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The kinetics of cyanide binding to chloroperoxidase were studied using a high-pressure stopped-flow technique at 25°C and
pH 4.7 in a pressure range from 1 to 1000 bar. The activation volume change for the association reaction is AV = —~2,5+05
ml/mol. The total reaction volume change, determined from the pressure dependence of the equilibriurmn constant, s
AV® = ~17.8+ 1.3 ml/mol. The effect of temperature was studied at 1 bar yielding AH3 =29+1 kJ/mol, A5} = —-5824
J/mol per K. Equilibrium studies give AH? = —4143 kl/mol and A8% = —591 10 J/mol per K. Possible contributions to
the binding process are discussed: changes in spin state. bond formation and conformation changes in the protcin. An

activation volume analog of the Hammond postulate is considered.

1. Introduction

Activation volumes are frequently used in
organic and inorganic chemistry as a criterion for
the mechanism of reactions [1]. Studies on biologi-
cal processes are beginning 1o reveal interesting
insight into the mechanism of ligand binding to
proteins [2—4]. A number of high-pressure studies
of heme proteins have been published, reporting
data on the effect of pressure on denaturation of
the protein [5], spectroscopic properties [6-8],
spin-state equilibriz [9,10] and ligand binding
[11-13].

When high hydrostatic pressure ir applied to
heme proteins two main equilibrium effects are
observed. The primary effect observed for proteins
that are in a thermal high spin-low spin equi-
librium is a shift towards the low-spin form [9,10].
For proteins that have a large high-spin content
the applied pressure has to be large before this
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effect is observed, more than 8000 bar in the case
of horseradish peroxidase [{9]. For methemoglobin,
metmyoglobin and their azide and fluoride com-~
plexes the optical spectrum of the pressure-in-
duced low-spin species suggests that it is a closed
crevice structure wherein the heme-linked ligand at
the sixth coordination position is replaced by the
distal histidine. The presence of high-affinity
ligands (like cyanide) stabilizes the open crevice
structure [9]. For complexes that are already in a
low-spin state only small subtle structural changes
in the heme environment could be observed [10].
The second effect which may occur at higher pres-
sures (> 2000-8000 bar, depending upon the en-
zyme) is very similar to denaturation by heat, acid
or temperature [5].

We have investigated and report here the effect
of pressure and temperature on the equilibrium
and kinetics of cyanide binding to chloroper-
oxidase isolated from Caldariomyces fumago. 1t is
the first time a high-pressure study has been un-
dertaken for this enzyme.
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2. Experimental section

Chloroperoxidase (chloride:hydregean-peroxide
oxidoreductase. EC 1.11.1.10) was purified from
(. fumago using the previously described method-
ology [14] after growth in a defined fructose-salt
medium [15]. The RZ wvalue (A,q0/A250) of the
sample was 1.38-1.40 for the pressure experi-
ments. A different enzyme sample with RZ = 1.39
was used for the temperature experiments. Chloro-
peroxidase concentrations were determined spec-
trophotometrically using an extinction coefficient
€00 Of 874 mM~ ! cm ™! at pH 5 [16]. Potassium
cyanide was reagent grade and used without fur-
ther purification. The cyanide content of the salt
was determined by titration with a standardized
silver nitrate solution using diphenylcarbazide as
indicator [17]. The value obtainced was used 10
calculate concentrations by weight. An unbuffered
cvanide stock solution (0.1 M) was prepared within
4 h of all experiments and the required amount of
potassium cyanide was transferred from the stock
solution to a buffered solution immediately before
every experiment. The buffer used in all the ex-
periments was a citric acid-sodium hydroxide
buffer with ionic strength 0.01 and pH 4.6 or 4.7
measured at room temperature and 1 bar. The
final ionic strength was adjusted to 0.11 using
potassium sulfate as an inert salt. Changes in pH
due to the temperature or pressure dependence of
the ionizations of citric acid [18] (up to 0.6 pH
units towards the acid region in the pressure range
of the study) were neglected because the equi-
librium and rate constants under investigation are
not dependent upon the H™ concentration at 1 bar
in the region of pH 4.7 [19]. All buffer components
and salts were reagent grade.

Light absosption measurements at 1 par were
performed on a Cary 118 spectrophotometer. For
absorption measurements at high pressure a
single-beam Zeiss PM QII spectrophotometer was
used. The instrument was rebuilt to adapt it to
high-pressure measurements. A 11 gM chloroper-
oxidase solution was incubated with 0.14 and 0.18
mM potassium cvanide in two separate sets of
experiments. From the change in ab:nrbance mea-
sured at the chloroperoxidase-cyanide reak at 437
nm a value for the equilibrium ccastant (K) is

obtained. The extinction coefficients at 437 nm
used in the calculations were 30.3 mM ™' cm ™! for
native chloroperoxidase and 80.3 mM™! cm™! for
its cyanide complex. The pressure was raised in
200-bar increments from 1 to 1400 bar and the
solution was allowed to equilibrate (3 or 4 min)
before the abscrption value was read. Due to
compression of the solution the observed ab-
sorbance is too high. To compensate for this effect
the observed absorbances are multiplied by the
relative volume of water (volume at pressure P
divided by volume at 1 bar) prior to calculation of
K at each pressure. The values for the relativ:z
volume oi water are taken from ref. 20. At the end
of the experiment the pressure was released slowly
in one or two steps and after equilibrium at 50 bar
(usually 15 min) the absorption value always re-
turned to the original value within 0.002 absorp-
tion units. The procedure was repeated twice morc
with the same solution and the mean value at
every pressure was used in the calculations.

High-pressure kinetic experiments were per-
formed on a stopped-flow apparatus specifically
designed for this purpose [21]. The dead time of
the instrument is approx. 20 ms.

Kinetic experiments to obtain rate constants at
1 bar as a function of the temperature were per-
formed in a Union Giken rapid reaction analyzer
Model RAG601 in the stopped-flow mode. The
chloroperoxidase concentration was 1 pM. The
cyanide concentration was varied with 0.25 mM
increments between 0.25 and 2 mM. Six traces
were recorded for every cyanide concentration at a
given temperature and the mean value for the
observed rate constant was used in the calcula-
tions.

The equilibrium constant was determined by
adding microliter amounts of a potassium cyanide
solution (0.05, 0.1 or 0.2 M) to 2 ml of chloroper-
oxidase solution (5.2 £ 0.1 pM). The final volume
added never exceeded 0.02 ml. After every addi-
tion the absorbance at 437 nm was recorded with a
Cary 219 spectrophotometer. For both kinetic and
equilibrium measurements the temperature was
varied between 5 and 35°C with increments of
5 4+ 0.3°C. Linear plots were fitted usirz a linear
least-squares program with 1/6% as weighting fac-
tor where o is the standard deviation. Stopped-flow
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traces were computer fitted as exponentials gsing a
nonlinear least-squares program.

3. Results

At pH 4.7 virtaally all of the cyanide in solu-
tion exists as hydrocyanic acid (pK, = 9.2) [22].
The chloroperoxidase{CIP)-cyanide complexation
can be written as follows

ko
CIP+HCN = CIP—CN {1y
Under pseudo first-order conditions the observed
rate constant X, is given by the following equa-
tion

Kppe =k, JKONE+ ko 2)

where [KCN], is the concentration of potassium
cyanide added (in large excess over that of chloro-
peroxidase) and k&, and k_ the second-order as-
sociation rate constant and the first-order dissocia-
tion rate constant for the reaction. Plots of &, vs.
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Fig. 2. Dependence of Ink_ (top) and Ink, (bottom) on
pressure. The values for 4. and &, are obtained from the
intercepts and slopes of the plots in fig. 1.
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Fig. 3. Pressure dependence of the spectra and of the cyanide
association equilibrium constant, X (M~!). (a) The closed
circles represent the observed absorbance of the cyanide-chlo-
roperoxidase complex (437 um) and the open circles represent
the absorbance values corrected for the compressibility of
water. {b) The values of X calculated from the corrected
absorbancy changes at 437 nm. The reaction volume change is
obtained from the slope which is — AV /RT.
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Fig. 4. (a) Plot of In(k, /T) vs. 1/T. The slope is equal to
— AH#% /R for the association reaction. (b) Plot of In(k_, /KT)
vs. 1/T. where k, /K = k_. The slope yields —AH%* /R for
the dissociation reaction. The salue of A H} obtained in this
manner is more accurate than that obtained directly from the
dissociation rate constants.

potassium cvanide concentration were used to ob-
tain values for kX, and k_ as a function of the
pressure at 25°C (fig. 1) and as a function of the
temperature at 1 bar (plots not shown). The pres-
sure dependence of &, and Ak_ is shown in fig. 2.
The values of k_ obtained from plots such as in
fig. 1 are subject to large experimental errors due
to the extrapolation from relatively large numbers
to an intercept near the origin. The large error in
AV'# obtained from the slope of the secondary plot
shown in fig. 2 is a reflection of the error in k_.
However. a more accurate value for AV* can be
obtained using the effect of pressure on the equi-
librium. Because of the logarithmic relationship
that exists between reaction volume change (AV*®)
and equilibrium constant ( K') it follows that from
K=k_/k_ one obtains AV =AVI— AV, The
equilibrium constant was determined in the high-
pressure spectrophotometer as described in section
2. A plot of In K vs. pressure allows us to calculate
the change in reaction volume (fig. 3). The mean
value for AV° obtained from two experiments is
—17.8+ 1.3 ml mol~'. The activation volume
changes obtained from fig. 2 are AV = =25+ 0.5
ml mol~"' for the forward reaction and AVi= 12

+ 17 ml mol ™! for the dissociation reaction. Using
the experimental value for AV° and AV ¥ obtained
from the kinetic experiments, AV =AVi— AV° =
—2.5—(—17.8)=15.3 ml mol ™! with a cumula-
tive error of 0.5+ 1.3 = + 1.8 ml mol 1.

The effect of temperature on the rate constants
at 1 bar is shown in fig. 4. The activation parame-
ters were calculated according to eq. 3

AH*

% _As?
R " RT (E))

I £—ln—+
"TEE TR

where T is the temperature (in K), ¥ the Boltz-
mann constant, # Planck’s constant, R the univer-
sal gas constant and AS¥ and AH* the entropy
and enthalpy of activation. Again it proved more
accurate to use the k_ calculated from k& __ and the
equilibrium constant instead of the extrapolated
k_ value. The equilibrium constant was obtained
by plotting the observed absorbance change at 437
nm relative to the added cyanide concentration
according to the Scatchard equation

(A—A,) 1

(4-4,)
[CIP], [KCN]

=deK - K [CPl,

4
where 4, and 4 are the absorbance before and
after the addition of cyanide, [CIP], the total
enzyme concentration, Ae the change in extinction
coefficient at 437 nm due to total complexation
and K the association equilibrium constant. The
thermodynamic parameters were obtained from a
plot of In K vs. 1/T, AH°= —41 3 kJ mol~!
and AS®°= —59 4+ 10 y mol~! K~!. The activation
paramneters obtained from fig. 4 are AH¥ =29 + |
kJ mol~!, AS**= —58 +4 Jmol™! K™, AH}=
70+ 3 kJ mol™ ! and AS =3+ 10T mol™! K™

4. Discussion

At pH 4.7 and room temperature chloroper-
oxidase is mostly in the high-spin state [16]. At 1
bar when the pH is raised above pH 7-chloroper-
oxidase undergoes an irreversible transition to a
species with unique optical properties that is prob-
ably a closed-crevice configuration of the heme
[23). The fact that changes in absorbance under
pressure were completely reversible upon release
of the pressure indicates that none of this species
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is formed under the conditions used for these
experiments. As with horseradish peroxidase [13]
no denaturation of chloroperoxidase was observed
in the pressure range used in this study.

The volume change for cyanide binding to chlo-
roperoxidase may be the sum of several effects:
contraction due to the high spin-low spin transi-
tion upon cyanide binding, shortening of the iron-
ligand bonds upon cyanide binding, conforma-
tional changes in the protein, possible charge neu-
tralization or separation during the reaction. It is
possible t» evaluate some of these effects from our
knowledge of the active site of chloroperoxidase.
From extended X-ray absorption-fine structure
studies [24] it is known that upon the transition
from high-spin to low-spin chloroperoxidase the
iron moves from an out-of-plane position into the
plane of the norphyrin and simultaneously there is
a contraction of the iron-pyrrole nitrogen distance
of 0.05 A, the iron—a-carbon (of the porphyrin)
distance of 0.02 A and the iron-sulfur (fifth ligand)
bond of approx. 0.11 A. There is also a contrac-
tion of the radius of the iron atom by approx. 0.12
A. However, we agree with the assessment that
these combined effects could only be of the order
of 0.2-0.3 ml/mol heme [12].

For cyanide binding to peroxidases it is be-
lieved that only the electrically neutral ligand re-
acts [25]. However, hydrocyanic acid must lose a
proton before bond formation with the iron. So
the total volume change must contain the ioniza-
tion volume of hydrocyanic acid, AVyen = —6.5
ml/mol [12]. If the proton is trapped by a neutral
basic group the volume change for this step is
expected to be small, since the net charge has not
changed. The volume change for a proton added
to a carboxyl group is 10—12 ml/mol [18]. If the
proton released from hydrocyanic acid is trapped
by the buffer the volume change is given by the
negative value of the ionization volume for the
buffer (12.7 ml/mol for the second ionization of
citric acid [18]). The fact that the activation volume
change (AVY) for the binding is small can be
explained by the compensating effect of cyanide
dissociation and protonation of a carboxyl group
(either on the protein or the buffer). The presence
of a heme-linked acid group with pK, < 3 that has
to be deprotonated to allow cyanide to bind has

been demonstrated [19]. The explanation of proton
transfer to carboxylate was offered to account for
the AV¥ observed in cyanide binding to horsera-
dish peroxidase. The total volume change was not
determined [13]. The activation parameters for
cyanide binding to horseradish peroxidase are
AVi=1.7+0.5 ml mol~! and by application of
eq. 3 to the data in ref. 13, AH¥=274+4+0.7 kJ
moi~'and ASt= —57 + 2 Jmol™ ' K~'. With the
exception of the change in sign for the small value
of AV¥, the results for cyanide binding to
horseradish and chloroperoxidase are identical
within experimental error [13].

Since a 2.5 ml/mol decrease in volume occurs
upon formation of the transition state there is a
further 15.4 ml/mol decrease to be accounted for
upon formation of the low -nin cyanide complex.
For cyanide binding to methemoglobin the reac-
tion volume is —17.5 mi/mol 1t pH 6.5 of which
approx. 10 ml/mol was attributed to protein con-
formation changes [12]. A change in coniormation
of the protein may not be a necessary assumption,
since relatively large volume changes have been
reported for spin-state transitions: the conversion
from high spin to low spin occurred with AV° =
—6.7 ml/mol for the R conformation of methe-
moglobin and AV°= —12.2 and —12.5 ml/mol
for methemoglobin T and metmyoglobin. respec-
tively [28]. Fe(III)-N, N’-dialkyldithiocarbamates
show a 5-6 ml/mol expansion upon conversion
from low to high spin [29]; changes of 10-20
ml/mol are observed for Fe(Il) complexes with
large ligands [30,31]. The spin-state transition upon
cyanide binding may also have a contribution in
the AH° and AS®, since the low-spin state is
favored at low temperature for chloroperoxidase
[16].

The kinetic and thermodynamic parameters ob-
tained in this study for the binding of cyanide to
chloroperoxidase are summarized in fig. 5 by means
of reaction coordinate diagrams.

The observation that the activation volume con-
stitutes oaly a small fraction of the reaction volume
could be interpreted according to an activation
volume analogy of the Hammond postulate [26].
The application of the Hammond principle to
reactions under pressure has been proposed for
organic reactions [27]. However, interpretation of
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Fig. 5. Reaction coordinate diagrams for the binding of hydro-
gen cyanide to chloroperoxidase showing schematically the
changes in AH, AV and AS for the forward and reverse
reactions and the chemical equilibrium.

AV ¥ values may lead to different conclusions from
those obtained from A H* and AS* values [27]. In
the absence of electrostatic interactions, activation
volumes reflect changes in nuclear positions, while
activation energies reflect the energetics involved
in the flow of electrons during the disruption
and/or formation of chemical bonds. Inspection
of all the activation parameters for cyanide bind-
ing to chloroperoxidase suggests (allowing some
fluctuation in volume due to charge delocalization
in the transition state) that in terms of volume the
transition state resembles the reactants while in
terms of activation enthalpy the disruption of the
H-CN bond is already in progress (fig. 5). Al-
though there seems to be a correlation between the
AV* and AS*? values in terms of sign and magni-
tude, one occurs ‘early’ and the other ‘late’ along

the reaction coordinate (fig. 5). Initial binding of
cyanide is assisted by the interaction of hydro-
cyanic acid with an acid group in the vicinity of
the active site, resulting in a small contraction
upon formation of the transition state. The net
volume change associated with ionization of hy-
drocyanic acid is small because it is compensated
by the neutralization of an acid group on the
protein or the buffer. The major volume change
occurs upon formation of the products and is
assigned to the high spin-low spin transition of the
heme iron. Since only a small volume change can
be calculated from the known contraction of the
iron and the ligand bonds upon spin-state transi-
tion, the large observed volume change must be
associated with long-range effects occurring in the
protein and the solvent.
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