the fluorescence
curves of various relative minima could imply that the
removal of the ‘slow reacting’ copper ion may occur
via transfer to the ‘fast’, free site.

Some interesting considerations can be drawn
from the comparison between the results obtained for
Octopus v. and Carcinus m. Hc [11]. In Octopus v.
Hc the formation of the HcCN complex can be easily
distinguished from the reaction of metal removal by
the KCN concentration; furthermore, the reaction
rates of the two copper ions are very different, In
Carcinus m. Hc the above reactions are indistin-
guishable, as HcCN complex formation is the rate-
limiting step. The kinetic difference between the
two metal ions in the active site is much smaller. This
observation also explains why attempts to prepare
half-apo Hc have been successful only in the case of
molluscan He [2]. Even if the kinetic model is similar
for both proteins, in Carcinus m. Hc the apparent reac-
tion order with respect to CN™ is 2, involving a very
large effect of the KCN concentration on the reaction
rate. In spite of the complexity of 16 S and 24 S
components of Carcinus m. Hc, negligible site—site
interaction has been found. The observed differences
between Octopus v. and Carcinus m. Hc can be
explained in terms of different accessibility of the site
on the whole molecule, and of the two metal ions
within the active site, even though the overall struc-
ture of the active site is similar in both He [3].

Appendix

The model describing the removal of the ‘fast
reacting’ copper ion from the Octopus v. Hc active
site is:

A 123

N
o

A 135

Sky 2k,

Ag— A, —Ap A”——PA"

/\
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where A, is the concentration of the 11 S component
containing all 5 sites doublecopper loaded and A4,
A3, etc. are the concentrations of the 11 S com-
ponent containing the sites in position 1, | and 3 efc.
single-copper loaded, and

Mo 514
dt 1“10

dd4,
“ =Sk Ag — 2kA,
dr

1Ay — (2ky + k3)A 3

dA 23
=k3A13 — 2k2A4 123
dr
dA 35
=2kyA 3 — 2k3A 35
dr
f
& =2kaA 123 t 2k3A 135 — k3Ala
dA (o]
P = kAR

A=54¢0+44 +3A413 + UA 3 +A135) tAR

A is the total number of the sites still double-copper
loaded when the initial A4 concentration is equal to
1. The first differential equation can be easily
integrated. All the others, then, assume the form of
the first-order linear differential equation:

y' =f(x)y +g(x)
whose general integral is:
y =exp(ff(x) dx) {/g(x) exp(—ff(x) dx) dx} +¢

All values Ay, A,, ..., A{ can be obtained as a
function of time. The final equation for A4 is:

2 2k, +k B
__273]_1.66§x
3 Sky — ks

10k, 4k
2ky — 2k, — ks |3 2ky — k3

[10 ki(ky — k3)(Tky — 4k,)
3 (2, — k3)(Sky — 2k)(ky — kz)]

10k, [
(5ky — 2k, — k3)

X e Skt +36.66 +

N k3(2k,— ky — k3)
3(ky — k2)(2ky — k)

"Zk t

+ (5 - Ziai)e_k3t =A

where «; are the coefficients of the exponential
terms.
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