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The kinetics of the aerobic oxidation of ferrocytochrome ¢ by cytochrome c¢
oxidase in solvents of increased viscosity are partially diffusion controlled
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The steady-state spectrophotometrically determined initial velocity kinetics of the aerobic oxidation of
ferrocytochrome ¢ by cytochrome ¢ oxidase were examined for effects of diffusion control in solvents of
increased viscosity. Both glycerol /water and sucrose /water proved unsatisfactory as viscosogens due to
weak competitive inhibition (K; values of 2.6 M and 1.6 M, respectively). However, polyethylene glycol
(PEG) was satisfactory as a viscosogen. The measured diffusion coefficient of ferrocytochrome ¢ in
PEG /water was shown to follow closely the Stokes—Einstein equation. In PEG /water mixtures at high
ionic strength the minimum association rate constant (k i, = Vpax/ (Knl[E,o]) is partly diffusion controlled
with contributions from diffusion control and chemical activation control being about equal at 5 mPa-s, a
viscosity that may be physiologically relevant. This finding can be interpreted to mean that cytochrome ¢
oxidase is an enzyme that has evolved to approach its maximum efficiency. The steady-state kinetics were
also examined at low ionic strength where multiphasic kinetics are exhibited. The effect of increased
viscosity was exhibited over the whole experimentally accessible region indicating that there are effects due
to diffusion control on both the high-affinity and low-affinity binding of ferrocytochrome c. Several models
for diffusion control were examined and a comparison is made with other diffusion-controlled reactions of
proteins.

Introduction A

Many association reactions involving enzymes
and substrates are fast and the possibility that
they are proceeding at rates that are partly limited
by the diffusion of the reactants towards one
another must be considered. This topic has been
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the subject of a recent review [1]. Cytochrome ¢
oxidase (ferrocytochrome c:oxygen oxidoreduc-
tase; EC 1.9.3.1) is the terminal oxidase in the
respiratory chain of all eukaryotic organisms, and
is an integral constituent of the inner membrane
of mitochondria. The essential nature of this en-
zyme may be exemplified by the fact that it is
probably responsible for more than 90% of the
oxygen consumption by living organisms on earth.
It catalyzes the following reaction

ferrocytochrome ¢ + 40, + H*

cytochrome ¢ oxidase
T—————— ferricytochrome ¢ + $H,0 6))
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The association reaction of cytochrome ¢ with
cytochrome ¢ oxidase has been directly measured
to be about 5-10" M~'.s7 ! at I=0.1 M [2-5].
At lower ionic strengths this rate exceeds 10°
M~!-s~! This high value, especially for a pro-
tein—protein reaction, is suggestive of a process
that may be partly influenced by diffusion. The
role of diffusion control and cytochrome ¢ mobil-
ity in the eukaryotic electron-transport chain has
been speculated upon [2--4,6].

To test for the influence of diffusion control on
a reaction, the viscosity of the solvent is increased
by adding non-interacting viscosogens to the
solvent, thereby decreasing the diffusion coeffi-
cients of the reactants and slowing the rate of
collision and hence of the reaction. In looking for
the effects of diffusion control in a steady-state
polarographic study on cytochrome ¢ oxidase at
high ionic strength (where the cytochrome ¢ read-
ily dissociates from the cytochrome ¢ oxidase) the
K, values for both the low-affinity and high-af-
finity phase of the reaction increased significantly
with increases in solvent viscosity [6]. Identical
results were found using either sucrose or glycerol
as a viscosogen and the V_,  values were unaf-
fected by the viscosity. Thus it was concluded that
cytochrome c¢ diffuses between cytochrome ¢ re-
ductase and cytochrome ¢ oxidase during electron
transport. However, in another study [2,3] it was
concluded from the magnitude of the activation
enthalpy of the reaction of ferrocytochrome c
with cytochrome ¢ oxidase and the lack of any
effect on the kinetics in a single solution of in-
creased viscosity that the reaction is not
diffusion-limited. However, in the latter study it
was not considered that a reaction may be in-
fluenced simultaneously by both diffusion and
chemical activation resulting in apparent activa-
tion energies different from that of the viscosity
dependence of water [7-11].

In this study we examine the effect of three
viscosogens on the kinetics of the steady state
aerobic oxidation of ferrocytochrome ¢ catalyzed
by cytochrome ¢ oxidase to determine if there is
any influence of diffusion. The use of low molecu-
lar weight viscosogens was complicated by binding
at high molar concentrations of viscosogen. An
initial velocity spectrophotometric method was
chosen over the polarographic method as the sub-

strate concentration is directly measured. Using
the steady-state method more nearly duplicates
the situation in the cell, and the effect of viscosity
on any rate-limiting step in the overall reaction
would show up in the kinetics. In polyethylene
glycol /water the effect of viscosity on the associa-
tion reaction is consistent with the effects of
simultaneous diffusion and chemical activation
control.

The theoretical diffusion-controlled rate con-
stant for noninteracting uniformly reactive mole-
cules of cytochrome ¢ oxidase and cytochrome ¢
would be 1-10® M~1. 57! [1,9] but as the protein
reactive sites will only be a small fraction of the
total surface area, the diffusion-controlled rate
may be considerably less than this value [8,16].
The classical Smoluchowski equation [13] predicts
for a diffusion-controlled rate constant k, (in
M~l.s71
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where D (in cm?-s™!) is the sum of the transla-
tional diffusion coefficients of the two reacting
species, R (in cm) is the encounter distance, often
taken as the sum of the radii of the two reacting
molecules, and N, is Avogadro’s number. The
Stokes—Einstein expression
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substituted in Eqn. 2 has often been used to
predict the influence of solvent viscosity on k),
where ky is the Boltzmann constant, r is the
molecular radius, and 7 is the solvent viscosity. A
more accurate empirical form of Eqn. 3 is

D="= @)

where A is an empirical constant and p is a
constant depending upon solute size (p <1)
[14,15]. With p=1 in Egn. 4 and the inclusion of
a factor f in Eqn. 2, which may include steric,
interaction, and probability factors,
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when Dg > Dg. More generally, any reaction is



expected to be simultaneously influenced by both
diffusion control and chemical-activation control
through the Noyes equation [9]

kK '=kpt+ k! (6)

where k is the observed association rate constant
and k. is the chemical activation rate constant.
The chemical activation rate constant is the rate
constant normally observed in the absence of any
contribution from diffusion. Substitution of Eqn.
5 in Eqn. 6 predicts that k! is a linear function
of n, and provides an experimental determination
of f. The experimental value of f, which is a
measure of the departure from Eqn. 2, may then
be used with various diffusion models to compare
theory and experiment. Association reactions in-
volving myoglobin [10], the separated chains of
hemoglobin [11], and carbonic anhydrase [16] have
shown the effects of both diffusion and chemical
activation control on the kinetics.

It should be noted that Eqn. 6 predicts that an .

Arrhenius plot of log k vs. T™! should be curved
if k, and k. have different activation energies.
This effect of partial diffusion control on the
Arrhenius plots has been observed previously for

microperoxidase [7], myoglobin [10] and the sep-

arated chains of hemoglobin [11]. Since k is a
composite quantity, k- and kp, contribute at dif-
ferent temperatures proportionately different
amounts to k. In this regard distinctly curved
Arrhenius plots were observed for both the pre-
steady state [2] and steady-state [2,17] binding of
cytochrome c¢ to cytochrome ¢ oxidase. However,
these results were interpreted as being due to
changes in two-dimensional diffusion of cyto-
chrome ¢ associated with phospholipid within the
membrane. The break in the Arrhenius plot was
said to be due to the transition temperature of this
phospholipid.

Experimental procedures

Materials. Bovine heart cytochrome ¢ oxidase
(Sigma) was dissolved in 0.01 M phosphate buffer
(pH 7.4) containing 0.4% Triton X-100 or 0.1%
Tween 80, and its concentration was determined
spectrophotometrically from the absorbance dif-
ference between reduced and oxidised forms of
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the enzyme at 605 nm on the basis of a millimolar
absorption coefficient for heme a of 11.0 mM™!-
cm™1[18].

Lyophilized cytochrome ¢ (Sigma, type VI from
horse heart) was used without further purification.
Ferrocytochrome ¢ (more than 98% reduced) was
prepared under spectrophotometric control by an
anaerobic gel filtration of dithionite-reduced cyto-
chrome ¢ as described elsewhere [5]. Sodium phos-
phate buffers, pH 7.0, 7=0.1 M and pH 7.8,
I=0.028 M, were used in the present study. Solu-
tions of the viscosogens, polyethylene glycol 6000
(Baker; molecular weight, 6000-7500), glycerol
(Baker; 99.9% anhydrous) and sucrose (Anache-
mia; reagent grade) were prepared by weight.

Apparatus and Methods. The cytochrome ¢
oxidase catalyzed aerobic oxidation of ferrocyto-
chrome ¢ was followed on a Shimadzu UV-260
recording spectrophotometer, by measuring the
decrease in absorbance of ferrocytochrome ¢ at
550 nm. Concentrations were determined using
the following extinction coefficients [19]: €5, (red)
277 mM ™' -cm ™! and Aesso(red-ox) 18.5 mM !
-cm™ . The reaction was initiated by injecting 5
pl of the aqueous stock enzyme solution into the
motor-stirred 1 cm reaction cell containing 3.6 ml
of solution at 25° C. Initial velocity measurements
were computed from first-derivative time-course
records extrapolated back to zero time. At the
higher ionic strength, usually 8-10 initial velocity
measurements were made and analyzed in Lin-
eweaver—-Burk plots by weighted (assuming 2%
error in v) linear least-squares analyses (Fig. 1).
At the lower ionic strength, 14 initial velocity and
up to 7 first-order [3] ([cytochrome] < 0.4 uM)
measurements were made. A 5 cm cell was used at
the lower substrate concentrations.

In the classical Michaelis—Menten scheme

ky kK,
E+S<ES—E+P
ko
Vmsx - k2
kmin—[EO]Km_kl[kz’Lk—l
v
k> —t 7
1 (B0l K M

K min 1S @ minimum value of k, even for a more
complex reaction scheme [16]. Even if &k, is not



15 o7
/
7
Q
10| P P
® o Ooéa/o
2z @;“’sf/
= e
>
05
o .
) 100 200 300 400 500
[eyt ¢! (mM™)

Fig. 1. Lineweaver-Burk plots for the cytochrome-c-oxidase-
catalyzed oxidation of ferrocytochrome ¢ in pH 7.0, 0.1 M
ionic strength phosphate buffer in PEG/water mixtures (O,
71 =093 mPa's; ® =31 mPa-s; O, n=3.8 mPa-s). V,,
remained constant in different PEG /water mixtures.

equal to k, it is a quantity that is directly propor-
tional to k, (Eqn. 7). At high ionic strengths the
cytochrome ¢ oxidase reaction is monophasic and
is described by

Vmax [Cytochrome]

v= K, +[cytochrome] @

However, at lower ionic strengths nonlinear Line-
weaver—Burk plots are obtained. These results have
often been analyzed by an equation of the form

V nax1 [Cytochrome] Vinax2 [cytochrome]

= +
Tk m1 +[cytochrome] = K, + [cytochrome] ©)

where the subscripts refer to the low-affinity and
high-affinity sites for binding cytochrome c. The
interpretation of these V,,,, values and K, values
in Eqn. 9, of course, depends upon the enzyme
mechanism.

The solution viscosities were measured at 25°C
on a calibrated Wells—Brookfield cone-plate mi-
croviscometer to about +1% and ranged from 0.9
to 6 mPa-s (1 mPa-s=1 cP =1 centipoise). Dif-
fusion coefficients of ferrocytochrome ¢ in
PEG /water mixtures were determined using the
Taylor dispersion technique [14,15]. In this
method, a small sample (5 pl) of the solute was
injected into the solvent as it flowed down a
thermostatted 30.5 m long stainless-steel capillary

tube (internal diameter, 0.76 mm). Provided that
the flow is laminar, the combination of flow and
diffusion results in a Gaussian distribution of
solute along the tube. The broadened eluted peak
was detected by the spectrophotometer as it passed
through a 1 cm flow-through cell. The diffusion
coefficient was calculated from D = 0.2310
r2t./(W,,)?, where r. (in cm) is the capillary
radius, ¢, (in s) the residence time of ferrocyto-
chrome c in the tube and W, ,, (in s) is the width
at half height of the eluted peak [14,15]. The
solvent flow through the capillary was controlled
by a peristaltic pump with a flow rate of 0.2
ml/min.

Results

Diffusion coefficient of ferrocytochrome c

Values of log D, vs. log 7 in aqueous and
PEG /water buffers are plotted in Fig. 2. The
failure of the Stokes—Einstein equation (Egn. 3) to
predict D for small solute molecules is well known
{10,11,14,15,20]. This failure can be particularly
acute in polymer /water mixtures where, for exam-
ple, a p =016 was observed for Na' in
PEG /water [20]. Any non-Stokesian behaviour in
PEG /water solutions would be a serious limita-
tion to the routine use of PEG as a viscosogen in
experiments of this kind. However, a linear least-
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Fig. 2. Log D.yochrome vS- 10g 1, for ferrocytochrome c¢ in
PEG /water mixtures at 25°C in pH 7.0, 0.1 M ionic strength
phosphate buffer. The straight lines are weighted linear least-
squares calculated (®, determined at the experimental Triton
X-100 concentration; A no Triton X-100 present). The least-
squares calculated viscosity exponent p from the slope is
0.97+0.03.



squares fit to the logarithmic form of Eqn. 4 gives,
for ferrocytochrome ¢, p=0.97 +0.03 (Fig. 2).
The lack of any change in the diffusion coefficient
in the presence of Triton X-100 indicates that
there is no detectable detergent binding to cyto-
chrome c.

Effect of viscosogens on the kinetics

The effect of increasing the solvent viscosity
with PEG, sucrose and glycerol on the cytochrome
¢ oxidase kinetics (at an ionic strength where the
kinetics are monophasic [5,6]) is shown in Fig. 3.
It should be noted that for all three viscosogens
the V,,, values were invariant. This result was
reported previously for glycerol and sucrose [6]. It
indicates that the turnover to product is not af-
fected by the change in solvent composition as
might be expected for an intramolecular process.

The effect of the three viscosogens on the kinet-
ics is clearly different. These results are consistent
with both glycerol and sucrose weakly inhibiting
the reaction. The high concentrations of glycerol
(up to 5 M) and sucrose (up to 1.2 M) used to
increase the solvent viscosity competitively inhibit
the enzyme. It had previously been reported that
there was no difference between sucrose and
glycerol on the cytochrome ¢ oxidase steady-state
kinetics [6]. However, these results were obtained
using a polarographic assay that is known to give

TABLE 1
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Fig. 3. Plot of the reciprocal minimum association rate con-
stant k;} for the reaction of ferrocytochrome ¢ with cyto-
chrome ¢ oxidase as a function of solvent viscosity at 25°C in
pH 7.0 phosphate buffer, ionic strength 0.1 M at [E;] =1.2 nM
in the presence of several viscosogens. k... was calculated
from V. /(K. [Eq]). Both glycerol and sucrose, as well as
other alcohols, are weak competitive inhibitors of the enzyme.
The steric factor f is calculated from the slope of the plot with
Eqn. S in Eqn. 6. (®, enzyme dispersed in Triton X-100 buffer;
O, enzyme dispersed in Tween 80). The highest [PEG] used of
11.9% (w/v) corresponds to a molar concentration of polymer
of approx. 20 mM and gives 7 = 5.9 mPa-s.

Michaelis parameters much different from those
obtained by the spectrophotometric assay [21]. As
a test of this hypothesis several smaller alcohols

MICHAELIS CONSTANTS AND DIFFUSION-CONTROL STERIC FACTORS FOR THE REACTION OF FERROCYTO-

CHROME ¢ WITH CYTOCHROME ¢ OXIDASE

The values below are determined in PEG /water at 25° C in phosphate buffer.

Description /model Parameter for I=010M* for I=0.028M?®

high affinity low affinity
Steric factor (experimental) (%) 0.48+0.03 0.006- 0.014 0.09- 0.2
Chemical activation © k¢ (uM~Lsh 89 +03 33 -110 14 - 19
Michaelis constant (7 = 0 mPa-s) K. (pM) 1.5 £01 0.08 - 0.18 32 -39
Michaelis constant ( = 0.93 mPa-s) K, (uM) 1.8 01 04 - 09 36 -44
Maximum velocity ¢ Vigax (@M-s™1) 60 403 27 - 37 24 27
Half-cone solid angle of entry 8(°) 50 - 66 12.3 -16.0

* Errors are linear fitting errors (Ref. 23) from 6-parameter non-linear least-squares analyses.
® Upper and lower bounds (Ref. 23) from non-linear least-squares analyses are shown here as some parameters are not well
determined due to the nature of the model and limitations due to the experimentally accessible range of substrate concentration

that could be used.

¢ In the encounter complex mechanism k. is a composite quantity (Eqn. 11).

9 Refers to [ E,} = 0.45 nM.
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Fig. 4. Eadie-Hofstee plots of the aerobic oxidation of ferrocy-
tochrome ¢ by cytochrome ¢ oxidase in PEG/water solutions
of varying viscosity (O, 7= 0.94; O, n=2.98 and 4, n=4.51
mPa-s) in pH 7.8, 0.028 M ionic strength phosphate buffer.
The lines were calculated using the best-fit parameters de-
scribed in Table I. For the n = 0.94 mPa-s data, four points at
low v are used in the analysis plot-off scale.

that do not cause any significant change in solvent
viscosity were also found to inhibit competitively
cytochrome ¢ oxidase with K; values of 860 + 70
mM for isopropanol, 480 + 50 mM, for methanol
and 350 + 30 mM for n-propanol. The cause of
this inhibition is not known; however, it has been
reported that 830 mM isopropanol causes a de-
crease in the hydrodynamic radius of the Triton
X-100 micelle from 44 A to 38 A due either to the
solubilization of alcohol in the micelle layer or to
the hydrophobic core [22]. Studies on the nature
of this weak inhibition will be further reported on.
Thus, subtracting the viscosity component, as de-
termined in PEG /water, from both the glycerol/
water and sucrose/water results of Fig. 3, compe-
titive inhibition constants, K;, of 1600 + 200 mM
for sucrose and of 2600 + 300 mM for glycerol,
are obtained.

The large (M, = 6000) neutral PEG molecule
with ether linkages and terminal —OH groups
would not be expected to associate to any signifi-
cant degree to cytochrome ¢ oxidase. Also, the
binding of ferrocytochrome has been demon-
strated to be largely electrostatic in nature. Thus
in the absence of any association the effect PEG
exerts on the kinetics is due to the decrease in
diffusion coefficients of the reactants. In accord

with Eqns. 5 and 6, k.l for the oxidation of
ferrocytochrome ¢ in PEG /water depends linearly
on the solvent viscosity (Fig. 3), which is good
evidence for the effect of diffusion control on the
kinetics. The non-zero intercept indicates a signifi-
cant chemical activation component to the reac-
tion, with the k5! term of Eqn. 6 being 20% of the
k! term at 1 mPa-s.

With Eqn. 5 substituted in Eqn. 6, and from the
slope and from the intercept of Fig. 3, the mini-
mum value of the steric factor f and the chemical
activation k., respectively, were calculated (Table
I). The value of A in Eqns. 4 and 5 was estimated
from D=1.30-10"%cm?-s~! at 20°C in aqueous
solution for ferrocytochrome ¢ [24]. R was calcu-
lated from R = rg + 7.yochrome With rg =72 A, as
determined by hydrodynamic studies [25], and
egtochrome = 16.6 A [26]. Thus the ky, calculated
from Eqn. 2is 1-10"°° M~ '-s7 ! at n =0.93 mPa-
s and 25°C.

The cytochrome ¢ oxidase kinetics were also
examined in PEG/water mixtures in low ionic
strength (I =0.028 M; pH 7.8) phosphate buffer
and resulted in sharply concave Eadie-Hofstee
plots (Fig. 4) as has been well documented before
[6]. Clearly the data show that the viscosity also
has an effect under conditions of low ionic
strength. These plots have been interpreted in
terms of a variety of different mechanisms [27-31].
More recently, a single catalytic site model involv-
ing two-dimensional diffusion between a catalytic
and membrane site [29,31] has been proposed.
Obviously any interpretation of the low-ionic
strength viscosity data depends upon the mecha-
nism chosen to interpret the data. The results of
Table I are based on a fit of the low-ionic strength
data of Fig. 4 to Eqn. 9, into which Eqns. 5-7 are
substituted. The parameters of Table 1 and the
calculated lines of Fig. 4 were obtained from a
6-parameter non-linear least squares [23] fit. The
parameters for the low ionic strength data are not
well defined due to the sharp curvature and greater
experimental error at low [cytochrome] and small
v, and consequently only the non-linear bounds
[23] are reported in Table 1. For dependent-site
and independent-site mechanisms the k_;, has an
interpretation similar to that of Eqn. 7 and in the
dead-end complex mechanism the k,,, values are
direct measures of association rate constants [27].



The low-ionic-strength Michaelis and diffusion
parameters of Table I are based on two binding
sites on the enzyme. However, it is acknowledged
that the limited conclusions reached regarding the
low-ionic strength data are dependent upon the
actual mechanism. The single catalytic site mecha-
nism [29,31] yields a much more complex expres-
sion than Eqn. 9. If this mechanism were operative
then a simple interpretation of the viscosity de-
pendence at low-ionic strength data is not possi-
ble. Other mechanisms could involve different in-
terpretations of these parameters.

Discussion

Diffusion models with steric constraints

The diffusion of a protein to a sterically
hindered site on a larger enzyme molecule may
result in a significant reduction in the diffusion-
controlled rate constant [1,8,12]. The simple
surface reactivity model [10,11] assumes that only
a fraction of the effective surface area of the
enzyme, op is reactive. A value of op may be
roughly estimated from the ratio of the cross-sec-
tional area of the substrate to the surface area of
the enzyme, Op = 773 ochrome/47rg. Further fac-
toring f into f= 0g0Gochrome and assuming
Oytochrome = 3» @ calculated value of f may be
obtained. The value of o,y oemome =7 May be a
good estimate as pulse radiolyses studies on the
reaction of hydrated electrons with ferricytoch-
rome ¢ give f= 0.40 after correction for electro-
static effects [32]. The value of f thus calculated is
0.7% and is in good agreement with the experi-
mental f at high ionic strength but not with f at
low ionic strength. It has been noted that this
model is oversimplified [1]; however, it does have
the advantage that it contains no adjustable
parameters. The calculated f should also contain
an electrostatic factor, f,.., which for oppositely
charged reactants is greater than 1. However, f,..
cannot be rigorously estimated. The effect of an
faec greater than 1 would be to increase the calcu-
lated f. Some progress has been made in this
regard [33] in a model that includes both mono-
pole and dipole interactions.

The more sophisticated Schurr-Schmitz solid-
angle diffusion model [8], which considered both
translational and rotational diffusion, gives a the-
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oretical f= (1 — cos 0)0rg/(rg + Ioyochrome)s
where 6 is the minimum half-cone solid angle (in
rad) necessary for reaction at a hemispherical site.
While no estimate of @ is available, lacking the
structure of cytochrome ¢ oxidase, a value of @
can be estimated from the experimental f values
of Table I, and they range from 5 to 21°. These
are minimum values of 8 as k;, is the minimum
value of the association rate constant (Eqn. 7).
Several other diffusion models have also been
employed [1,11,16].

A comparison of the experimental f at low
ionic strength indicates that in aqueous buffer
{1 =0.93 mPa-s) the faster-reacting high-affinity
site is largely (approx. 80%) diffusion controlled,
while the low affinity site is largely chemical-
activation controlled. For the low affinity site at a
viscosity of about 7 mPa - s the contributions from
diffusion and chemical activation control are about
equal. It should be noted that these conclusions
regarding the low affinity site depend upon the
actual mechanism. At high ionic strength the con-
tributions are equal at about 5 mPa - s. The viscos-
ity in the intermembrane space is unknown. How-
ever, estimates of the viscosity of the cytoplasm of
the cell range from 2 to 70 mPa-s depending
upon the cell studied and the experimental method
used [34]. Thus under physiological conditions
these reactions may be significantly influenced by
diffusion of cytochrome ¢ through the intermem-
brane space. Since the diffusion-controlled rate of
reaction is an upper limit, the degree to which it
has been achieved is some measure of the evolu-
tion of the enzyme [16]. Thus under high viscosity
physiological conditions any increase through
evolution in the chemical activation rate constant
would not result in a proportionate increase in the
overall k..

In Table II experimental values of f and half-
cone angles # are compared for several protein
reactions that exhibit evidence of diffusion con-
trol. A comparison of the half-cone angles of entry
# calculated {8] from the experimental values of f
is more valid than a comparison of the experimen-
tal f values as the proteins and substrates vary
considerably in size. On this basis the half-cone
angle of entry § for ferrocytochrome ¢ to cyto-
chrome ¢ oxidase is, at high ionic strength, be-
tween that found for the carbonic anhydrase reac-



TABLE 11

COMPARISON OF DIFFUSION-CONTROL PARAMETERS OF SOME PROTEIN REACTIONS

Reaction f (exp) (%) g2(°) Ref.
Ferricytochrome ¢ +e, 40 114 32
Ferrimyoglobin + ¢, 17 86 32

Yeast alcohol dehydrogenase + NADH 33 48 38
Carbonic anhydrase + CO, 14 40 16
Carbonic anhydrase + HCO3 0.5 25 16
Cytochrome ¢ oxidase + ferrocytochrome ¢ ° 0.48 21 this work
a-Hb chain+ CO 0.3 23 11

B-Hb chain+CO 0.2 22 11
Cytochrome ¢ oxidase + ferrocytochrome ¢ © 0.09-0.2 12-16 this work
Mb+CO 0.13 18 10
Cytochrome ¢ oxidase + ferrocytochrome ¢ ¢ 0.006-0.014 5-7 this work
# The half-cone angle of entry 8 is calculated [8] from the experimentally determined values of f in the column to the left.
® High ionic strength, I =0.1 M.

: Low ionic strength, I = 0.028 M, low-affinity site.

Low ionic strength, /= 0.028 M, high-affinity site.

tions [16] and CO binding to the more open heme
structures of the a and B chains of hemoglobin.
However, the half-cone angle of entry @ for the
high affinity site at low ionic strength is smaller
even than that for the restricted entry of CO to
Mb [10].

The possibility may also be considered that a
weakly bound encounter complex (E---S) is
formed prior to transformation to the enzyme-
substrate complex ES.

kD ku kz

E+S=E---S=ES—E+P
k_p Koy

where kp, and k_p are pure diffusion-controlled

association and dissociation rate constants, re-

spectively [7,12,35]. From Eqn. 7 [35] we obtain

1 k_.p k- pk_y

— =2 P (10
kD kalr kaukZ

K in =
All of the viscosity dependence will, as in Eqn. 6,
be found in the 1/k, term, as the viscosity depen-
dence of k_p/kp in the remaining terms cancels
out [35].
Eqn. 10 is of the same form as Eqn. 6, but with
k-p |k pk_,

= 2 11
ke = ok, T kpkok, b

The viscosity dependence of Eqns. 6 and 10 are

identical and thus the experimental f values and
half-cone angles # remain unchanged in Tables I
and II. However, the intercept at a viscosity of 0
mPa - s is a composite quantity (Eqn. 11) and can
be given no simple interpretation in the absence of
the knowledge of the individual rate constants.
Though it may be a reasonable postulate it should,
however, be noted that there is no experimental
evidence for the existence for the existence of an
encounter complex between cytochrome ¢ and
cytochrome ¢ oxidase.

Diffusion-controlled reactions of large mole-
cules have not been well studied. The reaction rate
of disulfide anion radicals produced by pulse radi-
olysis on the surface of proteins ranged from 2 to
50% of the diffusion-controlled rate for 13 differ-
ent proteins [36]. It was concluded from this study
that rotation of the proteins within an encounter
complex brought the reactive groups into contact.
The binding of /ac repressor protein to operator
DNA proceeds at about 10% of the diffusion-con-
trolled rate [37] and this has been interpreted in
terms of a mechanism involving one-dimensional
sliding [1] to the operator binding site.

In summary, the oxidation of ferrocytochrome
¢ by cytochrome ¢ oxidase has been shown to be
viscosity dependent at both high and low ionic
strengths. It would thus appear that any transla-
tional movement of cytochrome c in the inter-



membrane space during mitochondrial electron
transport between its membrane-bound redox
partners would be subject to diffusion effects.
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