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Interaction of cytochrome ¢ with cytochrome ¢ oxidase:
An understanding of the high- to low-affinity transition
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The steady-state kinetics of high- and low-affinity electron transfer reactions between various cytochromes ¢ and
cytochrome ¢ oxidase (ferrocytochrome c:oxygen oxidoreductase, EC 1.9.3.1) preparations were studied spectrophoto-
metrically and polarographically. The dissociation constants for the binding of the first and second molecules of horse
cytochrome ¢ (I =15 mM) are 5-10 "% M and 110 ~® M, respectively, close to the spectrophotometric X m values
and consistent with the controlled binding model for the interaction between cytochrome ¢ and cytochrome oxidase
(Speck, S.H., Dye, D. and Margoliash, E. (1984) Proc. Natl. Acad. Sci. USA 81, 346-351) which postulates that the
binding of a second molecule of cytochrome ¢ weakens that of the first, resulting in low-affinity kinetics. While the X,
of the polarographically assayed high-affinity reaction is comparable to that observed spectrophotometrically, the
low-affinity K, is over an order of magnitude smaller and cannot be attributed to the binding of a second molecule of
cytochrome c. Increasing the viscosity has no effect on the V,_,, of the low-affinity reaction assayed polarographically,
but increases the K . Thus, the transition from high- to low-affinity kinetics is dependent on the frequency of
productive collisions, as expected for a hysteresis model ascribing the transition to the trapping of the oxidase in a
primed state for turnover. At ionic strengths above 150 mM, the rate of cytochrome ¢ oxidation decreases without any
correlation to the calculated net charge of the cytochrome c¢, indicating rate-limiting rearrangement of the two proteins

in proximity to each other.

Introduction

The steady-state kinetics of cytochrome c¢-cyto-
chrome ¢ oxidase (ferrocytochrome c:oxygen oxido-
reductase, EC 1.9.3.1) interaction in vitro is commonly
assayed by monitoring either the oxidation of cyto-
chrome ¢ spectrophotometrically or the consumption of
oxygen manometrically or polarographically. In both
assays, at ionic strengths less than 100 mM, changing
the concentration of cytochrome ¢ results in biphasic
kinetics {1-4)], with a high-affinity K, value equal to
the K, for the binding of the first molecule of cyto-
chrome ¢ to cytochrome oxidase [4-7). However, the
polarographically assayed high-affinity V., is 10-fold
greater than that observed spectrophotometrically

Abbreviations: TMPD, N’,N’,N,N-tetramethyl-p-phenylenediamine;
PEG, poly(ethyleneglycol).
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[5.8,9). The K, of the low-affinity reaction in the spec-
trophotometric assay is 1.5 - 103 M [9-11]. In contrast,
the polarographic assay displays at least two low-affin-
ity phases. The initial phase has an apparent K, of
3-1077 M [4,9] and the second a larger K, and V,,,
which are comparable to those observed in the low-af-
finity spectrophotometrically assayed reaction [8,11] and
may indicate similar reactions.

Three main classes of models exist to explain the
spectrophotometric kinetics and the ability of two mole-
cules of cytochrome ¢ to bind cytochrome oxidase. The
first and simplest explanation proposes the existence of
two sites of electron transfer with different binding
affinities for cytochrome ¢ and rates of turnover [3,4).
The inability to detect a second site of electron transfer
or observe different pathways of electron flow into the
oxidase is inconsistent with this model [12-14}, but does
not rule it out.

The second class of models proposes one site of
electron transfer with the biphasic kinetics resulting
from effects associated with the binding of a second
molecule of cytochrome ¢ on the oxidase at a site not
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capable of electron transfer [15,16]). An example is the
controlled binding hypothesis of Speck et al. [15], in
which the binding of the second cytochrome ¢ molecule,
through electrostatic repulsion increases the rate of fer-
ricytochrome ¢ dissociation from the electron transfer
site, the proposed rate-limiting step. Other researchers
have proposed an allosteric mechanism for achieving
the same effect [16].

The third class of models incorporates the fact that
associated with the catalysis of electron transfer from
cytochrome ¢ to oxygen, cytochrome oxidase also trans-
locates protons [17-22]. This coupling of two different
processes inherently means that, upon titrating a
parameter or species associated with either electron
transfer or proton translocation, one should observe
non-linear steady-state kinetics, provided that the
parameter enters into the two rate expressions differ-
ently. Numerous models have been proposed relating
electron transfer to proton translocation [21-28]; how
they apply to these in vitro assays in which the enzyme
is in an uncoupled environment is unknown.

The polarographic assay of oxygen consumption in-
volves the use of an artificial reducing system so that
interpretation of the kinetics is complicated, inasmuch
as an understanding of the kinetic significance of the
artificial reducing system is incomplete. It has been
proposed that the high-affinity V, , represents the re-
duction of oxidized cytochrome ¢ bound to the oxidase
at or near the active site, thereby circumventing product
dissociation and resulting in the increased activity rela-
tive to the spectrophotometric assay {29]. Examination
of several primate cytochromes ¢ demonstrated a direct
correspondence between the V,, of the high-affinity
phase and the rate at which N’,N’,N,N-tetramethyl-p-
phenylenediamine (TMPD) reduced ferricytochrome ¢
bound to cytochrome oxidase [7]. However, the basis for
the low-affinity phases has not been elucidated.

In this paper, the interaction of cytochrome ¢ with
cytochrome oxidase, in an uncoupled environment, is
presented for both the spectrophotometric and polaro-
graphic assays. The demonstration via ultracentrifuga-
tion that the dissociation constant for the binding of a
second molecule of cytochrome ¢ with cytochrome
oxidase was the same as the K, of the low-affinity
phase supports the controlled binding hypothesis [15],
as describing the spectrophotometric assay at low ionic
strengths. The effects on the rate of oxygen consump-
tion by cytochrome oxidase of viscosity, employment of
phylogenetically different cytochromes ¢ and the role of
TMPD in the artificial reducing system were all con-
sistent with a hysteresis model as describing the mecha-
nistic basis for the high- to low-affinity transition in the
polarographic assay. At ionic strengths exceeding 150
mM, demonstrated by Sinjorgo et al. [30] to result in
monophasic kinetics, no correlation between changes in
the ionic strength and the net charge of the cytochrome

¢ was observed, indicating that the rate-limiting step
was no longer product dissociation, but instead some
form of configurational rearrangement of the two pro-
teins in proximity to each other.

Materials and Methods

Chemicals. Sucrose, Tris and Tween 20 (Sigma), n-
dodecyl B-maltoside (Boehringer Mannheim), TMPD
(Eastman), poly(ethylene glycol) 8000 (Kodak) and
ascorbic acid (Aldrich gold-label) were obtained from
the indicated sources. TMPD was recrystallized from
ethanol.

Cytochrome c. Ustilago sphaerogena (ATCC No.
12421) was grown to stationary-phase on rich medium
containing 4 ppm thiamine hydrochloride and 1 ppm
ZnCl, [31], and lysed by treatment with ethyl acetate
for 5 h at room temperature as described [32], with 2
mM phenylmethylsulfony! fluoride added to inhibit
proteinase activity. The cytochrome ¢ was absorbed on
Amberlite IRC-50 following 15-fold dilution of the
lysate with water and prepared as previously described
[33]). The cytochromes ¢ of horse, tuna, Euglena gracilis,
dusky shark, and Rhodospirillum rubrum (c,) were
purified as previously described [5,33-35). Paracoccus
denitrificans (¢ = 550) cytochrome ¢ was the kind gift of
Russel Timkovich (University of Alabama). Candida
krusei cytochrome ¢ (Sigma) and the eukaryotic cyto-
chromes ¢ were chromatographed on carboxymethyl-
cellulose.

Cytochrome c oxidase. Purified beef-heart cytochrome
¢ oxidase preparations were generous gifts from A.O.
Muijsers and B.F. Van Gelder (University of Amster-
dam) and Y.-C. Ching (A.T.&T. Bell Laboratories). The
kinetic properties of both preparations were found to be
similar. The concentration of the enzyme was de-
termined according to Williams [36].

Submitochondrial particle preparation. Beef-heart and
horse-heart particle preparations were prepared accord-
ing to Method 1 of King [37], as modified by Ferguson-
Miller et al. [4). Ustilago submitochondrial particles
were prepared by disruption of cells, grown to late log
phase, by two 15 min cycles of vigorous shaking of
cells /100 mM phosphate (pH 7.2) /0.5 mm glass beads
(1:1:1, v/v). Centrifugation at 7000 X g and 10000 X g
removed the glass beads and cellular debris. Subsequent
ultracentrifugation at 45000 X g for 90 min sedimented
the submitochondrial particles, which were stored as
described for the beef and horse preparations [4].

Kinetic studies. The polarographic steady-state, spec-
trophotometric steady-state and presteady-state assays
of cytochrome ¢ oxidase activity were according to the
procedures of Brautigan et al. [33], Speck et al. {38] and
Veerman et al. [39], respectively, employing a Gilson
5/6 oxygraph, Hitachi- 557 spectrophotometer and a
Durrum Rapid Kinetics System Series D-100 with the



OLIS model 4000 Data System. Because of possible
secondary salt effects, ionic strengths were measured
with a conductivity meter standardized to sodium chlo-
ride.

Binding studies. Gel-filtration measurements of the
binding of ferricytochrome ¢ to purified beef cyto-
chrome oxidase were as described {40,5,7]. The binding
of ferricytochrome c to purified beef cytochrome oxidase
was also measured employing a Beckman model E
analytical ultracentrifuge with a model AND rotor, run
at 52100 rpm, monitoring the absorbance across the cell
at 410 nm and 420 nm [41]. The employment of a
sufficiently large centrifugal force sediments the free
cytochrome oxidase and its complexes with cytochrome
c as a tight front, while free cytochrome ¢ remains
evenly distributed throughout the cell during the course
of the experiment. Employing a calibration curve made
for both cytochrome ¢ and cytochrome oxidase at 410
nm and 420 nm to correct for the large slit-width and
distortions in the spectrophotometer of the ultracentri-
fuge, the total concentration of cytochrome oxidase
being sedimented (free and in various complexes with
cytochrome c), the total concentration of cytochrome ¢
in the presence of the sedimenting oxidase (free and
bound) and the concentration of free cytochrome c¢
(that behind the front) can be obtained. Assuming that
binding at the first site precedes that at the second, the
concentrations of cytochrome oxidase with two cyto-
chromes ¢ and with only one bound, could be calcu-
lated from the concentration of bound cytochrome c,
measured as the difference between the amount sedi-
menting with the enzyme and that not. Since the ratio
for the dissociation constants for the binding of the first
and second molecules of cytochrome ¢ is 10°, it was
appropriate to assume that complete occupancy of the
high-affinity site preceded binding at the second site.
Dissociation constants were then calculated for a
minimum of four different free cytochrome c¢ con-
centrations. The occupancy of the second site varied up
to a maximum of 35%, above which titrations were not
possible due to the high absorbance of the proteins.
Titration of the high-affinity binding was not possible
using this ultracentrifugation procedure due to the in-
ability of the spectrophotometer, associated with the
ultracentrifuge, to quantify such low concentrations of
cytochrome c¢. In conducting these experiments, n-
dodecyl B-maltoside was used in place of Tween 20 to
reduce the background absorbance; this change in de-
tergent has been shown to increase the specific activity
without significantly altering the K, [42], an observa-
tion we have confirmed.

Calculation of kinetic parameters. Determination of
the K, of the high-affinity phase involves simple linear
regression analysis of the data, omitting those data
points displaying significant overlap with the low-affin-
ity reaction. To calculate the K, of the low-affinity
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reaction, the following expression was employed which
corrects for the overlap between the high- and low-af-
finity phases:

Km=cl

TNL, - TNH,
omax mexo_
TN, — TNE, ]

In this expression ¢, is the concentration of free cyto-
chrome ¢ resulting in a specific low-affinity activity
TN,,,, with TN2 and TN, being the turnover num-
bers of the high- and low-affinity reactions extrapolated
to infinite substrate concentration. This expression as-
sumes that:

(1) A molecule of oxidase can only catalyze either high-
or low-affinity activity but not both simultaneously;
namely, there is only one site of electron transfer.

(2) The transition from high-affinity activity to low-af-
finity activity is dependent on the concentration, to the
first power, of cytochrome ¢ in solution. This requires
that initial steady-state conditions apply, so that all the
ferrocytochrome ¢ in solution is available for reaction,
that no significant amount of oxidized cytochrome c is
present and that substrate depletion does not occur.
Furthermore, the transition from high- to low-affinity
reactivity is first order with respect to cytochrome ¢
concentration and can be approximated by [H] X [c]/[L]
in which [c}, [H] and [L] are the concentrations of the
free cytochrome c, cytochrome oxidase catalyzing high-
affinity turnover and cytochrome oxidase catalyzing
low-affinity turnover, respectively. While this is obvi-
ously correct for the spectrophotometric assay in which
the transition from high- to low-affinity activity is de-
pendent on the binding of an additional molecule of
cytochrome ¢, it is only an approximation for the
polarographic assay in which the rate equation of the
low-affinity phase is not known.

(3) The K, of the high-affinity reaction is at least 1.5
orders of magnitude smaller than that of the low-affin-
ity reaction, such that under low-affinity conditions the
concentration of uncomplexed enzyme is negligible.

Results

Dissociation constants of cytochrome c-cytochrome oxidase
complexes

The K for the binding of the first molecule of horse
cytochrome c to purified beef cytochrome oxidase, mea-
sured by gel filtration in 25 mM acetate (adjusted to pH
7.9 with Tris)/0.25% Tween 20, was found tobe 5- 1073
M, in agreement with earlier measurements [4-7]. In-
creasing the ionic strength with KCl to 37 mM and 52
mM resulted in K, values of 1.1-1077 M, and 3.0-
1077 M, indistinguishable from the K values reported
by Sinjorgo et al. [30] for the high-affinity reaction
spectrophotometrically assayed under comparable con-
ditions.
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TABLE 1

Comparison of dissociation constants and Michaelis-Menten constants of the polarographic assay

Cytochrome ¢ Kp * M) Kp; ® (M) High affinity Low affinity

K, (M) Km © (M) Kmy ¢ (M)
Horse 5-1078 1.1-107% 31078 84.1077 1.7-10°3
Fungal © nd.' 12-107%¢ 6-10°° 7.7-1077 nd.
Spider monkey " 1-1078 nd. 1.-1078 11-107¢ nd.

* The dissociation constant for the binding of the first molecule of cytochrome ¢, as measured by gel filtration.

b

The dissociation constant for the binding of the second molecule of cytochrome ¢, as measured by ultracentrifugation.

The cytochrome ¢ concentration range referred to as low affinity by Ferguson-Miller et al. (4], and Smith et al. [9] (approx. 0.5 to 3 pM).

<
9 The cytochrome ¢ concentration range studied by Slater [8] (10-60 uM).

¢ Kinetically, the cytochromes ¢ of C. krusei, yeast iso-1, and U. sphaerogena were indistinguishable.

-

Not determined.
8 Measured using C. krusei cytochrome c.
" Data taken from Osheroff et al. 7).

Determination of the K, for the binding of a second
molecule of cytochrome ¢ by gel filtration may be
inaccurate due to interactions with the column matrix
that will skew large dissociation constants. To address
this concern and the uncertainty in the literature con-
cerning the value of the dissociation constant for the
binding of a second molecule of cytochrome ¢ to cyto-
chrome oxidase [4,7], an ultracentrifugation procedure,
described under Materials and Methods, was employed.
The K for the binding of a second molecule of horse
cytochrome ¢ was found to be 1.1-10~° M, while that
for a second molecule of C. krusei cytochrome ¢ was
1.2-10"% M. In both measurements the standard devia-
tions were 3-107¢ M.

The inability to detect the binding of a second mole-
cule of cytochrome ¢ to cytochrome oxidase by observ-
ing perturbations in the absorption spectra of the two
proteins [14] may indicate only that the binding of the
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second molecule of cytochrome ¢ does not cause any
alterations in the electronic transitions of the hemes.
This is consistent with the second molecule of cyto-
chrome ¢ binding at a site not capable of electron
transfer and with a large dissociation constant.

Steady-state kinetic studies

A comparison of the kinetic and binding properties
of different cytochromes c is presented in Table 1. All
displayed biphasic kinetics, with the high-affinity reac-
tions of the three fungal proteins having a V_,, ap-
proximately one-tenth that for the horse protein. Be-
cause of limitations on the accuracy and sensitivity of
the polarogrpahic assay, the fungal proteins could be
assigned only an upper limit of 6-107° M for the K,
of the high-affinity phase, and any slight differences
between their high-affinity reactions could not be ob-
served. This combination of very small K and V,,
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Fig. 1. Comparison of steady-state assays for the interaction of horse cytochrome ¢ with beef-heart submitochondrial particles. Polarographic

measurement of steady-state oxygen consumption by 2.5 nM cytochrome oxidase in 25 mM acetate-Tris (pH 7.9), 0.7 mM TMPD, 5 mM ascorbate

(0): the same conditions except that TMPD was absent (a); spectrophotometric analysis of the initial steady-state rates of the oxidation of horse

ferrocytochrome ¢ by 0.2 nM cytochrome oxidase in 25 mM acetate-Tris (pH 7.9) (O). (A) and (B) show the same data plotted on two different
scales, displaying the biphasic nature of the kinetics for all three assay systems, and the large influence of TMPD.



values made it difficult to detect the high-affinity reac-
tion for the fungal proteins, explaining why earlier
researchers observed only the low-affinity reaction [35].
Correction for overlap with the high-affinity reaction,
employing Eqn. 1, yielded K, values of 7.7-1077 M
and 8.4-10~7 M for the fungal and horse cytochromes
c, respectively. These values are similar to that of the
primate spider-monkey cytochrome ¢ [7] and over an
order of magnitude smaller than the K, for the binding
of a second molecule of cytochrome ¢ to the enzyme.

Role of TMPD in the polarographic assay

A comparison of the spectrophotometric and polaro-
graphic kinetics in the presence of both TMPD and
ascorbate or with ascorbate alone (Fig. 1), demonstrated
that in the absence of TMPD, the kinetic parameters
derived from both assays were very similar. The slight
difference, less than 40%, in the V,,,, of the high-affinity
reaction, may be attributed to the accumulation of
product, ferricytochrome ¢ in the spectrophotometric
assay. This does not occur in the polarographic mea-
surement inasmuch as the ascorbate maintains the cyto-
chrome ¢ fully reduced under these conditions [43]
avoiding such a problem typically associated with initial
steady-state spectrophotometric determinations.

The presteady-state rate of the TMPD reduction of
C. krusei cytochrome ¢ complexes to purified beef
cytochrome oxidase, in 25 mM acetate-Tris (pH 7.9)
was found to be 4 to 5 s~ !, similar to the polarographi-
cally derived steady-state V,,, for the high-affinity phase
of the reaction.

Effects of viscosity on the polarographic assay

Increasing the viscosity with PEG had no discernible
effect on the V. of the initial low-affinity phase of the
polarographic assay, but did cause an increase in the
apparent K, (Fig. 2). At the higher concentrations of
cytochrome ¢, associated with the titration of the bind-
ing of a second molecule to cytochrome oxidase, the
effects of viscosity changed to a decrease in the V.
with no alteration in the apparent K, reinforcing the
proposal that the two phases employ different mecha-
nisms. Even though the differences between these two
low-affinity phases are relatively small, they are signifi-
cant considering the high precision of low-affinity
polarographic measurements and the relatively low
background activity they are measured against. These
effects of viscosity were also observed employing
glycerol or sucrose (data not shown).

Ionic strength effects on the spectrophotometric assay
Increasing the ionic strength from 15 mM to 750 mM
elicited two types of inhibition of the spectrophotomet-
rically determined rate of eukaryotic cytochrome ¢
oxidation by horse-heart, beef-heart, and U. sphaerogena
submitochondrial particle preparations. The later pre-
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Fig. 2. Effect of viscosity on the polarographically assayed low-affin-
ity reactions of horse cytochrome ¢ with beef-heart submitochondrial
particles. The rate of oxygen consumption by 5 nM cytochrome
oxidase in the absence of polyethylene glycol (O), in the presence of
5% (w/v) poly(ethylene glycol) (a), and 10% (w/v) poly(ethylene
glycol) (O), were assayed as described in Fig. 1 for the polarographic
assay with TMPD. The data plotted represent the average of a
minimum of three complete sets of determinations, with each point
measured in duplicate and yielding a standard deviation of less than
10%, typically less than 5%.

paration displays an approx. 20-fold greater specific
activity than the other preparations and as such avoids
long reaction times and /or high enzyme concentrations,
even at ionic strengths resulting in a 90% inhibition, so
that possible artifacts due to substrate depletion or slow
solvent effects on the integrity of the submitochondrial
particles were minimized. As Table Il summarizes, be-
tween 15 mM and 100 mM ionic strength, the inhibition
decreased with increasing cytochrome ¢ concentration,
such that at the higher concentrations of cytochrome c,
characteristic of the low-affinity reaction, the rate of
reaction was ionic strength independent. Thus, the in-
hibition observed at concentrations of cytochrome c,
which at ionic strengths below 100 mM exhibit a mix-
ture of high- and low-affinity activities, must represent
inhibition of the residual high-affinity activity.

Above 150 mM there is a strong dependence of the
rate of cytochrome ¢ oxidation on the ionic strength.
The slopes of the plots of the logarithm of the turnover
numbers versus the square roots of the ionic strengths
for different cytochrome ¢ concentrations, were ap-
proximately the same, indicating that the ionic strength
derived inhibitions were primarily the result of de-
creases in the rate constants and not due to changes in
the apparent K.

Increasing the ionic strengh decreased the rate of
oxidation by the ustilago particle preparation of the
bactenial cytochromes ¢ (P. denitrificans and R.
rubrum), indicating that, though these proteins have a
net negative charge, they behave in their interaction
with cytochrome oxidase as though they were cationic.
However, because of the extremely low activities dis-
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TABLE 11

Effects of ionic strength on the spectrophotometrically assayed initial
steady-state rate of oxidation of various cytochromes c¢ by Ustilago
sphaerogena cytochrome oxidase

Samples were prepared and analyzed as described for Fig. 1. The
initial buffer was 25 mM acetate, titrated to pH 7.9 with Tris,
supplemented with KCl to achieve the various ionic strengths. The
concentration of U. sphaerogena cytochrome oxidase, prepared as
submitochondrial particles, was typically 0.2 nM.

Cytochrome ¢ [e]* TNP —m° —m;?9 TN;®
(M) ™H s™"
Horse 125 160 033 3.8 3.8-10°
63 146 052 43 3.7-103
25 98 069 46 2.7-10°%
13 70 091 ndf nd
Tuna 20 175 086 49 46-10°
Dusky shark 18 121 12 48 46-10°
Euglena gracilis 16 38 16 3.7 1.1-102
08 20 22 47 1.7-102
Yeast iso-1 49 205 048 39 1.2-104
20 180 1.0 41 6.2-103
1.0 135 30 3.9 2.7-10°
Candida krusei 44 202 065 3.8 1.1-104
18 155 092 39 5.1-10°
09 9% 1.1 3.7 21-103
Ustilago sphaerogena 10 76 14 4.6 2.7-10°
Paracoccus denitrificans ® 4.2 22 11 30
21 17 1.1 2.3
Rhodospirillum rubrum?® 2.1 16 1.8 24

* The concentration of reduced cytochrome c initially in the cuvette
prior to the addition of cytochrome oxidase.

% The initial specific steady-state activity observed in buffer contain-

ing no added KCl.

Slope of the effect of increasing ionic strength below 100 mM on

the initial steady-state rate of cytochrome ¢ oxidation.

Slope of the effect of increasing ionic strength above 150 mM on

the initial steady-state rate of cytochrome ¢ oxidation.

Extrapolation of the specific activities observed above 150 mM

ionic strength to zero ionic strength.

Not determined.

The bacterial cytochromes ¢ displayed only a monophasic decrease

in the initial steady-state rate of cytochrome c¢ oxidation with

increasing ionic strength.

o

-3

[N

played with eukaryotic cytochrome oxidases, more de-
tailed kinetic analyses were not undertaken.

The effects of ionic strength were independent of
whether potassium chloride, lithium chloride or potas-
sium cacodylate were employed as effectors. The only
differences observed arose from secondary salt effects
on their ionizations. In contrast, employing Tris-acetate
as both the buffer and the ionic strength effector re-
sulted in a strong inhibition between 25 mM and 250
mM (I =15 mM-110 mM), approx. 5-fold greater than
with the other salts.

Discussion

Interpretation of spectrophotometric kinetis

The controlled binding hypothesis of Speck et al. [15]
assumes that in both high- and low-affinity phases of
the steady-state rection of cytochrome c¢ with cyto-
chrome oxidase, followed spectrophotometrically, the
rate-limited step is product dissociation. The basis for
this assignment has been amply discussed [15,16,44}. So
far, the data supportive of the model have focused on
the high-affinity reacton, in that (a) the K, was shown
to be identical to the K, for the binding of the first
molecule of cytochrome ¢ with cytochrome oxidase; (b)
chemical modification of cytochrome ¢ equally effects
the high-affinity K, and K values [6]; and (¢)
stopped-flow studies have demonstrated that the forma-
tion of free cytochrome ¢, from the 1:1 complex with
cytochrome oxidase, occurs at a rate comparable to the
steady-state high-affinity V. [16]). However, the essen-
tial feature of the model is that the binding of a second
molecule of cytochrome ¢ to the enzyme, at a site not
capable of electron transfer, will through electrostatic
repulsion increase the rate of product dissociation from
the electron transfer site, thus resulting in low-affinity
kinetics. The ultracentrifugation procedure employed in
this paper has allowed the measurement of the dissocia-
tion constant for the binding of the second molecule of
cytochrome ¢, 1-107° M, which, as the model predicts,
is close to the K, of the low-affinity reaction. Thus,
both the high- and low-affinity kinetic phases of the
spectrophotometric assay behave as predicted by the
controlled binding hypthesis [15].

Models have been proposed explaining the biphasic
kinetics in the spectrophotometric assay as representing
two different states of the oxidase, which displays dif-
ferent properties towards cytochrome ¢ [23,27,28). Our
results do not contradict a conformational change as
being involved in the transition from high- to low-affin-
ity kinetics. However, the observation that K for the
low-affinity phase is similar to the K for the binding
of a second molecule of cytochrome ¢ means that
whatever model is proposed must take into account that
under low-affinity conditions two molecules of cyto-
chrome ¢ are bound to the oxidase. Thus, the low-affin-
ity kinetics may be catalyzed by an altered enzyme,
whose transformation is elicited by the binding of a
second molecule of cytochrome c.

The model recently proposed by Michel and Bos-
shard [27] is contrary to our data, since throughout both
high- and low-affinity phases, only one molecule of
cytochrome c¢ is bound. In addition, by using the sum of
two independent Michaelis-Menten equations (see Eqn.
6) to calculate the kinetic parameters for the high- and
low-affinity reactions, the mathematics is actually de-
scribing two independnet sites of electron transfer. This
is contrary to their own single-site model which ascribes



the high- to low-affinity transition to a conformational
change in the enzyme, and as such, a molecule of
cytochrome oxidase cannot catalyze simultaneously both
high- and low-affinity reactions.

Interpretation of polarographic kinetics

This correspondence between the kinetic parameters
of the spectrophotometric assay and the binding con-
stants does not hold for the polarographic assay. Even
though the K, of the high-affinity reaction is the same
as the dissociation constant for the binding of the first
molecule of cytochrome ¢ to cytochrome oxidase, the
K, of the subsequent low-affinity phase in the polaro-
graphic assay is over one order of magnitude smaller
than the K, for the second molecule. Therefore, the
high- to low-affinity transition involves only a 1:1
complex of cytochrome c¢ with cytochrome oxidase.
Since the transition occurs as a result of increasing the
concentration of free cytochrome ¢, the resultant higher
turnover rate must represent a change in the mechanism
of interaction, presumably involving a change in the
conformation of the two proteins separately or in com-
plex {45,46). That such conformational changes occur
have been shown from circular dichroism spectra for the
interaction of various cytochromes ¢ with either cyto-
chrome oxidase or cytochrome ¢ peroxidase (Ref. 47;
unpublished data). Thus, it can be proposed that follow-
ing interaction, the enzyme is primed for turnover, so
that if the next molecule of substrate binds prior to the
enzyme relaxing back to the less active form, a high
turnover rate will result, namely the low-affinity kinetic
phase.

Such a hysteresis model has two readily testable
aspects. One is that the transition from high- to low-af-
finity kinetics should display a dependence on the
frequency of productive collisions and not on the con-
centration of substrate, such as may be achieved by
changing the diffusion coefficients of the reactants by
altering the viscosity of the medium. As shown above,
increasing the viscosity with PEG, glycerol or sucrose
does not affect the V., but does result in higher X
values of the initial low-affinity phase. Earlier work had
revealed similar effects, though no interpretation was
given [48,49]. The second testable consequence is that
the K, of the initial low-affinity phase of the polaro-
graphic assay is representative of the lifetime of the
primed state of the enzyme, not that of the cytochrome
¢. Employment of cytochromes c¢ isolated from widely
divergent sources with different properties should not
alter the K, assuming that these cytochromes ¢ have a
similar rate of productive association. Confirming that
this is indeed the case, it was found that cytochromes ¢
varying by as much as 5-fold in their high-affinity K,
values, vary by less than 50% in their low-affinity K
values (see Table I). This small variation may represent
slight differences in the rates of productive association.
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The only reason the primed state of cytochrome
oxidase can be observed is that the rate of turnover in
the polarographic assay is consonant with the rate of
relaxation. Had the reaction been slower, as in the
spectrophotometric assay, such trapping would not have
been observed. Since the rate-limiting step in the spec-
trophotometric assay is generally considered to be prod-
uct dissociation, and in the polarographic assay an
artificial reducing system is present so that product
dissociation is not necessary, the approx. 5-fold greater
Vax Of the high-affinity reaction of the polarographic
assay has been proposed to represent TMPD reduction
of cytochrome ¢ in the vicinity of the active site {7]. In
agreement with this is the observation depicted in Fig.
1, above, that omission of TMPD from the polaro-
graphic assay results in biphasic kinetics with K and
Vinax Vvalues very close to those for the spectrophotomet-
ric assay. Consistent with such a role for TMPD is that
the presteady-state rate of TMPD reduction of ferricy-
tochrome ¢ bound to cytochrome oxidase is the same as
the V,,,, of the high-affinity phase of the polarographic
assay [7], as shown above in the case of C. krusei
cytochrome c.

Though a detailed understanding of the mechanistic
basis of the low-affinity reaction in the polarographic
assay is not yet available, the V., of the initial phase is
ascribed to a combination of rate-limiting reduction of
product, ferricytochrome ¢, near the electron transfer
site, and reaction of free ferrocytochrome ¢ from solu-
tion. At even higher concentrations of cytochrome c,
characteristic of titration of the binding of the second
molecule of cytochrome ¢, the K, is similar to the K,
for this binding event and increasing the viscosity did
not alter the K but inhibited the rate of reaction.
These results are characteristic of the V., being repre-
sentative of rate-limiting product dissociation as dem-
onstrated by Hasinoff and Davey [50] for the spectro-
photometric assay. Such a conclusion is further borne
out by the V. of the second low-affinity polarographic
phase being comparable to that observed for the low-af-
finity phase of the spectrophotometric assay.

Influence of ionic strength on spectrophotometric kinetics

At ionic strengths above 150 mM, it has been shown
that only monophasic kinetics are observed in the spec-
trophotometric assay [30). The kinetically significant
charge products (ZA - ZB) for this reaction, determined
from the relationship observed between the logarithm of
the rate of turnover and the square root of the ionic
strength [51-53), for U. sphaerogena, C. krusei, and
baker’s yeast iso-1 cytochromes ¢ with U. sphaerogena
submitochondrial particles are 4.6, 3.8 and 3.0, respec-
tively (Table II). Since the cytochrome oxidase used
with each cytochrome c¢ is the same, the ratio of the
charge products equals the ratio of the kinetically sig-
nificant charges of the cytochromes ¢. The calculated
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net charges at pH 7.9, based upon the amino acid
sequences, are +1, +3 and +5 for the U. sphaerogena,
C. krusei and baker’s yeast iso-1 cytochromes ¢, respec-
tively [54-56]. Therefore, one would expect the ratio of
the kinetically significant charge products of the three
fungal proteins to be 1:3:5, and not the observed
1.2:1:1. The basts for expecting the kinetically signifi-
cant charge product to reflect the net charges of the two
proteins is the assumption that they can be represented
as point charges, which are far apart and freely diffusi-
ble. However, once the rate-limiting step involves the
proteins in proximity to each other, the distribution of
charges relative to the interaction domains becomes
kinetically significant and the observed charge product
is not the same as the overall net charge. Thus, the
rate-limiting step of the high ionic strength spectropho-
tometric kinetics must involve cytochrome ¢ and cyto-
chrome oxidase already in proximity to each other.
Questions have been raised concerning the calcula-
tion of the charge products for the reactions of macro-
molecules, and whether corrections for the distance of
nearest approach should be included [57-60]. While
such calculations change the absolute values of the
kinetically significant charge products, no changes in
the ratios employed above will result. Hence, the con-
clusion that the rate-limiting step for the oxidation of
cytochrome ¢ by cytochrome oxidase, at ionic strengths
exceeding 100 mM, involves the two proteins in proxim-
ity to each other is independent of such concerns.
Though our data do not yield a mechanistic interpre-
tation of the monophasic reaction observed at high
ionic strengths, it is likely that, in accordance with
Sinjorgo et al. [30], the monophasic reaction is derived
from the high-affinity reaction pathway observed at
lower ionic strengths. Increasing ionic strength pre-
sumably shields various charges on the proteins, such
that the complex formed between them is altered and
the rate-limiting step becomes rearrangement, to allow
electron transfer. This is in contrast to low ionic strength
conditions, in which the rate-limiting step in the spec-
trophotometric assay is product dissociation. The ob-
servation that monophasic kinetics replaces biphasic
kinetics at ionic strengths slightly exceeding physio-
logical is intriguing as a potential form of regulation.
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