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The irreversible outer-sphere electron transfer reaction between the oxidant [Co(ox),]*” and the redox protein horse

heart cytochrome ™ according to the reaction,

[Co™(0x);]*~ + cytochrome ™% — [Co™(0x),]*” + cytochrome ¢

III—|7+

was studied as a function of pH, concentration, temperature and pressure using UV-Vis and stopped-flow
techniques. The concentration dependence of the observed rate constant showed a saturation of the rate constant at
high concentrations of [Co(ox);]*~, indicative of effective precursor formation between the reactants. The
temperature (6-35 °C) and pressure (up to 1300 atm) dependencies at low and high complex concentrations were
carried out and activation parameters (AH*, AS*, AV#) were determined. The results are discussed in reference to
earlier studies performed in our laboratories and elsewhere, and the importance of efficient precursor formation in

such reactions is highlighted.

Introduction

Redox reactions play an important role, particularly in bio-
logical systems.'? Of special interest and therefore widely
studied are systems involving cytochrome ¢.>” In the past we
have concentrated on the construction of volume profiles for
intermolecular and intramolecular electron transfer reactions
of cytochrome ¢.>'® More recently, we have focussed on inter-
molecular electron transfer reactions that involve negatively
charged redox partners for cytochrome ¢, such that the redox
partners will effectively form precursor complexes in order that
the electron transfer rate constant can be separated kinetically
from the overall second order rate constant.'® For instance,
in the case of the reaction of trisoxalatocobalt(i) and cyto-
chrome " the mechanism can then be summarized as outlined
in eqn. (1).

[Co™(ox)3]> + cyt " <L—> {[Co™(0x)s]> ® cyt "}

ket

{[Co'(ox)3]* o cyt ™} M

fast

[Co"(0x)3]" + cyt ™

For this mechanism the rate equation is given by
Kops = ke KICO™)/(1 + K[Co™)) in the presence of an excess of
Co(m). In the case of effective ion-pair formation, k., reaches a
limiting value at high [Co™] and the rate equation simplifies to

T Electronic supplementary information (ESI) available: Table SI
summarizing all kinetic data. Figs. S1-S3 reporting spectral changes
observed during the reaction and rate constants as a function of pH.
See http://[www.rsc.org/suppdata/dt/b1/b1013661/
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kobs = ke Thus activation parameters for the electron transfer
reaction can be obtained directly under such conditions, some-
thing that has not been possible for intermolecular electron
transfer reactions involving cytochrome ¢ before.

Experimental
Preparation of solutions

All chemicals were of analytical grade and used without further
purification. Ultrapure water was used for the preparation of all
solutions. Buffer solutions containing 0.05 M Tris [2-amino-2-
(hydroxymethyl)propane-1,3-diol, Sigma—Aldrich Chemicals]
were used, and the ionic strength (/=0.1 M) was adjusted by
the addition of LiNO;. The pH was adjusted in the range 6.5—
8.0 with HNO;. Pure nitrogen gas was bubbled through the
reaction solutions to remove dissolved oxygen. Oxidant solu-
tions were shielded from light with aluminium foil.

Materials

Horse heart cytochrome ¢ (Sigma—Aldrich, Type VI) was first
reduced by the addition of an excess of sodium dithionite
(50 mM), then hexacyanoferrate(mr) (below 50 mM) was added.
The reduced cytochrome ¢ was then purified and isolated
by repeated ultrafiltration through a 3000 Da molecular
weight cut-off membrane (Amicon) with degassed ultrapure
water. The reduced form of cytochrome ¢ was analysed
spectrophotometrically.

Potassium trisoxalatocobalt(in) (K;[Co(C,0,);]-:3H,0) was
prepared according to the procedures of Bailar and Jones *° and
Sorensen.”! Deep-green needles were obtained, which were
washed with ethanol and recrystallized two times. The complex
is sensitive to heat and light, and was stored in the dark to
protect against photo or thermal decomposition. The IR spec-
trum,?>?3 elemental analysis (Found: C, 14.47; H, 1.04. Calc. for
CsH4CoK,0,s: C, 14.75; H, 1.21%), and UV-Vis spectrum ***
were used to check the purity of the complex.
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Fig. 1 The effect of free oxalate on the stability of trisoxalato-
cobalt(i). Experimental conditions: [Co(0x);* ] =8 x 107* M, pH =7.2,
Tris buffer, 7 =25 °C.

UV-Vis spectral measurements

The reduced and oxidized forms of cytochrome ¢ were analysed
spectrophotometrically. Characteristic bands: for cyt ¢™ at 550
nm (¢ =27600 dm® mol™' cm™') and 420 nm (e = 129000 dm?
mol™' ecm™); for cyt ¢™ at 521 nm (¢=9100 dm® mol™' cm™")
and 416 nm (¢ = 89000 dm® mol™! cm™").2%*” The absorption
spectrum of the trisoxalatocobalt(i) complex shows two bands
at 605 nm (¢ =175 dm®* mol ! cm™") and 425 nm (¢ = 230 dm?
mol™' cm™'), whereas the trisoxalatocobalt(i) complex
[Co(ox);]*” is characterized by a single maximum at 534 nm.
The comparison of absorbance data with literature values was
used to determine the concentrations of the species [Co(0x);]*~
and cytochrome c in solution. All spectra were monitored on
Shimadzu UV-2100 and Cary G-5 spectrophotometers (see
Figs. S1 and S2 in the electronic supplementary information).

Stopped-flow measurements

The oxidation of cyt ¢ by [Co(0ox);]*~ was monitored at 550
nm. The kinetic measurements were performed on an Applied
Photophysics stopped-flow instrument at ambient pressure and
on a home-made high pressure stopped-flow instrument at
pressures up to 130 MPa.”® Pseudo-first order conditions were
achieved by using an excess of oxidant over the metalloprotein.
The reactants were thermostatted before mixing (£ 0.1 °C).
Rate constants were calculated as the mean of at least six
reproducible kinetic runs.

Results and discussion
Behaviour of [Co(ox),]*” in solution

During the spectral measurements, a small decrease in the con-
centration of the complex was observed due to photochemical
decomposition. Longer exposure of solutions to light resulted
in a change in the solution colour (from green to pink) and an
overall decomposition of the compound, characterized by the
fading of the absorption bands at 605 and 425 nm, and forma-
tion of a new band at 534 nm, similar to that shown in Fig. S2.
This is in line with the photochemical reduction of the complex.

In order to increase the stability of the cobalt(ir) complex, an
excess of the free oxalate ligand was added to the reaction
medium, and the influence of the free ligand concentration on
the stability of the complex is shown in Fig. 1. The observed
decrease in absorbance as a function of oxalate concentration is
due to dilution of the complex solution during addition of
oxalate. The changes in the absorption spectrum and therefore
the apparent aquation of the complex are negligible.

We did, however, find that an excess of free oxalate does
decelerate the oxidation rate of cyt ¢™ by trisoxalatocobalt(i).

Absorbance

450 500 550 600
Wavelength/nm

Fig. 2 Absorption spectra recorded during the oxidation of cyt ¢" by
trisoxalatocobalt(ir). Experimental conditions: [cyt "] =2.5 x 107° M,
[Co(0x)¥1=8x107* M, I=0.1 M (Tris-LiNO;), pH = 7.2 (HNO;),
T =25 °C, spectra recorded over a time period of 180 s.

This can be the result of an interaction between the negatively
charged oxalate ions and the positively charged amino acid sites
on the cytochrome surface, thus interfering with ion-pair for-
mation with the trisoxalatocobalt(1r) complex. Free oxalate was
therefore not added to the reaction solution in the kinetic
experiments.

Reaction of [Co(ox);]*~ with cyt "

The reaction progress was followed by UV-Vis spectroscopy
within the range 300-700 nm. Typical spectral changes
observed during reaction (1) are accompanied by a character-
istic absorbance decrease at 550 nm. The spectra shown in Fig. 2
show five isosbestic points at 436, 505, 526, 537 and 557 nm.
The reaction could only be followed in one direction, and no
evidence for a reverse process was found. This is in agreement
with the reduction potential, viz. E=0.26 V for the protein and
E=0.57 V for the cobalt complex.” All kinetic measurements
were performed under pseudo-first order conditions as a
function of pH, concentration, temperature and pressure. All
kinetic data are summarized in Table S1.

In terms of the outer-sphere type of electron transfer mech-
anism outlined in eqn. (1), three fundamental steps can be
distinguished. The first step involves the rapid formation of a
precursor complex due to electrostatic interaction between the
reactants, characterized by a precursor formation constant (K).
The subsequent step involves rate-determining electron transfer
(ko). Less significant for our measurements is the third step
that leads to the formation of the products through the rapid
dissociation of the successor complex. In the case of weak
precursor complex-formation, saturation of the observed rate
constant at high complex concentrations is not observed, and
the concentration dependence has a linear character for which
kobs = ketK[CO(IH)]’

The oxidation of cytochrome " by [Co(ox);]*” shows a
limiting value of the observed rate constant at high concentra-
tions of the cobalt complex as seen from the data in Fig. 3.
This is a result of electrostatic interactions between the oppos-
itely charged ions (net charge on the reduced form of cyt ¢ is
+6.5, originating from the hydrophobic side-chains, and the
charge on the cobalt complex is —3). For the studied reaction
it was possible to separate the constants K and k., and
the obtained values are K=253%34 dm?® mol’},
k.. =0.158 £0.035s " and k, = k, K =40 = 15 dm* mol ' s™" at
25°C.

From theoretical calculations based on Marcus—Hush
theory 33 [eqns. (2)—(4)] we were also able to predict values for
ki, K and k,:

klz = (kllkZZKIZfIZ)”z (2)
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Table 1 Activation parameters for electron transfer between cyt ¢ and trisoxalatocobalt(ir). Experimental conditions: [cyt ¢™] =1 % 107> M, 1=0.1
M (Tris-LiNO,), pH = 7.2 (HNO,), T = 25 °C, /. = 550 nm
[K;[Co(C,0,);]/M AH*kJ mol™! ASHTK ' mol™! AG*,. (at 25 °C)/kJ mol ™! AV¥em® mol™!
7x107? — — — -6.5+£1.0
6.25x107? +73+4 —15%11 78 —4.6%+0.5
1.25%x 1073 +81+4 +2%13 80 —
0.8x107* +86 £ 18 +18 + 61 81 —-11.7+0.6
0.2x 1073 — — — —-10.0%x1.2
0.124 " N B
g — @ [[Co(ox)s]" = 0.8x10° M
- -6 A [[Co(0x);]" 1= 1.25x10° M
0107 _~© B ([Co(0x)s" ] = 6.25x10°° M
[m) e
-7
0.08+
T £-8-
;’:; 0.06 E’
-9-
0.04+ ¢D .
-10+ A
0.029 4
/
I =114
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Fig. 3 Dependence of k., on the concentration of
trisoxalatocobalt(mn). Experimental conditions: [cyt '] = (1-2.5) x 107°
M, (O) I=0.1 M (Tris-LiNO;), pH = 7.2 (HNO;), T =25 °C, 4= 550
nm, () 7=0.5 M (phosphate).*

where k;;=3.5x10* M7 s71338 k,, =28 x 107 M~' s7.¥
and Inf'= (InK,)*4In(k,k,,/ Z*), InK, = nFAE/RT,

K =47nN,6° exp(—w,,/RT),
_ z,;’ZeOZNA 3)
4ne,e,0(1+K65)

Wiy

k=329 I* nm™', I=0.1 M (for our conditions: & = 78.5,
x=1.04nm™") z; (cyt ") = +6.5/+7.5, z,(Co(0x);* ") = =3/
=4, 0=r, + 1y, ry(cyt MM =1.66 nm, ry(Co(ox);> ) =0.37
(calculated with Hyperchem 5.1, ChemSketch 3.5) to 0.45 nm,*

ke = kK “)
from which it follows that kjyeqe=3.04 dm® mol™' s™',
Kieay=187M ™" and k, =0.0257".

The experimental values for k., K and k,, are in reasonable
agreement with the calculated values. The calculated second-
order rate constant (ky (e =3.04 dm® mol™' s7') is smaller
than the experimental value (ky; (=402 15 M™' s7"). The
difference presumably results from the fact that the reactants
are of opposite charge. The ion-pair formation constant is large
enough to cause a significant deviation from linearity in the
plot of kg, vs. Co(1r) concentration at a low ionic strength (see
Fig. 3).

A comparison of these results with an earlier studied system
in our laboratory reveals some interesting trends. The ion-
pair formation constant for the reaction of cyt ¢ with trans-
bis(2-ethyl-2-hydroxybutanoato(2—))oxochromate(v), is much
smaller, viz. K=37 % 5M™' (T =288 K)." The k,, is larger and
equal to 1510 + 180 s™'. The chromium(v) complex has neg-
atively charged donor centres. There are three possible positions
of negative charges on the Cr¥ complex, viz. the oxo group, the
ring with carboxyl oxygen, and the carboxyl oxygen, which are
all accessible for water. The pre-equilibrium constant, K, and
the electron transfer rate constant, k., were calculated varying
the possible charge on the cytochrome c¢™ centre. Since the
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Fig. 4 Temperature dependence of the oxidation of cyt ¢" by
trisoxalatocobalt(in) as a function of complex concentration.
Experimental conditions: [cyt ¢™] = (1.5-2.0) X 10> M, I=0.1 M (Tris—
LiNO;), pH = 7.2 (HNO;), 2 =550 nm.

chromium reactant carries an overall charge of —1, and the
cytochrome ¢™ has a net charge of +6.5, the product of
charges can adapt theoretical values between —1 and —6.5.
This product depends on the charge neutralized in the presence
of counter ions and the influence of local charge effects on the
increasing radius of the chromium complex. The values calc-
ulated from the Fuoss equation are, within 75%, in agreement
with the measured results for the possible contact radii. The
most probable position for negative charge localization on the
chromium complex is the Cr--:+C=0 group, which is more
likely than the Cr—-O and Cr=0 groups. For the reaction cited
above the overall value k,, is equal to 55870 M~' s~!.%*

Our results for the reaction with trisoxalatocobalt(ir) differ
from published data.* Holwerda et al. did not observe satur-
ation kinetics over the investigated concentration range (see
data included in Fig. 3), such that the observed dependence of
the rate constant on the concentration of the cobalt complex
was found to be linear. This is presumably due to the higher
ionic strength selected by these authors, which will result in a
lower ion-pair formation constant. For this system the rate of
the reaction decreases with increasing ionic strength,'®4%#! as
confirmed in the present investigation.

A series of kinetic experiments were performed to investigate
the pH dependence of the electron transfer process. The rate
constant of the reaction of cyt ¢ with [Co(ox),]*” remained
unchanged in the pH range 6.5-8.0 (see Fig. S3).

The activation parameters obtained from the Eyring plot
shown in Fig. 4, are summarized in Table 1. AH* and AS* were
determined for three concentrations of the complex, ie to
cover the non-linear dependence of k,,, on the cobalt concen-
tration. The selected concentrations were limited by the high
absorbance of the large excess of [Co(ox);]*". The slow electron
transfer reaction is characterized by a high activation enthalpy,
whereas the AS* values are close to zero. The activation volume
was determined for four concentrations of the cobalt complex,
the results are illustrated in Fig. 5 and summarized in Table 1.
The activation volume for the combined ion-pair formation and
electron transfer processes is revealed by the data measured
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Fig. 5 Pressure dependence of the oxidation of cyt " by
trisoxalatocobalt(im) as a function of complex concentration.
Experimental conditions: [cyt ¢"]=1.5%10" M, I=0.1 M (Tris—
LiNO;), pH = 7.2 (HNO;), T =25 °C, A =550 nm.

at low concentrations of the cobalt complex where AV*=
AV(K) + AV¥(k,)=—11 = 1 cm® mol™", since k,, = Kk, [Co™].
At high Co(ur) concentrations we could determine AV¥(k,),
since k,y, = k.. under these conditions, and AV¥(k,,) has a small
negative value of —5.6 £ 0.6 cm® mol !, It follows that AH*
and AS* are larger and AV* is more negative for the lower
concentrations of [Co(ox);]*”, i.e. where two steps of the reac-
tion are responsible for these values, namely the formation of
the precursor complex and electron transfer process. At the
high concentration limit only the electron transfer process
determines the activation parameters.

A comparison with the thermal activation parameters AH*
and AS* determined in the low concentration range (second-
order rate constant, ie. Kk,) for the chromium(v) system,
shows that the activation enthalpy is lower, AH*=21 %1 kJ
mol~!, and activation entropy is more negative, AS¥= —80 + 2
J K ' mol™! as compared to the trisoxalatocobalt(ir) system.
The observed significantly negative activation entropy suggests
a highly-structured transition state."

The difference in the AV* data reported for the reaction
at high and low trisoxalatocobalt(11) concentrations, is an
approximate indication of the value for AV(K) and equals
—5.4% 1.6 cm® mol™'. Thus ion-pair formation between cyt ¢
and [Co(ox);]*~ must involve a significant overlap of the van der
Waals radii of the reactants without significant charge neutral-
ization which would induce desolvation. The ion-pair can then
be depicted as solvent separated. Such a conclusion was also
reached for a quite different outer-sphere electron transfer reac-
tion, for which AV(K) was also measured, between [Fe(CN)]*~
and [Co(NH,);X]** (X =H,0, py, Me,S0).* The value for
AV¥(k,) of —5.5% 1.0 cm® mol™' indicates that the transition
state for the electron transfer reaction within the precursor (ion-
pair) complex is more compact, which is most probably related
to a volume decrease on the [Co™(0x);]*” partner, since it is
known that oxidation of cyt ¢" to cyt ™ is accompanied by
a volume increase of 5 cm® mol™'.** When [Co™(ox),]*™ is
reduced to [Co™(0x);]*", the increase in overall negative charge
will cause an increase in electrostriction which could account
for the observed negative volume of activation.

AV* values for the chromium complex (results only for the
low concentration range) are —9.2+ 0.6 for pH=5.0 and
—11.1 £ 0.8 ¢cm® mol™" for pH=4.8." The overall reaction
volumes are —11.8 £ 0.5 (pH =5.0) and —14.7 £ 0.7 cm® mol ™'
(pH =4.8) and reflect the overall volume changes arising from
the reduction of Cr¥ to Cr', as well as that caused by a change
in the overall charge from —1 to —2. The solvational effects
arising from the increase in electrostriction account for the
overall negative reaction volumes. The oxidation of cyt ¢™ by
the Cr¥ oxo species is therefore associated with an overall

volume decrease of 7 and 10 cm® mol~'. The localization of
the transition state can be described as “late” referring to the
overall volume change and is close to the product state. At this
stage it can only be related to the efficient precursor formation
occurring in the system."

The overall AV¥(k,,) value of —11 £ 1 cm® mol™' found in
this study can also be compared to values found in other
systems where it was not possible to separate K and k. The
reduction of our Co(11) complex is accompanied by a volume
decrease i.e. exactly opposite to that observed in the case of the
pentaammineruthenium(rn) and diiminecobalt(mr) complexes
which are positively charged. These AV# values are positive and
range from +12.5 to +17.9 cm® mol™' for the series of com-
plexes.!'? Ruthenium complexes exhibit negligible intrinsic
volume changes and therefore mainly solvation effects account
for the observed volume changes."" In the case of the diimine
cobalt complexes, the volume increases due to a decrease in
the solvent electostriction and an intrinsic contribution.' The
electron transfer processes are controlled by electrostriction
effects on the redox partner of the protein. These systems are
characterized by large volume changes, and the transition state
lies almost halfway between the reactant and product states
on a volume basis. This means that the reorganization in
the transition state is very similar for both forward and back
reactions in the reversible electron-transfer process.

We were not able to construct a volume profile for the investi-
gated system due to unsuccessful efforts to obtain either volume
data for the reverse reaction or high pressure electrochemical
data on the [Co™(0x),]* /[Co™(ox),]*” redox system. Earlier
studies demonstrated that volume profile analyses are very
useful to locate the position of the transition state along the
reaction coordinate,*!0:12:19:44-50

Conclusions

The outer-sphere electron transfer reaction between cyto-
chrome ¢" and trisoxalatocobalt(im) clearly showed saturation
kinetics as a result of effective ion-pair formation. This enabled
a separation of the ion-pair formation constant and the
electron transfer rate constant in terms of all thermodynamic
and kinetic parameters. Under kinetic saturation conditions,
activation parameters for the electron transfer reaction could
be determined. These reveal detailed information on structural
and solvational changes associated with the electron transfer
process. More systems will have to be studied along the same
lines in order to analyse in more detail the nature of the precur-
sor complex (for instance the site where the anionic reac-
tant binds to the protein surface) and the effect that precursor
formation has on the subsequent rate-determining electron
transfer process.
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