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Kinetics and Mechanism of the Outer-Sphere Oxidation of Horse-Heart
Cytochrome ¢ by an Anionic Chromium(v) Complex — Kinetic Evidence for
Precursor Formation and a Late Electron-Transfer Transition State
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The irreversible outer-sphere electron-transfer reaction
between trans-bis(2-ethyl-2-hydroxybutanoato(2-))oxochro-
mate(v) and cytochrome c!' was investigated as a function of
pH, concentration, temperature and pressure. The plot of the
observed pseudo-first order rate constant as a function of the
CrY concentration shows a clear trend towards saturation at
higher Crv concentrations, from which the precursor
formation constant and the electron-transfer rate constant
could be separated (K =37 + 5! and kgt = 1510 £ 180 s ! at
pH 4.8 and 279 K). In the low CrY concentration range the
second-order electron-transfer rate contants were measured
as a function of temperature (AHT = 20.9 * 0.6 kJ mol™;
AS*¥ =-79.9 £ 2.1 J K mol™!; AG* (279 K) = 43.2 kJ mol™).

High-pressure experiments were performed at two different
pH values. The kinetic (stopped-flow) and thermodynamic
(electrochemical) measurements as a function of pressure
enabled the construction of a volume profile for the system
at 279 K. The activation volumes for the redox process are —
9.2 £0.2 (pH 5.0) and -11.1 £ 0.8 cm® mol™! (pH 4.7), and the
overall reaction volumes were estimated to be -7 £ 2 (pH 5.0)
and -10 * 2 cm® mol™ (pH 4.7) . The transition state of the
redox reaction lies to a large extent on the product side and
can be described as “late”. The results are discussed in
comparison to earlier measurements using cobalt and
ruthenium complexes as reaction partners for cytochrome c.

Introduction

Cytochrome ¢ typically undergoes outer-sphere electron-
transfer reactions with metal complexes such as Co-
(phen);>*~, Co(terpy),>***, or Ru(NH;3)spy**** (phen =
1,10-phenanthroline; terpy = 2,2":6',2"'-terpyridine).[! 3
This type of mechanism includes the formation of an outer-
sphere precursor complex as a result of electrostatic interac-
tions (Equation 1), a subsequent rate-determining electron-
transfer step kgt (Equation 2), and the dissociation of the
successor complex to the final redox products (Equation 3).

Under pseudo-first-order conditions, i.e. at least a 10-fold
excess of one of the reactants (viz. Red), and under the
condition that the reaction proceeds to completion, this
general mechanism leads to the rate law given by Equa-
tion 4.

For most systems K[Red] << 1, since the reactants are
of similar charge, such that K is very small. Under these
circumstances, the measured second-order rate constants
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represent K-kpt. If K[Red] >> 1, then the observed rate
constants become independent of the [Red] at high concen-
trations of Red and the limiting rate constant kgy is re-
ached. In the case of highly negatively charged Fe-
(CN)* 3~ ions, saturation kinetics for the reaction with
cytochrome were reported. However, in later work it was
demonstrated that the interpretation of the observed satu-
ration kinetics was complicated by the fact that the reaction
is reversible.[’ This led to a significant intercept in the plots
of ks versus concentration, such that the saturation in kg
at high concentrations could not be observed anymore.

In principle, it should be possible to tune the extent of
precursor formation by selecting reactants of high and op-
posite charge. This has been attempted in a number of
cases,° "7 but to our knowledge real rate saturation has
only been found in studies of the reduction of cytochrome
¢ by chromous ion and dithionite.[®I In all other cases, the
observed second-order rate constant for the outer-sphere
mechanism represents the product K-kgt, and values of K
and kgt can only be separated by using a theoretical ap-
proach. With the aid of the Fuoss Equation,['11] 3 precur-
sor formation constant of 3 M~! for the reaction of
cytochrome ¢ with positively charged metal complexes such
as Ru(NH;)spy>™3*, and a value of 200 m~! for the reac-
tion with Fe(CN)*~/3~ was calculated.

In our earlier work we have studied the outer-sphere elec-
tron-transfer reactions between cytochrome ¢ and com-
plexes of the type Ru(NH;)sX?>™3* (X = ammonia, pyri-
dine, 4-ethyl-pyridine, isonicotinamide and 3,5-lutidine), as
well as a series of chelated Co(II/IIl) diimine com-
plexes.'>" 14 In these systems precursor formation was so
weak that K and kgt could not be separated kinetically.
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However, the driving force of these reactions was so low
that the kinetics of these redox reactions could be studied
in both directions. This enabled us to construct volume pro-
files from high-pressure kinetic and thermodynamic data
for the reversible electron-transfer processes, from which in-
formation on the location of the transition state in terms
of volume changes along the reaction coordinate could be
obtained. The volume profiles turned out to be highly sym-
metrical with the transition state located approximately
halfway between the reactant and product states. The over-
all volume changes could be shown to be mainly due to
intrinsic and solvational volume changes on the redox part-
ner of cytochrome ¢, since cytochrome c¢ itself undergoes
almost no volume change during the electron-transfer pro-
cess. 13

In the present study we have selected an anionic Cr(v)
complex, trans-bis(2-ethyl-2-hydroxybutanoato(2—))oxo-
chromate(v), as the redox partner for cytochrome c¢. This
complex has several negatively charged donor centers that
could interact in a specific way with the positive charges on
the surface of cytochrome ¢ in order to enhance precursor
formation. In solution, Cr" species are often intermediates
in Cr*! oxidations of organic and biological substrates, e.g.
they react rapidly with DNA. There is evidence for implicat-
ing Cr" species as carcinogens in biosystems featering inter-
actions of ribonucleotides with added chromate.['~!°1 The
isolation of relatively stable CrY complexes enabled detailed
studies into the structures and chemistry of Cr(v).[20~23l
Cr' has an even more rare oxidation state. In aqueous me-
dia alkoxo and porphyrinato complexes of Cr'V are gener-
ally unstable, while diperoxo triamines [Cr'V(O,)»(NR3)4]
are stable in water for several hours in acidic media.[>*~26
To stabilize the complex used in this study in aqueous solu-
tion, the ligand 2-ethyl-2-hydroxybutyric acid was used in
excess.?’ The overall redox reaction is given in Scheme 1.
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Scheme 1. Reaction between trans-bis(2-ethyl-2-hydroxybutanoa-
to(2—))oxochromate(V) and horse heart cytochrome ¢!!

Higher-valent metallo-oxoporphyrins of iron, manganese
and chromium are essential for understanding the mecha-
nisms of enzymatic pathways, e.g. dealing with the oxi-
dation of metalloporphyrins by hydroperoxides in aqueous
solution, and with the alkene epoxidation by higher-valent
metallo-oxoporphyrins.[?®! The driving force for studying
metalloporphyrin-catalyzed reactions is to develop syn-
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thetic species which are able to reproduce and mimick the
different heme enzyme-mediated reactions like oxygenation,
oxidation, oxidative chlorination, and dismutation.?®! The
result of ligand-exchange chemistry in water*%31 and with
quinic acid in methanol®? showed that 2-hydroxy acids are
preferred strongly to 1,2-diols for binding to CrY. Since 2-
hydroxy acids, such as citrate and lactate, are present in
cells, they may bind to the CrV that is produced intracellul-
arly by reduction of carcinogenic Cr¥™. They even may show
preference for binding to CrY, with respect to 1,2-diol li-
gands, such as ascorbate, sugars and their derivatives. The
biologically relevant analogues to trans-bis(2-ethyl-2-
hydroxybutanoato(2—))oxochromate(v) are likely to be one
type of the CrY species present in the cells that are trans-
formed genetically by exposure to Cr¥!. This justifies the
need to study the reactions of well-characterized model 2-
hydroxy acid complexes with DNA.[181120]

Indeed the outer-sphere interaction of the redox partners
turned out to be significant and could be accounted for
theoretically. In addition, the volume profile constructed for
the electron-transfer process clearly reveals a nonsymmetri-
cal nature with respect to the location of the transition state,
from which it can be concluded that the process is charac-
terized by a “late” (product-like) transition state. This can
be accounted for in terms of the effective precursor com-
plex-formation found for the present system, as compared
to the absence of such precursor formation in the case of
the ruthenium and cobalt complexes studied before.['>~14

Results
Kinetic Studies

The redox reaction was studied under pseudo-first order
conditions. The cytochrome concentration was throughout
0.025 mm and the chromium complex in at least a 10-fold
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Figure 1. Typical absorbance-time trace fitted with one-exponential
decay (kops = 20.9 £ 0.009 s=') for [Cr¥] = 0.30 mm, pH = 4.8,
[L] = 0.0054 M, T = 15°C, L = 550 nm

excess. A typical absorbance-time trace is shown in Figure 1.
Aqueous acetate buffer solutions in the pH range 3.9 to
5.2 were used for the pH-dependence study reported in
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Table 1. Between pH 4.6 and 5.0 the rate remains constant,
whereas at pH 4.3 the reaction is accelerated by a factor of
1.5. The concentration dependence (Figure 2) was investi-
gated at pH 4.8, and up to a 400-fold excess of Cr¥ was
used. In order to guarantee the stability of the chromium
complex an excess of free ligand was added to the reaction
medium. The free ligand concentration was increased even
more in another experiment (Figure 2) to check whether
there might be some aquation of the chromium complex
accompanied by direct binding to cytochrome. These meas-
ured points did not differ at all from the former experiments
and therefore an inner-sphere mechanism can be excluded.

* 0.8 cm® mol ™! at 279 K and pH 5.0 and 4.7, respectively.
The more negative number at the lower pH is consistent
with our observation mentioned above that the reaction is
accelerated in more acidic solutions, as a result of the in-
creased acid strength of the buffer at elevated pressures.

Cytochrome ¢! exhibits a much smaller pressure de-
pendence, and a reaction volume of +5 cm?® mol ! was esti-
mated.[!3] Therefore, the observed volume of activation
mainly results from volume changes on the chromium com-
plex when it changes its overall charge from —1 to —2 dur-
ing the reduction by cytochrome c!!. This is also demon-
strated by the significantly negative activation entropy,
which is in line with a significant increase in electrostriction
during the electron-transfer process.

Electrochemical Studies

In order to construct a volume profile for an irreversible
reaction, the activation volume for the reaction and the
overall reaction volume, i.e. the difference between the par-

Table 1. Kinetic data for the electron-ransfer reaction between
O=CrL,'~ and horse-heart cytochrome c!!

T[°C] pH  p[MPa]  c(CrY) [mm] Koy [s7] ke s7]
0 hd T 1 1 i ¥
0000 0002 0004 0006 0008 0010 550 52 ol 0.25 O—CrL," decomposes
V. 5.0 21.28 £0.08 85100
[Crlm 4.8 22.43 £ 0.05 89700
. . 4.6 21.40 £ 0.09 85600
Figure 2. Observed pseudo-first-order rate constant as a function 43 314+ 02 125500
of chromium complex concentration; (X) measured data, except for 39 cytochrome ¢! oxidizes
the one-fold weighted pOil’lt (0, 0), conditions: pH 4.8; [HAC] = 15.0 4.8 0.1 0.25 17.21 + 0.05 68800
0.12 ™, [KAC] = 0.20 M, [L] = 0.0054 m, [LiNO3]max =040m, [ = 16.54 + 0.12 66200
0.6 M; 15°C; curve results from the best fit based on the kinetic 0.30 2138 + 0.07 71300
saturation model, Equation 4; influence of increased free ligand 21.33 + 0.05 71100
concentration on the rate constant was checked (») (personal sugge- 0.38 26.32 + 0.05 69300
stion by P. A. Lay to ensure an outer sphere mechanism and to 0.40 26.69 + 0.05 66700
exclude possible direct binding of the chromium complex to cyto- 26.19 + 0.09 65500
chrome); conditions: pH 4.8; [HAc] = 0.12 M, [KAc] = 0.20 M, 0.45 312+ 02 69300
[L] = 0.10 m, [1411\103][“ax =0.30Mm, I = 0.6 M; 15°C 0.50 34.20 + 0.09 68400
34.52 +0.08 69000
35.90 £ 0.08 70200
The observed rate constants clearly show a trend toward 0.75 51,5+ 0.1 68700
saturation at higher CrV concentrations. A nonlinear least- 1.00 2‘6‘29+i001~09 23388
square fit of the data according to Equation (4) resulted in 68.02 + 0.12 68000
K=37+5m "and kgr = 1510 £ 170 s~ at 288 K. The 66.6 0.2 66600
temperature dependence of the reaction was studied at very 150 g?g Jir gé 22(5)88
low CrY concentration, i.e. where a linear correlation be- ' 787102 52500
tween ko, and CrY concentration exists. The Eyring plot 2.00 90.1 £0.2 45000
for the second-order rate constants is given in Figure 3, and gg'g f 8'% igggg
the calculated activation parameters are AH¥ = 209 + 88.9 +0.2 44000
0.1 kJ mol™! and AS* = —=79.9 £ 0.2 J K~! mol™!. All 2.25 1123+ 04 49900
. . 2.50 133.0 £ 0.1 53200
ambient pressure measurements were performed in acetate 2.50% 127.2 £ 0.2 50800
buffer mostly at pH 4.8. 3.00 146.6 £ 0.3 48900
Measurements at elevated pressure (up to 150 MPa) were 2'38* ;;(6)2 f }'8 22888
performed at two pH values, above and below pH 4.8, in 500 2387+ 1.0 47700
order to check the possible influence of a shift to lower 7.00 3109 £1.3 44400
pH values at higher pressure caused by an increase in the 51;698 43&?(1); Jf é(s) i?ggg
dissociation constant of acetic acid with increasing press- 50 48 0.1 0.25 11.05 £ 0.03 44200
ure.®! As a result the pH is not constant during a pressure 150 16.54 £ 0.12 66100
. . 25.0 22.36 £ 0.08 89400
run. The plots of Ink,,s versus pressure are shown in Figure 2987 + 0.09 119500
4, from which it follows that AV* = —=9.2 + 0.6 and —11.1
Eur. J. Inorg. Chem. 1999, 1805—1812 1807
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Table 2. Kinetic data for the electron-transfer-reaction between
O=CrL,'" and horse heart cytochrome c!' (continued)

p [MPa] C(CrY) [mMm]  Kops [s7'] ke It s

48 0.1 0.40 45700
65500
90300
123300

50 6.5 0.25

(98]

5.5 47 21 0.25
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I+ 1+ 1+ 1+ 1+
COLOOCOLOO000000
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Experimental conditions: [cyt ¢''] = 2.5+ 107> m: A = 550 nm. —
pH = 5.2; [HAc] = 0.04 M, [KAc] = 020M [L] = 0.005 ™,
[LINO3] = 0.40 M, I = 0.6 M; pH = 5.0; [HAc] = 0.08 M, [KAc] =
0.27 M, [L] = 0.0082 M, [L1NO3]mlx = 0. 32M I=0.6M pH =428;
[HAc] = 0.12 m, [KAc] = 0.20 M, [L] = 0.0054 M, [LINO;3]ax =
0.40 M, I = 0.6 v;* pH = 4.8; [HAc] = 0.12 M, [KAc] = 0.20 M,
[L] = 0.10 M, [LINO3]jax = 0.30 M, 7 = 0.6 M; pH = 4.7; [HAc] =
0.20 M, [KAc] = 0.30 M, [L] = 0.017 M, [LINO3]ax = 031 M, T =
0.6 M; pH = 4.6; [HAc] = 0.20 M, [KAc] = 0.27 M, [L] = 0.017 ™,
[LiNO;] = 0.31 ™M, I = 0.6 M; pH = 4.3; [HAc] = 0.40 M, [KAc] =
0.20 ™, [L] = 0.012 M, [LINO;3] = 0.39M, I = 0.6 Mv; pH = 3.9;
[HAc] = 0.40 M, [KAc] = 0.08 m, [L] = 0.011 m, [LiNOs] = 0.51 m,
1=0.6M Calculated activation parameters for kt AH™ = 209 +
0.6 kJ mol~ AS* = =799 +21J K !'mol 5 AG* 279K) =
43.2 kJ mol™!; AV* (pH 5.0 and 279 K) = 79 2%+ 0.6 cm? mol~!;
AV* (pH 4.7 and 279 K)=—11.1 £ 0.8 cm® mol~}; ; intercept —(0.1
£ 0.9) s, resultin ng | from linear fit in the low-concentration range
(0.25-0. 50 mv Cr ); slope (55350 £ 2290) M~ ! 7!

Table 3. High-pressure electrochemistry

pH p [MPa] E (vs. NHE) [mV]
5.0 0.1 430 £ 1
22.0 438 + 1
49.8 444 + |
75.2 450 + 1
95.7 454 + 1
125.0 462 * 1
4.7 14.8 435+ 1
24.5 439 + 1
49.2 445 + 1
73.5 449 + 1
95.0 461 + 1
123.0 465 + 1
146.0 471 £ 1
165.0 477 £ 1
[CrV] 5.0mM, T = 5.5°C, reference electrode (Ag/ 0.01m

AgNOs, 1.0Mm KNO;) scan rate 2 mV s~

—11.9 % 0.5 cm® mol~ I (@25°C, I—IOMKNO)

AVtorr (Ag/lAg+) =

tial molar volumes of reactant and product species, are re-
quired. For the cytochrome ¢! system the partial molar
volume difference has already been studied.['™! The differ-
ence in partial molar volume for the Cr¥/'V system was in-
vestigated electrochemically under the same reaction con-
ditions as those selected for the high-pressure stopped-flow
experiments. For the electrochemical measurements at
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Figure 3. Temperature dependence for 0.25 and 0.40 mm Cr¥ com-
plex concentrations at pH 4.8; [HAc] = 0.12 M, [KAc] = 0.20 M,
[L] = 0.0054 M, [LINO;] = 0.40 M, I = 0.6 M

3.2}
v AV'=-(11.1£0.8) cm’ mol
31F pH=47
3.0F
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£
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26 A Av'=-(9.2£0.6)cm’” mol
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Figure 4. Plot of Inky, versus pressure. — Conditions: [CrY]
0.25 mMm, 279 K; pH = 5.0; [HAc] = 0.08 M, [KAc] = 0.27 M, [L]
0.0082 M, [LiNOs]pnax = 0.32M, 7 = 0.6 M; pH = 4.7; [HAC]
0.20 M, [KAc] = 0.30 M, [L] = 0.017 M, [LiNOs]ax = 0.31 M, I =
0.6 M
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Figure 5. Differential pulse voltammograms of the Cr¥'V couple
at pH 4.7 as a function of pressure, recorded at 14.8, 24.5, 49.2,
73.5, 95.0, 146.0 and 165.0 MPa; the traces are offset by arbitrary
amounts on the current scale to improve legibility

pressures up to 165 MPa, experiments with CV and DPV
were performed. Both techniques are in general comp-

Eur. J. Inorg. Chem. 1999, 1805—1812
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lementary, but DPV showed more reproducible data in the
present case.[*64748] Figure 5 reports the recorded DPVs as
a function of pressure.

480 F
470
S L
E 40}
)
I
Z 450}
4
z
w
440 W pH47, AV, =-(26.6 +1.2) cm’/ mol
430 ® pH5.0,AV_ =-(23.7 £ 1.0) cm’ mol
T A 1 Py 'l & i " )
0 50 100 150 200
p, MPa

Figure 6. Plot of the redox potential for the Cr¥"V system at pH
5.0 and 4.7 as a function of pressure

The change in redox potential with increasing pressure is
moderate, as expected for an overall charge increase from
—1 to —2. The volume change associated with the overall
cell reaction was estimated from the plot of the measured
redox potential as a function of pressure (Figure 6). The
measured Ejj, value for the redox couple at ambient press-
ure is in good agreement with data reported by other au-
thors.*9~3! The reaction volume associated with the Cr¥/™V
redox couple can now be calculated from the cell reaction
volume by substracting the volume contribution of the ref-
erence electrode Ag/AgNO; which was shown to be —11.9
+ 0.5 cm® mol '.?l The resulting reaction volumes are
—11.8 £0.5 (pH 5.0) and —14.7 £ 0.7 cm® mol ! (pH 4.7),
and reflect the overall volume changes arising from the re-
duction of CrV to Cr'V, as well as that caused by a change
in the overall charge from —1 to —2. The solvational effects
in terms of a significant increase in electrostriction obvi-
ously overrule the intrinsic volume changes in order to ac-
count for the overall negative reaction volumes.

reactants transition state products(*)
eytell+fcrVy [cyt AV, [CrV/IV]-/z-]# eyt + [CrIV]Z-
0
AVrel.,
c_m3 pHS5.0 pH 5.0
mol -(9.2+0.6) - (6.8%2.3)
=51 pH4.7
-(11.1+0.8)
pH4.7
-(9.7£2.5)
-104

(s) AV= AV (eyt VT 4 477 VIIY) reaction coordinate

Figure 7. Volume profile for the irreversible reaction of cytochrome
c""'with trans-bis(2-ethyl-2-hydroxybutanoato(2—))oxochromate(V)
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The employed complex [O=CrY(Lig),]~ was crystallo-
graphically characterized as a five-coordinate oxo com-
pound with a distorted trigonal-bipyramidal geometry.[>3
At pH 2.5 to 4.0 in the presence of ligand and buffer, Cr'v
solutions suffer perceptible loss within a few minutes due
to disproportionation, 2Cr'™V— Cr'™ + CrVY, and reduction
by the parent ligand, 2Cr"Y Et, C(OH)COO~ — 2Cr'T +
Et,C=0 + CO, + H".[?138] Electrochemical studies have
shown that major structural rearrangement follows the elec-
tron-transfer process in the CrV/Cr!!! system, but not in the
CrV/Cr" couple.! The suggestion that a third ligand will
enter the coordination sphere at the vacant site on CrY was
disgarded later on.!3! The formation of six-coordinate
forms is much less likely for complexes with the more bulky
ligands. The CrY complex has a distorted trigonal-bipyr-
amidal geometry, whereas the Cr™V complexes are likely to
remain as five-coordinate oxo complexes, like their CrV/CrY
analogues. There is no evidence for Cr¥ complexes contain-
ing three chelate ligands and such complexes are not ex-
pected to form for steric reasons. The redox potential for
Cr™V/MT is more positive, which means that it is a stronger
oxidizing agent than Cr¥/'V. The quasi-reversible one-elec-
tron redox process (corresponding to Cr¥ + ¢~ == Cr'V)
can only be observed at the electrode surface because there
is a lack of conversion of Cr!V to Cr! due to an extremely
slow electrokinetic process for the reduction of the Cr'V in-
termediates.>¥ Cr!V exists mainly in the form of bis-che-
lated complexes. The stability of Cr'V complexes exhibits a
bell-shaped pH dependence. The region of maximum sta-
bility and the corresponding half-life ([Cr'V], = 0.1 mm;
25°C) is 30 min at pH = 3. Half-lives were determined from
the absorbance changes at 550 nm, where the absorbances
of Cr™l and CrV complexes were negligible in comparison
with that of Cr'V.[?3] The important difference in the chemi-
cal properties of Cr'V and CrV is that 2-hydroxy car-
boxylates are much poorer ligands for Cr'V than for Cr".
This is probably the result of the lower acidity of the ROH
groups bound to Cr™. Thus, the ROH groups remain larg-
ely protonated at pH 2 to 4, whereas those of the corre-
sponding CrV complexes are fully deprotonated under
these conditions. 2"

Saturation Kinetics

In order to account for the experimentally observed rate
constants as a function of the CrV concentration, the Fuoss
theory was applied.!!”) The reaction conditions are water as
solvent at 279 K and 0.6 M ionic strength. Even at high
ionic strength, the acetate shows no specific binding ability
for cytochrome.” This should be the same for the ligand,
which is added in excess in order to stabilize the complex
and is very similar in structure. In addition, the number of
protein-bound nitrates, two in the reduced and one in the
oxidized form, is independent of the anion concen-
tration.[” The adopted permittivity leads to a reciprocal
Debye-Hiickel radius of 2.52 nm.’* There are three pos-
sible positions for negative charges on the Cr¥ complex,
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viz. the oxo group, the ring carboxylate oxygen, and the
carboxylate oxygen, which are all exposed to solvent water.
The ring hydroxo group is sterically hindered by the bulky
ethyl groups. For the evaluation of the contact radius for
the chromium complex, the X-ray structure and different
van der Waals radii for oxygen are available.[>%-3¢~38 The
contact radius for cytochrome ¢ was estimated to be
1.66 nm.°1 A combination of these values result in a con-
tact distance in the range between 1.82 and 2.21 nm. The
outer-sphere preequilibrium constant K and the associated
rate constant kgt were now calculated by varying the pos-
sible ionic charge on the cytochrome center. Since the chro-
mium reactant carries an overall charge of —1, and the en-
zyme has a net charge of +6.5,5% the product of the ionic
charges can adapt theoretical values between —1 and —6.5,
depending on to what extent charge is neutralized by the
presence of counter ions and local charge effects influence
the electron-transfer process. Both K and kgt increase more
on increasing the contact radius of the chromium complex
than on changing the effective ionic charge. On the basis of
a 75% agreement between the values calculated with the
Fuoss Equation and those obtained in the kinetic measure-
ments, the product of the ionic charges should be at least
1.5 for Cr...C=0, 6.5 for Cr—0 and 7.0 for Cr=0. How-
ever, the following aspects should also be considered: elec-
trostatic interactions in the precursor complex are assigned
to a larger extent to charge localized at the haem crevice
than to the sum of all charges;[®®! lysine 13, 72, 86 and
Histidin 33 (at pH values below its pK, of 6.4) show kinetic
relevance for anionic redox partners and a local charge of
+3 to +4 on the cytochrome surface was estimated from
kinetic measurements as a function of ionic strength.[62~6]
Based on this information, conclusions can be reached with
respect to the three possible contact radii. The most prob-
able position for charge localization on the chromium com-
plex is the Cr...C=0O group, which is more likely than the
Cr—0O group and in turn much better than the Cr=0 posi-
tion. This is in agreement with some classical expla-
nations.[®” In summary, the results from the kinetic studies
are consistent with predictions on the basis of the Fuoss
postulations.

The thermal and pressure activation parameters were de-
termined at low Cr" concentrations due to the time resolu-
tion of the kinetic equipment, with the result that the ob-
served second-order rate constant is a composite function
and represents K-kgt. The observed entropy and volume of
activation are both significantly negative and indicate a
highly-structured transition state. More mechanistic insight
can be gained from an analysis of the volume profile for
the overall process.

Volume Profile

The molar volume change associated with the redox cou-
ple cytochrome ¢!V was estimated to be +(5.0 £ 0.8) cm?®
mol~'.[13] This value indicates that there is a slight increase
in the partial molar volume of cytochrome ¢! during the
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oxidation process, even though the overall charge increases
from +6.5 to +7.5, which is expected to cause a solvational
volume collapse due to an increase in electrostriction. A
number of reports in the literature report a more compact
structure for the reduced protein as compared to
cytochrome ¢.5%-68=711 However, the increase in the size
of the protein results in the partial accommodation of water
molecules from the bulk in the protein framework. A small
overall volume increase is therefore obtained.[®¥ It is as-
sumed that the volume change on cytochrome ¢ is the same
at pH 5 and 7. Cytochrome does not show any pH depen-
dence in this pH range; deviations only occur at pH =
8.0.1%:12.731 Tn order to calculate the overall reaction volume,
the contribution arising from the Cr¥"V complex has to be
added (see Figure 7). We found that a significant volume
collapse accompanies this reduction process (see electro-
chemical studies).

Detailed electrochemical measurements as a function of
pressure resulted in a good correlation between the volume
changes associated with changes in electrostriction and the
change in the overall charge on the complex.5?! As a useful
working rule the electrostrictive volume changes by ca. 4
cm® mol ! per unit difference in the square of the charge
on the oxidized and reduced forms of the complex. In the
present case this difference is 3, from which an electrostri-
tive volume collapse of ca. 12 cm® mol™! can be predicted.
By way of comparison, the experimental values reported for
the couples Fe(phen)(CN),' 2~ and Fe(bpy)(CN),! =2~
are —13.6 and —13.8 cm® mol ™!, respectively.’?) From this
it follows that the solvational volume changes due to a sig-
nificant increase in electrostriction, represent the major
contribution toward the overall negative reaction volumes
found in this study. The oxidation of cytochrome ¢! by the
Cr¥ oxo species is therefore associated with a moderate
overall volume decrease of —7 and —10 cm?® mol ™! (see
Figure 7). The location of the transition state can be de-
scribed as late” in terms of the overall volume change and
is close to the product state. This can at present only be
related to the efficient precursor formation occurring in
the system.

In contrast, the investigated Co™" and Ru""! systems re-
ferred to in the Introduction show no kinetic evidence for
precursor formation and exhibit very similar volume
changes for both the forward and reverse electron-transfer
reactions.['>~ ¥ The ruthenium complexes exhibit negligible
intrinsic volume changes and therefore mainly solvational
effects account for the observed volume changes.!'?! In the
case of the Co™!I systems, there is a volume increase due
to a decrease in solvent electrostriction and an intrinsic con-
tribution.['¥ Both these systems involve large volume
changes, and the transition state lies almost exactly halfway
between the partial molar volumes of the reactants and
products in the reported volume profiles. This means that
the reorganisation in the transition state is very similar for
both the forward and back reactions in the reversible elec-
tron-transfer process in the absence of significant precursor
formation. The nonsymmetrical nature of the volume pro-
file found in the present study must therefore be related to
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the effective formation of a precursor species. A similar
situation was recently encountered in the volume profiles
for a series of intramolecular electron-transfer reactions of
ruthenated cytochrome ¢ sytems.[’? In that case different
possible explanations for the nonsymmetric appearance of
the volume profiles were presented. It is our objective in
future work to search for redox systems involving
cytochrome c that will exhibit an even more efficient precur-
sor formation in order to be able to determine a volume
profile for the electron-transfer reaction within the precur-
sor species, i.e. under conditions of saturation Kkinetics
where electron transfer is the rate determining step, some-
thing that was not possible in the present study.

Conclusions

The outer-sphere electron-transfer reaction between
horse-heart cytochrome ¢ and anionic trans-bis(2-ethyl-2-
hydroxybutanoato(2—))oxochromate showed a clear trend
towards rate saturation, which is rather unusual for
cytochrome and its interaction with small reaction partners.
The precursor formation constant and the electron-transfer
rate constant could be separated kinetically. In order to ac-
count for the experimentally observed rate constants as a
function of the CrY concentration, the Fuoss theory was
applied. It revealed additional information that the contact
between both reactants occurs most probable with the sol-
vent exposed carboxylate oxygen on chromium. Measured
activation and reaction volumes at two pH values enabled
the construction of a volume profile for the reaction which
differs significantly from the symmetric volume profiles re-
ported for outer-sphere electron-transfer reactions of cobalt
and ruthenium complexes. Information regarding the lo-
cation of the reaction coordinate could be obtained.

Experimental Section

Methods: UV/vis spectra were recorded on either a Hewlett—Pack-
ard HP8452 or a Shimadzu UV-2101PC spectrophotometer. — IR
spectra were measured in KBr disks on a Mattson Polaris 10410R
FT-IR spectrometer. — A Bruker ESP 300E X-band spectrometer
operating at about 9.5 GHz was used for recording EPR spectra of
solutions contained in a quartz flat cell. EPR spectrometer settings
were as follows: central field, 3480 G; sweep width, 100 G; micro-
wave power, 10.1 mW; modulation frequency, 100 kHz; modulation
amplitude, 0.974 G; receiver gain, 1.25 X 103; conversion time,
20.48 ms; time constant, 10.24 ms; number of scans, 1; temperature
298 K. — The pH of the solutions was measured on a Metrohm
716 DMS Titrino pH-meter. The kinetic traces for the reduction of
cytochrome ¢ were recorded at 550 nm. The reactions at ambient
pressure were followed using an Applied Photophysics SX-18 MV
stopped-flow instruments (Leatherhead, UK), to which an online
data acquisition system was connected. The kinetic traces, con-
sisting of 1000 points per trace, were collected, stored and fitted
on an Acorn 5000 computer using Applied Photophysics software
(Leatherhead, UK). In order to observe the progress of the overall
reaction, time resolved spectra were recorded on an Applied Photo-
physics SX-18 MV stopped-flow instrument (Leatherhead, UK)
equipped with a J&M TIDAS 16—500 diode array detector (Aalen,
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Germany). A homemade high-pressure stopped-flow system was
used for the high pressure kinetic measurements. 3?1401 The kinetic
traces consisting of 1000 points per trace, were collected and stored
on an IBM-compatible computer using Biologic (Claix, France)
software. The rate constants were calculated using the OLIS KIN-
FIT program (Olis, Bogart, Georgia, USA). All Instruments were
thermostated to £ 0.1°C. The kinetic traces showed exellent first-
order behavior over 5 half-lives. — In general, all solutions were
prepared under nitrogen to avoid complications with dissolved oxy-
gen. All test solutions were protected from light to avoid photoind-
uced decomposition. !l The freshly prepared solutions were trans-
ferred into the stopped-flow unit using gastight Optima Graf For-
tuna glass syringes (Roth). All experiments were performed in acet-
ate buffer of different pH values. — Electrochemical measurements
were performed with an EG&G Princeton Applied Research 263
System; the data were stored and fitted using Model 270/250 Re-
search Electrochemistry Software 4.00. For electrochemical meas-
urements at elevated pressure, a homemade, high-pressure cell simi-
lar to that described in the literature™? and thermostated to *
0.1°C, was employed. Prior to use, the glassy carbon electrode sur-
face was polished with an aqueous suspension of 3 micron followed
by 1 micron alumina (Alfa) on a polishing cloth, followed by rins-
ing with distilled water and further cleaning with a dry tissue. The
Pt plate auxiliary electrode was cleaned in 5m aqueous HNO;,
rinsed with distilled water and dried with a tissue. The reference
electrode consisted of a Ag wire in 0.01 M AgNO; and 1.0 M KNO;
solution. The chromium solutions were filled into the electrochemi-
cal cell under nitrogen. Nitrogen was passed through the solution
for another few minutes to assure that oxygen is absent. The potass-
ium hexacyanoferrate couple was used as external standard. All
Differential Pulse Voltammetric (DPV) measurements were per-
formed under the following conditions: pulse height 25 mV, pulse
weight 50 ms, scan rate 2 (pH 5.0) and 4 mV s~! (pH 4.7). Voltam-
mograms were scanned in the negative direction. For all analyses
and plots, Excel® and Origin™4 software was used except when
otherwyise stated.

Caution: CrY complexes are mutagenic, cleave DNA rapidly in vitro,
and are potentially carcinogenic.['8133 Contact with skin and inha-
lation must be avoided.

Reagents: Horse-heart cytochrome ¢ (type VI, Sigma) was purified
and reduced as reported before.['¥ The concentrations of the
cytochrome solutions were determined by UV/vis spectroscopy. So-
dium  bis(2-ethyl-2-hydroxybutanoato(2—))oxochromate(V) was
synthesized following the method of Krumpolc and Rocek and was
recrystallized from acetone-chloroform.3435 — Anal. calcd for
C>,H»,CrNaOg: C 39.03; H 6.01; found: C 39.58; H 6.44). — The
IR spectra shows ¥(Cr=0) (cm™") = 996 ( ref. 998, 1000) and V(C=
0) = 1677 (s) (ref. 1660, 1683).20-3637 [n the UV/vis range the
complex exhibited a maximum at 510 nm with an extinction coef-
ficient of 165 M' cm™! in aqueous solution, which is in agreement
with literature data.¥33 The X-band EPR spectra of the sample
(ca. 0.002 M) in buffer solution of pH 5.0 shows a single main peak
g = 1.984 (°>Cr, I = 0) with four small lines due to the hyperfine
coupling with 33Cr (I = 3/,, 9.54% natural abundance; hyperfine
coupling constant 18.3 Gauss).?>-3%381 — The following chemicals
were used in the preparation of the reaction solutions: 2-ethyl-2-
hydroxybutyric acid (99%), potassium acetate (KAc) and acetic
acid (HAc) (Aldrich), and lithium nitrate (Fluka). All commercial
reagents were of analytical grade and were used without further
purification. Solutions of CrY were prepared by dissolving the syn-
thesized sodium salt of the complex in the buffer solutions under
nitrogen directly before use.
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