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The Reaction between Cyanide and the Hemocyanin of Carcinus Maenas.

A Kinetic Study
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The kinetics of the reaction between Carcinus
maenas hemocyanin and cyanide has been studied at
various KCN concentrations and at different tempera-
tures (21° and 4 °C) by following the decrease of the
copper-peroxide absorption band, centered at 337 nm,
of the copper still bound to the protein and the
intrinsic fluorescence changes as functions of time.
In all conditions used, the absorption band com-
pletely disappears and KCN concentration affects
only the rate of the process. The reaction is kinetical-
ly homogeneous indicating no site—site interaction.
The apparent rate constant increases with the square
of cyanide concentration and the inverse of Q, con-
centration. The copper still bound decreases at a
rate slower than the 337 nm absorption and the pro-
cess is not kinetically homogeneous. The fluores-
cence of the protein increases after an induction
period showing an inflection point at about 50% of
the total effect. A kinetic model has been proposed
on the assumption that the two metal ions are re-
moved sequentially from the active site. The experi-
mental data are in agreement with the theoretical equa-
tions derived from the model. The equilibrium con-
stants for the formation of the complex between the
first and the second copper ion with cyanide and the
rate constants of their decomposition have been cal-
culated. The rate-limiting process for the removal
of the second copper ion is the formation of the
complex with cyanide.

Introduction

Hemocyanins (Hcs)* are oxygen-carrying multi-
meric proteins which are found in the hemolymph of
several invertebrate species belonging to the Mollusca
and Arthropoda [1].

These proteins contain a pair of copper ions at the
active site. In the oxygenated state the two metal
ions are present as Cu(II) and are antiferromagnetical-

+Abbreviations used: CD: Circular dichroism. Hc: Hemo-
cyanin,
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ly coupled [2]. The oxygen is bound as peroxide in
the ratio 1 0,%7:2 Cu(Il) [3]. In the deoxyform the
metal is present as Cu(l). The optical spectral prop-
erties of oxy-Hc are rather unusual: the near UV.—
visible spectral region is dominated by a strong band
at A\~ 345 nm (e ~ 20,000 M ! cm™! per binuclear
copper site) and a reasonably intense transition at A
570 nm (e ~ 1,000 M! cm™). These spectral fea-
tures, responsible for the blue colour of oxy-Hc,
result from the binding of oxygen to the copper
active site and are completely absent in deoxy-, met-
and apo-Hc [4].

Cyanide has been known for a long time to cause
the decoloration of oxy-Hc and the removal of the
metal from the active site. The loss of colour was at-
tributed to the displacement of oxygen which paral-
lels the formation of a complex between copper and
cyanide [5]. Subsequently it was demonstrated that
cyanide actually extracts the metal from the active
site [6]; hence the reaction was reinterpreted as a
metal partition between the active site and the ex-
ternal ligand. On this basis Felsenfeld {7] calculated
the equilibrium constants for the dissociation of the
copper ions. The formation of a Hc—CN~ complex
has been inferred also from the modifications of the
CD visible spectra, induced by small amounts of
cyanide [8].

A further peculiarity of this reaction arises from
the kinetic inequivalence of the two copper ions
which are sequentially removed: under carefully
defined conditions a single copper ion can be selec-
tively displaced and the half-apo Hc is obtained
[9, 10]. The experimental evidence for the reaction
of CN™ with Hc indicates the occurrence of two dis-
tinct processes: the loss of color as the consequence
of the formation of a complex Hc—CN and its de-
composition which leads to the metal displacement
[9].

The study of this reaction can give useful informa-
tion on the relationship between the two metal ions,
and the complex stability, the site accessibility, the
conformational modifications of the protein and the
cooperative interaction within the quaternary struc-
ture.

© Elsevier Sequoia/Printed in Switzerland
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According to their peculiar properties at the level
of quaternary structure, Hcs can be divided into three
classes: molluscan Hc, crustacean Hc and the Hc of
Arachnomorpha [11]. A detailed study of the reac-
tion with cyanide has been undertaken in our labora-
tory using Octopus vulgaris, Carcinus maenas and
Limulus polyphemus as representative species of the
above-mentioned groups. In this paper the results
obtained with Carcinus maenas Hc are reported. The
dependence of the reaction rate vs. cyanide concen-
tration, oxygen partial pressure and temperature has
been studied following the absorbance of the copper—
peroxide band at 337 nm, the protein fluorescence
and the copper still bound to the protein, as func-
tions of time.

Experimental

Materials and Methods

Fresh hemolymph was collected with a syringe
from the dorsal lacuna of living animals, filtered on
gauze and centrifuged at 3000 r.p.n. The clear
supernatant was diluted 1:1 with Tris/HCl pH=7.2,
u = 0.1 containing CaCl, 20 mM. Solid (NH,;), SO,
was added up to a final saturation of 52%. After 1 -2
hours, the bluish suspension was centrifuged at 15000
r.p.am., the pellet was redissolved in the same buffer
and reprecipitated as above.

The protein solution (60—80 mg/ml) was dialyzed
against Tris/HCl buffer for 48 hours; sucrose (18%
w/v) was added and the final protein solution was
stored at —20 °C. Alternatively, the protein was pre-
pared by double sedimentation in the Spinco-Beck-
man Mod. L 50 preparative ultracentrifuge at 60000
r.p.m. for 5 hours. All operations were carried out at
4°C.

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

Protein concentration was determined spectro-
photometrically using the values £93i% = 1.41 in 0.5
M NaOH and E%%®=1.24 in Tris/HCl u=0.1,
pH 8.0. The absorbances were corrected for light
scattering as described elsewhere [12].

Optical spectra were taken with a Perkin-Elmer
Mod. 402 spectrophotometer equipped with a repeti-
tive scanning device and thermostatted cell compart-
ment.

Fluorescence spectra were recorded with a MPF
4 Perkin-Elmer spectrofluorimeter equipped with
a thermostatted cell compartment. Copper was
estimated by atomic absorption, using a Perkin-
Elmer 300 spectrophotometer.

Solutions containing 4-5 mg/ml of protein in
Tris/HCl buffer pH 8.0, u=0.1 plus 20 mM CaCl,
were used for kinetic measurements. Two series of
experiments were carried out, at 4°+0.1 °C and
21+0.1 °C respectively. The solutions were pre-
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pared with thermostatted buffer equilibrated with
air moistened by bubbling through two wash-bottles
containing the same buffer at the same temperature.

To 5 ml of protein solution, different amounts
(50—500 ul) of freshly prepared 0.25 M KCN in the
same buffer were added. A portion of the reaction
mixture was used for repetitive automatic recording
of the absorption spectra between 300 and 390 nm.
The remaining part was employed for the measure-
ment of the copper still bound and of the fluores-
cence. For copper determinations, 200 ul aliquots of
the reaction mixture, collected at different times,
were diluted in 2 m] of buffer; after 48 hr of dialysis
against the same buffer in the cold, the ratio Cu/Hc
was measured. Preliminary experiments with both
apo and native protein solutions containing different
amounts of added Cu* and CN™ indicated that, under
these conditions, dissociated copper is completely
eliminated.

Fluorescence spectra were taken at different times
on samples obtained by diluting 20 ul of the reaction
mixture in 3 ml of buffer. The absorbance of these
solutions at the excitation wavelength (280 nm) was
about 0.03 to avoid corrections due to the inner
filter effects. The spectra were monitored in the ratio
mode to minimize the errors arising from lamp fluc-
tuations.

Kinetic experiments at different pO, were done
using a rubber septum-stoppered tonometer of 70 ml
total volume provided with a quartz cuvette of 1 cm
light path. To the Hc solution equilibrated at the
desired O, pressure, a measured volume of 0.25 M
KCN solution was injected through the septum. These
experiments were carried out at 21° 0.1 °C and at a
final KCN concentration of 7.11 X107 M. The
determination of the equilibrium constants of Hc
with O,(Ko,) was made using a tonometric method

[13].

Results and Discussion

At concentrations lower than 1 X 10™* M, cyanide
does not affect the spectral properties of native
Carcinus Hc. At higher concentrations, a time-depen-
dent decrease of the absorbance at 337 nm is ob-
served. In all cases, the absorption band completely
disappears, and the cyanide concentration affects
only the rate of the process (Fig. 1A). As cyanide was
in large excess over Hc in all experiments, its con-
centration can be considered time-independent.

In Fig. 1(A, B), the results of a typical experiment at
21 °C are shown. The semilogarithmic plot of In
Ao/A; vs. time gives a straight line intersecting the
origin. In all kinetic experiments the absorbance
values were corrected for the absorbance, A., at
the end of the reaction to correct for the residual
protein absorption.
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Fig. 1. (A) Automatic recording of the copper—peroxide
absorption band (310-365 nm) during the reaction of
Carcinus maenas  hemocyanin (5 mg/ml) and cyanide
(24 mM) at T =4°C, at = 100 sec. Ay and A, indicate the
absorbances at 337 nm recorded at time zero and at the end
of reaction. (B) Semilogarithmic plot of the absorbance at
337 nm vs. time using the data from (A).

The slope (k,pp) increases with increasing KCN
concentration both at 4° and 21 °C following a para-
bolic trend (Fig. 2A, B). In fact, a straight line is ob-
tained when the data are plotted vs. the square of
cyanide concentration. The comparison of the data
obtained at the two different temperatures dis-
closes a large temperature dependence of the reaction
rate.

The effect of cyanide on the optical spectrum of
Hc is strongly depressed by increasing the O, concen-
tration: the plot of the observed pseudo-first order

rate constants (k,,;) versus the O, concentration
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Fig. 2. Dependence of kapp from cyanide concentration (o)
and from the square of cyanide concentration (e). (A) Data
obtained at 4 °C. (B) Data obtained at 21 °C. Protein concen-
tration ~5 mg/ml in Tris/HCI pH 8.0 u = 0.1

shows an hyperbolic trend (Fig. 3): a straight line
is obtained when the reciprocal of O, concentration
is reported in the abscissa (Fig. 3).

In all experimental conditions the decrease of the
absorbance at 337 nm can be described by a single
exponential. The time dependence of the copper still
bound, however, shows differences according to the
temperature of the experiment.

In Fig. 4 are reported plots of the dependency of
As3,, the absorbance at 337 nm (A, D), the copper
still bound to the protein (B, E) and the increase of
protein fluorescence (C, F) against the time of reac-
tion with cyanide at 4 °C (A, B, C) and 21 °C (D, E,
F). The values of 433, and the copper still bound
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Fig. 3. Dependence of kypp from O, concentration (o) and
from 1/0; concentration (e); 7=21 °C; 7.11 mM KCN,
Protein concentration ~5 mg/ml in Tris/HCl pH 8.0 u = 0.1.

measured during the reaction are reported as a per-
centage of the corresponding values in the native
protein. The changes in the fluorescence emission
intensity (F) at Agp =345 nm (Aey = 280 nm) of
Hc are reported as F/F, where Fy is the fluores-
cence measured in the absence of CN™,
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At 4 °C the amount of copper still bound de-
creases more slowly than the absorbance at each KCN
concentration; furthermore the process cannot be
described by a single exponential. At 21 °C a biphasic
trend is evident especially at low cyanide concen-
trations. Copper is removed in two sequentially linked
steps each involving 50% of the total metal content. The
first step approximately follows the absorbance de-
crease. In the second step, after an induction time, the
rate suddenly increases up to the value of the first one.
The increase of KCN concentration reduces the dif-
ference in the rates of the processes involving the ab-
sorption band and the copper release. This occurs at
both temperatures.

The trends of the F/F, ratio vs. time are quite
similar at 4 °C and 21 °C. An induction time is ob-
served especially at 4 °C and at low KCN concentra-
tions; moreover an inflection region appears which
is more evident at 21 °C. Upon increasing the KCN
concentration the curves become smoother and the
induction time shortens. The limiting value of the
F/|F, ratio is about 5.

Native Carcinus maenas Hc exists in the hemo-
lymph as large aggregates having a characteristic

1 i 1  — | 1 1 1 L
20 40 60 80 100
Time (min)

Fig. 4. Time dependence of the absorbance at 337 nm (A, D), of copper still bound (B, E) and F/Fg ratio (C, F) at 4 °C (A, B, C)
and 21 °C (D, E, F). Letters and symbols refer to different KCN concentrations: at 4 °C (A, ), 9.15 mM; (B, ©), 11.5 mM; (C, »),
13.7 mM; (D, 2), 15.8 mM; (E, 0), 20.0 mM; (F, ), 23.4 mM; at 21 °C: (A, 2), 2.4 mM; (B, 9), 3.56 mM; (C,»),4.75 mM; (D, o),
5.88 mM; (E, e), 7.05 mM,; (F, &), 8.16 mM. Buffer: Tris/HCl pH 8.0 » = 0.1.
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structure and sedimentation coefficients of 24S and
16S. These aggregates are stable up to pH 10. The
removal of copper does not induce dissociation. When
native Hc is compared with apo-Hc, only minor
structural differences are observed [14].

The reaction with cyanide must be considered
reversible because the native protein can be recon-
stituted from apo-Hc by adding several Cu(I) com-
plexes including K3 Cu(CN), [9, 15]. In spite of the
multimeric nature of this Hc, the absorption change
upon cyanide addition is an homogeneous process
indicating the absence of cooperative phenomena be-
tween the subunits. However, at 21 °C some coopera-
tivity can be seen especially at low KCN concentra-
tions. The biphasic trend of the curves describing the
copper still bound (Fig. 4B, E), clearly shows that the
metal ions are removed sequentially from the active
site. The final product of the CN™ reaction is apo-Hc
regardless of the concentration of ligand used. This
observation rules out the possibility that the reaction
may consist of a simple distribution of the metal be-
tween the protein active site and the external ligand.
In proposing a model for this reaction all the above-
mentioned considerations together with the observed
dependence of the reaction rates vs, KCN and O, con-
centrations must be taken into account. Cyanide af-
fects Carcinus maenas Hc in at least two steps which
are sequentially linked: (1) the formation of the com-
plex HcCN which is measured by the decrease of the
copper—peroxide absorption band; (2) the decompo-
sition of the complex with the involvement of a
second CN™ ion.

The asymmetry between the data concerning the
absorption band and the protein-bound copper re-
quires that both steps occur for each metal ion se-
quentially in the active site. The experimental data
are interpreted on the basis of the following reaction
model:

Ko2
He + 0, = HcO, (A)
K
He + (N~ == HcCN (B)
k
HcCN + CN™ —> Hc® + [Cu(CN),]~ (©)
. _K°cen
Hc” + CN™ = Hc CN D)
k
HcCN + CN™ — Hc®® + [Cu(CN), ]~ (E)

where Hc®® is the copper-free protein and Hc’ is the
protein containing a single copper ion in the active
site. In this model the removal of copper occurs step-
wise with previous formation of a complex between
the copper bound to the protein and the ligand
(HcCN, Hc°CN). The equations (C) and (E) should
be considered as equilibria; under our experimental
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conditions, however, the reverse reactions are un-
likely to occur.

The mathematical treatment of the model (see
the Appendix) has assumed that: (1) the equilibria
(A, B, D) which involve oxygen and cyanide are very
fast compared with the other reactions (C, E); (2) the
concentration of free Hc is very low and can be con-
sidered time-independent; and (3) the concentrations
of cyanide and oxygen are large enough with respect
to the Hc, hence they can be considered constant
during the reaction time, and the equations C and E
take the form of pseudo first-order kinetics.

The equilibrium constants Ko , Koy and K °cn for
the equations A, B and D are dissociation constants.

According to the model proposed (see Appendix)
the decrease in the 337 nm absorbance which is a
measure of the concentration of oxy-Hc can be de-
scribed by a single exponential:

A=Ay e Fappt )

where A, and A, are the absorbances at 337 nm mea-
sured at the beginning and during the reaction with
CN™ and k,p, is the apparent rate constant of the
process.

The analytical expression of k,p, is given in the
following equation:

KO2 [CN—]2
kapp = kl —
K, [CN] + K¢y [0,]

A simplified form of eqn. (2) can be used, however,
because under our conditions the value of KOI[CN_]
is lower than 5% of the value Kcn[0,]:

_ Koz[CNj2
P Konl0s]

This simplification is in good agreement with our ex-
perimental data, within the experimental error:
according to eqn. (2), kapp depends solely on the
square of [CN”] (Fig. 2A, B) and the inverse of
[0,] (Fig. 3). For a better evaluation of the kinetic
data we used a rearrangement of the analytical form
of kapp (eqn. (2)) which allows the calculation of the
separate values of k; and K¢ /Kcn:

[CNT] 1 1 Ken [0:]
+ —

kapp kl ki KO, [CN—]

Thus, the plot of [CN]/k,pp against 1/[CN7] at
constant [O,] or against [O,]/[CN™] is a straight
line with intercept 1/k, and slope (1/kXKcn/Ko,)-
The experimental values of [CN™]/k,,, (from the
data of Fig. 2A) versus 1/[CN”] obtained at 4 °C
and that of [CN7]/k,,p versus [0,]/CN™ at 21 °C
(from the data of Fig. 2B and 3) are shown in Fig. SA
and B respectively.

In both cases the least-squares evaluation of the
experimental data gives straight lines which do not
pass through the origin and have a very high correla-

2

k 2"
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Fig. 5. A: Dependence of [CN ]/kppon 1/[CN ] at 4 °C. The data are obtained at O, concentration = 0.4 mM. B: Dependence
of [CN |/kapp on [0,]/[CN ] at 21 °C. (e) 0.28 mM O, concentration; (o) 7.11 mM cyanide concentration.

tion coefficient (r>0.9). In Table I the values for
ky and the K¢n/Ko, ratio at both temperatures are
reported. The values of Koy were calculated using
the experimental values of Ko  also reported in
Table 1.

From the values of k; measured at the two dif-
ferent temperatures it is possible to calculate the
activation energy of the process. The activation
energy of the reaction involving the displacement
of the first copper ion is equal to 6,300 cal/mol.
The enthalpy variation, AHg . of the equilibrium
reaction of Hc with cyanide has a negative value of
—12,000 cal/mol. This implies that an increase in
temperature favours the formation of the complex
HcCN, perhaps owing to an increased accessibility
of the metal ion. However, this explanation may
rationalize only part of the temperature effect if we
consider the large negative value of the AHg ...
Alternatively, the formation of the complex HCENN
could involve the loss of one or more metal—protein
bonds. In this case, AHg . contains one negative
term relative to the breakage of metal protein ligand
bonds and one positive term arising from the forma-
tion of the metal-CN bond. At present, no further
information is available to support either of these
explanations.

The model gives separate equations for the dis-
placement of the first and second copper ion from
the active site. The following equation describes the
total metal displacement:

2k — k
[Cu]; = [Hc02]0(—0 TP okappt
[V kapp
B Kapp e ko t) (4)
kO - kaDP

where [Cul, is the concentration of the copper still
bound to the protein at time ¢, [HcO;], the concen-
tration of oxy-hemocyanin at the beginning of the
reaction and kg is a function of the rate constant k,,
of the equilibrium dissociation constant K°cy rela-
tive to the second copper ion and of CN™ concentra-
tion according to the equation:

k,[CN7)?
[CNT] +K°cn
The interpolation curves of Fig. 4B, E are calculated
according to eqn. 4 using the experimental values of
kapp and the kg values which give the best fit with the

experimental data, using a non-inear least-squares
treatment of the data.

(%)

0:

TABLE 1. Kinetic and Thermodynamic Data of the Reaction between Carcinus maenas Hemocyanin and Cyanide according to

the Proposed Model.

r Kk ky Kcn/Ko, Ko, Ken K'cn Earrhe, (Mg (Mg
co sy wtsh M) ) (M) (calfmol) (calfmol)  (cal/mol)
4 0.803 0.68 625.25 1.09x107% 7.15%x10™* 0.24

6300 ~1800 ~12000
21 1.560 - 225.43 090x107% 2.03x107* -
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Equation 5 can be rearranged as eqn. 3, thus al-
lowing the calculation of separate values for k, and
K°cn (Fig. 6):

(N _ 1 Kow 1 ©
ko k, k, [CNT]
The results are summarized in Table I.

At 4 °C, k, is 0.68 M ! sec?, close to the value of
k,, indicating that the two copper ions are removed
from the complexes HcCN or Hc’CN with the same
efficiency. K°cn/k, has a value of 0.36 M? sec and
K°cx of 024 M. The value K°cy relative to the
reaction of CN™ to the half-apoHc (Hc®) is more than
two orders of magntude higher than the correspond-
ing value of the equilibrium constant (Kcy = 7.5 X
107* M) for cyanide binding to the first copper ion.

Thus, the formation of the complex Hc’°CN is the
rate limiting step for the displacement of the second
copper ion, This observation can be explained assum-
ing that the removal of the first Cu ion induces a con-
formational change which reduces the accessibility of
CN™ to the second metal ion still bound to the
protein.

This interpretation is supported by the fluores-
cence data. The fluorescence emission intensity in-
creases on going from oxy- to apoHc [16]. This effect
is the consequence of peroxide and copper removal
from the active site which are capable of quenching
the emission of the protein viz an energy-transfer
[16] or a heavy metal effect [17], respectively. The
ratio F,,o/Foxy is about 5. The presence of the in-
duction period and of the inflection region supports
the occurrence of a conformational rearrangement
depending on the removal of both copper ions. It
also shows that, at a molecular level, the complexity
of the reaction is greater than that suggested by the
kinetic data only. As pointed out before, the com-
parison of the CD spectra of native and epo-Hc
shows that the removal of copper induces only
minor conformational changes [14]. As a conse-
quence, the structural modification responsible for

N,

20 -

L 1 1 1 1 1

20 40 60 80 100 120
Yien
Fig. 6. Dependence of [CN™ ]/ko from 1/[CN]. Conditions
as in Fig. SA.
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the differences in Koy and K°cy is expected to be
small and restricted within the region of the active
site.

The model does not adequately describe all the
data obtained at 21 °C. Probably, at low KCN con-
centrations, the quaternary structure mediates co-
operative effects, leading to a separation between the
processes involving the two copper ions.

The structure of the Hc active site has been widely
investigated. Histidine (2—4 per copper ion) and pro-
bably 1 tyrosine have been proposed as metal ligands
[3, 12, 18, 19]. The model proposed for the active
site of oxy-Hc consists of a structure in which each
Cu(ll) ion is linked by 2 or 3 histidines and a water
molecule; the two metal centres which are 3.67 A
apart are further connected by an inner bridging
ligand (probably a phenolate) [4, 20]. The data here
reported on Carcinus Hc and those obtained for other
Hc species [9] as well as the possibility of preparing
half-apo forms from both arthropod [21] and mol-
luscan Hc make evident, at least kinetically, the in-
equivalence of the two metal ions. The apparent dis-
crepancy between these findings and the active site
model could imply an asymmetric localization of the
two metal centers shielded within the protein matrix,
which exerts a fine control on the site accessibility.

Recent studies [22] concerning the correlation
between the copper content and the intrinsic fluores-
cence of Carcinus maenas Hc show that the fluores-
cence quenching is due only to the fast-removed
copper ion. The lack of a linear correlation, here
reported, between the removal of metal and the
fluorescence changes implies that these changes also
involve a conformational rearrangement in the
region of the binding site and probably the transfer
of the slow-reacting copper to the free site of the
fast-reacting one.
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Appendix

The model:
Ko2
Hec + 0, <—— HcO,
_ Kcy
He + C(NT T——= Hc¢CN

k
HcCN + CN™ —> Hc® + [Cu(CN),]~
o _ K°cn .
He™ + CNT ——= Hc°CN
[ — k, 00 _
Hc"CN + CN™ — Hc™ + [Cu(CN),]

is described by the following system of differential
equations:

d[HeO,] | _ B
“a Ko, [He][0:] ko, [HeO;] M
d[He] -
o =Ko, [HeO,] + Koy [HeCN]

—k'o, [He][03] — Klon[He] [CNT]  (2)

M. Beltramini, F. Ricchelli, L. Tallandini and B. Salvato

@ = Koy [He] [ONT] — ko [HeCN]
— k;[HeCN][CN] 3)

AMHE] _ 4 [HEON] [ONT] — K® oy [HE®] [ONT]
+ k1o [H°CN] ()
d[He N _ k% o [H®] [ONT] = &° o [HE°CN]
&k [HCN][CN] )
d[f;: I ok, [HeON] [CN7] 6)

The system must be considered together with the
mass equation and the zero and infinite time con-
ditions;

[Helior = [HcO,] + [He] + [HeCN] + [Hc’]
+ [Hc°CN] + [Hc®°] @)

[Hc]tot = [HC02]0 = [Hcoo]oo (8)

In eqn. (7) [Hc] may be supposed to be very low
and in a steady state.

Taking into account the sum of eqnms. (4), (5),
(6), and making the derivative of eqn. (7) with
respect to time, eqn. (9) is obtained:

d[HcO,] N d[HeCN]
dr

Assuming that the equilibria of He with O, and
CN ™ are very rapid withrespect to the other reactions,
and d[Hc]/dz ~ 0, from eqn. 2 we obtain:

Ko, [CN7]
—— — [HcO,] (10)
Ken  [0:]

The derivative with respect to time of eqn. (10)
gives:

+ k,[HcCNJ[CNT] =0 (9)

[HcCN] =

(11
dr KCN [02] dr
The combination of eqns. (9) and (11) gives:
d[HcOz](KO [CNT] N 1)
dt \Ken [02]
Ko, [CNT]?
=~k [HeO, ] (12)
Ken  [02]
the integration of which between Q and ¢ time, gives:
HcO Ko [CNT]?
QHOdo Ko oNT
[HeO, ], Ko, [CN7] +K¢n [O2]

This equation describes the time dependence of
the 337 nm absorption band at given CN~ and O,
concentrations.
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According to our experimental data, this equa-

tion may be simplified as follows:
—12
o HeOalo Ko, [N a4

[HcO,], Ken  [0g]

Thus the time dependence of the 337 nm ab-
sorption band is described by a single exponential,
the rate constant value depending on the square of
CN™ concentration and on the inverse of O, con-
centration.

The angular coefficient k,pp, of eqn. (13), re-
arranged, allows the calculation of the separate
values of k, and Ko /K¢n

[CN] _ 1 . Ken [0,] 1
kaop k1 Ko, k, [CNT]

According to the model, the displacement of the
first copper ion follows the same kinetics as the 337
nm absorption band, so that:

(15)

[Cu]®% = [Cu]% e *appt (16)
Ko [CNT]?

Kapp = ky —2% [eNT (16)
Ken [0:]

As for the second copper ion, the derivation of
the equation

o _ [H][CNT]

CN ~ [HCOCN] (17)
gives:
d[Hc®] } K°cn d[Hc°CN] a8)

dr [CNT] dr

Furthermore the sum of eqns. (4) and (5) gives:
d[Hc®] . d[Hc°CN]

dr

=k,[HcCN][CNT]
— k,[Hc°CN][CNT] (19)
The combination of (18) and (19) gives:
d[Hc°CN] _ ki [HcCN][CNT]?
dt K% +[CNT]
k,[CN7]?
~ K°on+[CN7]
Substituting for [HcCN] the result of the com-
bined eqgns. (10) and (14) and taking
_?& =ko (21)
K'cn + [CNT]

[Hc°CN] (20)
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the following linear differential equation of the first
order is obtained:

d[Hc°CN] Kppko _, o
T = [Hc tOth—N_-]e app® — ko [Hc"CN]
(22)
By integration we obtain:
kopok

[He°CN] = o [Hel o

(KO - kapp)k2 [CN—]

X (¢ ®appt _ e7*ot) (23)

By substituting expression (23) for [Hc°CN] in
eqn. (6) and by integrating we obtain:

[HCOO] = [He] o4

Ko happty Feep
ko ~ Kapp Ko — Kapp

Xe_k°'+1) (24)
From eqn. 7 and the mass equation for the second
copper:
[Cu]®® = [HcO,] + [Hc] + [HcCN] + [He®] + [He CN]
the second copper still bound results:
[Cu]®® = [Hc]goq — [He™]

which combined with eqn. 24 gives:

[Culoot = [He] ot
X(_L__ e—kappt__ __ko— e—kot)
ko — kapp kO - kapp
(25)

The sum of eqns. (16) and (25) gives the total
Cu still bound at any time:

[Cu]; = [He]yor

X (2k0 mLz e *app? _ ——kapp e"“’t)
ko — kapp ko — Kapp
(26)

The expression 21, rearranged as follows, allows
the calculation of the separate values of k, and
K CN-

[CNT] 1 . K°en 1

ko k.  k, [CNT]




