
An Arginine to Lysine Mutation in the Vicinity of the Heme Propionates Affects
the Redox Potentials of the Hemes and Associated Electron and Proton Transfer in

Cytochromec Oxidase†

Denise A. Mills,‡ Lois Geren,§ Carrie Hiser,‡ Bryan Schmidt,‡,| Bill Durham,§ Francis Millett,*,§ and
Shelagh Ferguson-Miller*,‡

Biochemistry and Molecular Biology Department, Michigan State UniVersity, East Lansing, Michigan 48824, and
Department of Chemistry, UniVersity of Arkansas, FayetteVille, Arkansas 72701

ReceiVed February 16, 2005; ReVised Manuscript ReceiVed June 8, 2005

ABSTRACT: Cytochromec oxidase pumps protons across a membrane using energy from electron transfer
and reduction of oxygen to water. It is postulated that an element of the energy transduction mechanism
is the movement of protons to the vicinity of the hemes upon reduction, to favor charge neutrality. Possible
sites on which protons could reside, in addition to the conserved carboxylate E286, are the propionate
groups of hemea and/or hemea3. A highly conserved pair of arginines (R481 and R482) interact with
these propionates through ionic and hydrogen bonds. This study shows that the conservative mutant,
R481K, although as fully active as the wild type under many conditions, exhibits a significant decrease
in the midpoint redox potential of hemea relative to CuA (∆Em) of =40 mV, has lowered activity under
conditions of high pH or in the presence of a membrane potential, and has a slowed hemea3 reduction
with dithionite. Another mutant, D132A, which strongly inhibits proton uptake from the internal side of
the membrane, has<4% of the activity of the wild type and appears to be dependent on proton uptake
from the outside. A double mutation, D132A/R481K, is even more strongly inhibited (∼1% of that of the
wild type). The more-than-additive effect supports the concept that R481K not only lowers the midpoint
potential of hemea but also limits a supply route for protons from the outside of the membrane used by
the D132 mutant. The results are consistent with an important role of R481 and hemea/a3 propionates in
proton movement in a reversible exit path.

Cytochromec oxidase (CcO)1 is an integral membrane
protein and is the terminal electron acceptor in the respiratory
chain. Electrons from cytochromec enter CcO through a
dinuclear copper site (CuA) and move to hemea, hemea3,
and the closely associated CuB. Oxygen binding and reduc-
tion occur at the heme a3-CuB site (1). The electron transfer
events and the chemical conversion of oxygen to water create
a membrane potential by virtue of drawing protons from the
inside and electrons from the outside of the membrane. In
addition, CcO pumps protons through the protein to further
build up the proton gradient∆µH+ across the membrane.

This gradient is then used to make ATP as a source of energy
for the cell. The question of how the steps of electron transfer
and the oxygen chemistry are coupled to the mechanism of
proton pumping remains.

Intake paths for protons have been defined from the crystal
structures (2-5) and by site-directed mutagenesis studies (6-
10). A pathway discerned in bovine oxidase, the H path (11-
13), has not been confirmed in prokaryotic CcO by mu-
tagenesis studies (14), but two other paths, the D and K paths,
appear to be highly conserved across a range of oxidases,
including the mammalian CcO. The K path has a highly
conserved lysine (K362) that is essential for reduction of
the hemea3-CuB center (10, 15-17) and appears to lead to
the active site. The D path, so-called because of an important
aspartate (D132) at the entrance, appears to end at a
glutamate (E286) that is∼12 Å from both hemes at their
lower edges (Figure 1). Substitution of D132 for anything
other than a carboxyl group inhibits proton uptake from the
inside of the membrane, and net proton pumping is not
observed. In fact, there is alkalinization on the outside of
the D132A cytochromec oxidase vesicles (COVs) during
turnover, observed with the pH-sensitive dye phenol red (18).

D132A COVs exhibit the highest rates of oxygen con-
sumption in the presence of a membrane potential (controlled
state), a phenomenon that can be explained by backflow of
protons from the outside, partially replacing the lack of
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protons from the D path (18, 19). Consistent with this
interpretation is the observation of inhibition of wild-type
or D132A COVs by externally added zinc. Zinc reduces the
activity of the controlled state but not the uncontrolled state
(in the absence of∆µH+) (20). This EDTA-reversible
inhibition of activity by zinc is observed to correlate with
inhibition of the rate of alkalinization of the exterior of the
vesicles. The results strongly suggest that backflow of
protons is important in the controlled state, to support both
the activity of D132A and the activity of the wild type when
inhibited by a high∆µH+.

It has been proposed that protons to be pumped move from
residue E286 to the vicinity of the propionates above the
hemes (21-24) before being released to the outside bulk
solvent, by an as yet undefined proton exit path (25). A
possible location for a proton to reside, to accomplish charge
neutralization of the incoming electron (26), is on the
propionates of the hemes [or an associated water (27)]. FTIR
studies with13C-labeled propionates suggest that at least two
of the four propionates in theParacoccus denitrificans
cytochromec oxidase undergo changes in protonation or
environment upon heme reduction (28, 29). In other heme
proteins, it has been shown that the protonation state of the
propionates of the hemes has a role in controlling the redox
potential and cooperativity (30, 31). To examine the possible
involvement of the propionates and the region above the
hemes in proton movement in CcO, mutants have been made
of the highly conserved arginine pair (R481 and R482) that
interacts with both of the heme propionates (Figure 1) (22,

23, 29, 32). Previous reports of mutations of the arginines
have pointed to a possible role in proton movement (23),
while structural analysis and theoretical modeling studies also
suggest a facilitated electron transfer pathway between CuA

and hemea in this region (32-34).
Studies with various R482 mutations, the arginine closely

associated with hemea, show changes in the electron transfer
rates from the electron donor, cytochromec, to CuA and
between CuA and hemea (32). The conservative mutation
of R482 to a lysine was wild-type in its steady-state activity,
in both purified and reconstituted forms, but significantly
altered in the midpoint potential difference between hemea
and CuA [∆Em ) Em(hemea) - Em(CuA), 28 mV in R482K
versus 46 mV in the wild type (32)]. Alteration of R482 to
a hydrophobic residue caused loss of Mg, a non-redox active
metal above hemea3, and a disturbed subunit I-subunit II
interface. The R482P mutant, which is relatively unstable
structurally, shows very slow electron transfer from CuA to
hemea. When both R482 and R481 are mutated to glutamine
in the Escherichia coli bo3 oxidase, the activity is reduced
to less than 50% and there appears to be no proton pumping
(23).

Arginine 481 is intimately associated with both hemea
anda3 propionates. From the crystal structure, it appears to
be within hydrogen bonding distance (e3 Å) of the hemea
D-propionate (Figure 1, black dashed lines) and to have
strong electrostatic interactions (<4 Å) with the D-propionate
of hemea3 (Figure 1, red dashed lines). Mutation of the
conserved R481 in CcO to a lysine results in normal activity
in the purified enzyme and normal proton pumping ef-
ficiency, although the proton pumping is slowed, due to
slowed cytochromec oxidation under the reconstituted,
pumping conditions (32). R481K has no spectrally detectable
perturbation of the CuA site, even though the peptide
backbone of R481 is hydrogen bonded through water to a
ligand of CuA (H260II in subunit II) (32) (Figure 1).

To examine the role of R481 in maintaining the structural
and/or electrostatic properties of the propionates, further
studies were carried out, including time-resolved measure-
ment of rates of electron transfer from CuA to hemea in the
R481K mutant CcO. A double mutant of D132A and R481K
was made to test whether mutating the externally located
arginine would affect the severely inhibited, internally located
D132A mutant, since the latter CcO is postulated to rely on
protons being supplied from the outside (backflow) for its
activity.

MATERIALS AND METHODS

Site-Directed Mutagenesis and Protein Purification.Site-
directed mutants were constructed using PCR overlapping
extension methods (35). For the D132A/R481K double
mutation, the pCH81 plasmid, containing the entire Cox I
with the D132A mutation (9), was used for the second
R481K mutation. The primer and construction of R481K
were described previously (32). The Michigan State Uni-
versity (MSU) Macromolecular Structural Facility, East
Lansing, MI, synthesized all of the oligonucleotide primers.
The D132A/R481K double mutation, after complete se-
quencing at the MSU facility, was placed in the histidine
tag II construct (36) before conjugation intoRhodobacter
sphaeroides.

FIGURE 1: Structure ofRs CcO showing the arginines and their
interactions. From the crystal structure (5), the figure was made
using Insight II. Waters are shown as red spheres. Dotted black
lines show hydrogen bonding interactions ofe3 Å. Dotted red lines
show distances of<4 Å that depict electrostatic interactions.
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Cytochromec oxidase was extracted fromRs grown in
Sistrom’s media as described previously (37), and purified
on a Ni-NTA affinity column (38). Modifications were
made to this protocol to maintain binding of the His tag II
CcO. Ni-NTA (Qiagen) was suspended in high-salt buffer
[10 mM Tris-HCl (pH 8.0), 10 mM imidazole, 200 mM KCl,
and 0.1% lauryl maltoside (LM)] for the binding procedure.
High-salt buffers were used for the Ni-NTA wash and
elution of CcO. The protein, after Ni-NTA affinity chro-
matography, was further washed with 10 mM HEPES-KOH
(pH 7.4), 0.1% lauryl maltoside, and 40 mM KCl using a
Centricon-50 concentrator (Amicon) to remove Ni-bound
histidine. Prior to reconstitution into vesicles, a second ion
exchange chromatography purification step was used with
two DEAE columns in tandem (Tosohaas DEAE-5PW, 10
µm particle size, 8 mm× 7.5 cm) using a Pharmacia A˜ KTA
FPLC system as previously described (36).

Reconstitution of Cytochrome c Oxidase.Cytochromec
oxidase vesicles were prepared as described previously (9,
37) by the sonication of 40 mg/mL asolectin (recrystallized
soybean phospholipids from Associated Concentrates) in 2%
sodium cholate (Anatrace) and 75 mM HEPES-KOH (pH
7.4). The lipids were mixed 1:1 with 4µM CcO in 75 mM
HEPES-KOH (pH 7.4) with 4% cholate to give final
concentrations of 2µM oxidase, 20 mg/mL asolectin, and
3% sodium cholate. The vesicles were dialyzed against buffer
as described previously (20). Oxygen consumption assays
were performed for the reconstituted enzymes to determine
the respiratory control ratio (RCR), which is a test of whether
the cytochromec oxidase vesicles (COVs) are able to
produce a membrane potential and pH gradient and the
enzymes are inserted correctly (32, 36). The RCR for the
un-reconstituted enzyme is expected to be 1.

Measurement of the pH Dependence of CcO ActiVity.
Steady-state measurements of the activity of cytochromec
oxidase were made in a Gilson oxygraph with purified CcO,
horse heart cytochromec, ascorbate, and TMPD in the
appropriate buffer (HEPES-KOH, MES-KOH, or glycylg-
lycine-KOH) at 50 mM with 0.05% LM and KCl added to
maintain a constant ionic strength. Cytochromec oxidation
measurements with COVs at different pH values were made
in an OLIS-rsm stopped-flow apparatus at 0.1-0.2 µM aa3

in 50 µM buffer rapidly mixed with prereduced horse heart
cytochromec [in 0.5 mM HEPES-KOH (pH 7.4) and 44
mM KCl] diluted into 40 mM buffer at the appropriate pH
(MES-KOH, HEPES-KOH, or glycylglycine-KOH) to give
a final concentration after stopped-flow mixing of 20 mM
buffer with 45 mM K+ and 22 mM sucrose. Measurements
were made (1) in the absence of ionophores for the controlled
state, (2) with 2µM valinomycin to remove the∆Ψ, and
(3) with 2µM valinomycin and 5µM FCCP as an uncoupler
to allow maximal activity. Ionophores were added to the
COVs prior to mixing with Cc. The kinetic traces were fit
exponentially, and thekobs (s-1) values were converted to
molecular activity (catalytic turnover in electrons per second
per aa3) by multiplying kobs by [cyt c2+] (µM)/[aa3] (µM).
The RCR was obtained by dividing the uncontrolled rate by
the controlled rate.

Fast Electron Transfer of Oxidized CcO.Ru-55-Cc
(ruthenium trisbipyridine-labeled horse heart cytochromec)
was used to deliver electrons to the oxidized CcO using a
laser flash (39, 40). The photoexcited state was formed [Ru-

(II) to Ru(II*)] which rapidly transferred an electron to heme
c. At low ionic strengths, 5 mM Tris-HCl (pH 8.0), Ru-55-
Cc forms a 1:1 complex with CcO so that rapid electron
transfer from hemec to CuA and hemea in CcO can be
measured spectrophotometrically at 830 and 605 nm, re-
spectively. The reaction of cytochromec was monitored at
550 nm using an extinction coefficient∆ε550 of 18.5 mM-1

cm-1. The reaction of CuA was monitored at 830 nm using
a ∆ε830 of 2.0 mM-1 cm-1, and the reduction of hemea was
assessed at 605 nm using a∆ε605 of 16 mM-1 cm-1. The
reduction of hemea was also monitored in some experiments
with a high-sensitivity detector with a 600 nm band-pass filter
with a band-pass of 10 nm. The effective extinction coef-
ficient for heme a in this system was 9.6 mM-1 (41).
Reaction solutions typically contained 3-10 µM Ru-Cc,
5-20 µM CcO, 10 mM aniline, and 1 mM 3CP in 5 mM
Tris-HCl (pH 8.0) at 22°C. The aniline and 3CP functioned
as sacrificial electron donors to reduce Ru(III) and prevent
the back reaction with heme Fe2+. The ionic strength was
increased, up to 300 mM NaCl, to measure the effect of the
mutation on the interaction of Ru-55-Cc with CcO. The
transients were fitted to appropriate theoretical equations for
Scheme 1 as described by Geren et al. (39). Additionally,
the pH was altered; pH 6.5 and 8.0 were used, and the effect
on the rates was measured.

The reduction of CcO by the photoexcited ruthenium
dimer, Ru2C, was studied to resolve the rapid electron
transfer reaction between CuA and hemea. Reaction mixtures
consisted of 12µM CcO, 25µM Ru2C, 10 mM aniline, and
1 mM 3CP in 5 mM Tris-HCl (pH 8.0). The absorbance
transient was recorded at 605 nm using a monochromator
detector with a time resolution of 20 ns, as described by
Zaslavsky et al. (42).

Dithionite Reduction of CcO.Measurements of the rates
of heme a and hemea3 reduction of CcO with sodium
dithionite were performed in a stopped-flow rapid scanning
spectrophotometer (OLIS rsm-16) under anaerobic condi-
tions. Sodium dithionite in argon-sparged buffer was rapidly
mixed with CcO in the same anaerobic buffer to give a final
concentration of 15 mM sodium dithionite and 2µM wild-
type or mutant CcO; 1000 scans/s were collected from 390
to 630 nm. At least three data sets were collected and
averaged for each measurement. These measurements were
then repeated with newly prepared samples. Reduced minus
oxidized difference spectra were analyzed using the OLIS
Global fitting software provided for identification of the
kinetically independent species (a and a3). This was com-
pared to the first-order rate constants for single wavelengths
at 605 and 428 nm for hemea and 434 nm for hemea plus
a3 to ensure that a true fit was obtained. The measurements
were made with two different buffers: (A) 200 mM HEPES-
KOH (pH 8.0) and 0.1% LM and (B) 200 mM Bis-Tris-
propane (pH 6.5) and 0.1% LM (43).

Other Spectral Assays.Examination of binding of CO to
CcO was performed as described previously (37) on a Perkin-

Scheme 1
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Elmer Lambda 40P UV-visible spectrophotometer at room
temperature.

RESULTS

Effect of Reconstitution on ActiVity. The maximal steady-
state activity of the isolated or reconstituted R481K-mutated
oxidase is like that of wild-type CcO at 25°C and pH 6.5
(32) but is more inhibited by an increase in pH than that of
wild-type CcO. When R481K is reconstituted into vesicles
(COVs), with a highly buffered interior at pH 7.4 and in the
presence of a pH gradient and membrane potential (∆Ψ), it
exhibits low activity relative to that of wild-type CcO (Table
1). It is important to note that these measurements are not
made with saturating levels of cytochromec, but with
limiting amounts under stopped-flow conditions comparable
to those used for assessing proton pumping (32).

Measurement of the activity versus external pH of wild-
type COVs typically shows an apparent pKa at pH∼7.3 in
the controlled state. In the R481K COVs, there is no apparent
pKa within the range of measurement; instead, activity
gradually decreases with increasing pH, as in the D path
mutant, D132A (Figure 2A). However, in the D132A COVs,
the controlled state has an activity (∼15 s-1) higher than
that observed with no membrane potential (∼6 s-1) (Figure
2B), likely due to the stimulation of proton backflow as
indicated by an increased rate of external alkalinization (18,
19). In contrast, the double mutant D132A/R481K is more
inhibited in all states (Table 1), supportive of the concept
that R481K may further limit proton access.

Under the conditions used to study proton pumping by
stopped-flow, when the∆Ψ is removed by addition of
valinomycin, activity is increased for wild-type CcO and
R481K over the whole pH range, but R481K was signifi-
cantly less active than the wild type. This may relate to the
observed lower redox potential of hemea (Table 2) which
becomes more limiting to activity when cytochromec levels
are low and CuA is not kept fully reduced. At saturating
cytochromec concentrations (Vmax), the mutant and wild-
type activities are comparable, as in the free enzyme (32).
In the case of D132A and the double mutant, strong
inhibition, rather than stimulation, is observed across the
whole pH range when the membrane potential is removed
(Figure 2B). This “reverse respiratory control” has been

previously observed (19). In the case of R481K, a lower than
wild-type controlled rate, but a stimulated uncontrolled rate,
results in an increase in the respiratory control ratio (RCR).
The RCR for R481K is well above that seen for the wild
type in stopped-flow measurements of cytochromec oxida-
tion (Table 1 and ref44) and more like that obtained with
the addition of zinc to the outside of wild-type COVs in the
controlled state (20). Both D132A and D132A/R481K show
inhibition of activity when the membrane potential is
removed (by the addition of valinomycin) unlike the wild
type and R481K, resulting in a RCR∆Ψ of <1 (Table 1).
This phenomenon can be explained by the removal of the
driving force for proton backflow to support activity.

In the uncontrolled state, when both the membrane
potential and pH gradient are removed, the activities of wild-
type CcO and R481K CcO are stimulated (Figure 2C).
D132A and the double mutant, D132A/R481K, are slightly
stimulated, but these activities remain much lower than that
of the wild type, consistent with blockage of backflow and
uptake of protons in the double mutant.

Table 1: Cytochromec Reduction Rates of Wild-Type and Mutant
CcO Reconstituted into COVsa

activity (e- s-1 aa3
-1)

COVs controlled
with

valinomycin uncontrolled
RCR
∆Ψb RCRc

wild type 51( 1 180( 23 460( 120 3.5 9
R481K 13( 1 45( 25 210( 36 3.5 16
D132A 13( 3 5.6( 3 14( 1 0.4 1.1
D132A/R481K 7.9( 1.4 2.6( 5.7 3.7( 3.5 0.3 0.5

a Measurements were made in an OLIS-rsm stopped-flow spectro-
photometer at pH 7.4 in the controlled state (with a membrane potential
and pH gradient), with valinomycin (no membrane potential), and in
the uncontrolled state (with FCCP and valinomycin added) as in Figure
2. Errors shown are the standard deviation from the averaging of at
least three data sets.b ∆Ψ respiratory control ratio which is obtained
from the rate with valinomycin divided by the controlled rate.
c Respiratory control ratio which is obtained from the uncontrolled rate
divided by the controlled rate.

FIGURE 2: Activity of R481K CcO, reconstituted into lipid vesicles,
inhibited in the presence of a∆Ψ, in the controlled state, and its
activity compared to those of wild-type, D132A, and D132A/R481K
COVs (see Materials and Methods) across the pH range from 6.0
to 9.0: (A) controlled-state activity, (B) activity in the absence of
a membrane potential after the addition of 1µM valinomycin, but
with a pH gradient, and (C) uncontrolled activity, with both
valinomycin and 5µM FCCP.
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When the∆Ψ is removed, both the wild type and R481K
are able to pump protons with a net H+/e- stoichiometry of
∼1 (32), but D132A shows no net proton pumping and has
very low activity across the pH range, which correlates with
rates of external alkalinization in the controlled state (18,
19) (Figure 2B). The double mutant, D132A/R481K, also
shows no net proton pumping and significant but slow
activity, correlated with alkalinization in the controlled state
(data not shown).

Fast Electron Transfer Measurements of Oxidized CcO.
A horse cytochromec derivative with a ruthenium trisbipy-
ridine complex covalently attached to lysine 55, Ru-55-Cc,
is used as an electron donor for oxidized CcO. At low ionic
strengths, Ru-55-Cc forms a 1:1 complex with CcO. Pho-
toexcitation of the Ru(II) group to a metal-to-ligand charge
transfer state, Ru(II*), results in rapid reduction of hemec,
followed by intracomplex electron transfer from hemec to
CuA with rate constantka (Scheme 1) (41). The intracomplex
rate constantka at low ionic strengths was found to be 4.0
× 104 s-1 for wild-type CcO, compared with rates of 4.0×
104, 3.4 × 104, and 2.5× 104 s-1 for the R481K, D132A,
and D132A/R481D mutants, respectively (Table 2 and Figure
3). Following reduction of CuA, an electron is transferred
from CuA to hemea with a rate constantkb (Scheme 1). The
value ofkb is larger than the value ofka and so cannot be
measured using Ru-55-Cc; however, this rate constant can
be measured using a ruthenium dimer for photoreduction (see
below and ref42). The kinetics and theka values for wild-
type CcO and the other mutants do not change significantly
at an ionic strength of up to 40 mM. At higher ionic strengths,
the amplitude of the fast intracomplex phase decreased due
to an increased level of dissociation of the 1:1 complex, and

a new slow phase appears due to the reaction of Ru-55-Cc
from a solution with CcO (Figure 3). The rate constant of
the slow bimolecular phase increased to a maximum at an
ionic strength of 70 mM, and then decreased with further
increases in ionic strength. The slow phase rate constants of
the D132A and R481K mutants were nearly the same as that
of wild-type CcO at all ionic strengths, while the values for
the D132A/R481K mutant were somewhat smaller (Figure
3). The slow phase rate constant is controlled by dissociation
of the Cc-CcO complex at ionic strengths of up to 70 mM,
and by formation of the 1:1 complex at high ionic strengths
(41). These results indicate that the mutations examined in
this study had relatively small effects on the binding affinity
with Ru-55-Cc.

The ratio of reduced hemea to CuA, providing a measure
of equilibrium constantK, was obtained from the relative
amplitudes of the 600 and 830 nm transients after equilibrium
was reached, as shown in Figure 4. These experiments were
carried out at high ionic strengths, where only the slow

Table 2: Electron Transfer Reaction between CuA and Hemea in CcO Mutantsa

CcO K (kb/kc) ∆Em (mV) (hemea - CuA) ka (×104 s-1) kb (×104 s-1) kc (×104 s-1)

wild type 5.4( 1.0 43( 5 4.0( 0.5 9.3( 1.5 1.7( 3.0
R481K 1.4( 0.6 8( 12 4.0( 0.5 5.1( 1.0 3.7( 0.7
D132A 6.3( 1.0 47( 4 3.4( 0.5 - -
D132A/R481K 1.5( 0.6 10( 12 2.5( 0.5 7.2( 1.5 4.8( 1.0

a The equilibrium constant (K ) kb/kc) is from the ratios of reduction of CuA and hemea by Ru-55-Cc, as described in the legend of Figure 4.
The ∆Em between hemea and CuA was calculated fromK. The rate constantkobs for electron transfer from CuA to hemea was measured using
Ru2C to photoreduce CuA, as described in Materials and Methods. The values ofkb andkc were calculated fromkobs andK as described in the text.

FIGURE 3: Ionic strength dependence of the fast intracomplex phase,
Ka (empty symbols), and the slow phase (filled symbols) of the
reactions between Ru-55-Cc and CuA in CcO mutants. The solutions
contained 10µM Ru-55-Cc and 15µM CcO in 5 mM Tris-HCl
(pH 8.0), 0-300 mM NaCl, 10 mM aniline, and 1 mM 3CP.

FIGURE 4: Photoinduced electron transfer from Ru-55-Cc to Rs
CcO mutants. (A) A sample containing 10.5µM D132A CcO and
12.7µM Ru-55-Cc in 5 mM Tris-HCl (pH 8) with 10 mM aniline,
1 mM 3CP, and 170 mM NaCl was photoexcited with a 200 ns
laser flash at 480 nm. The rate constants for reduction of hemea
and CuA, measured at 600 and 830 nm, were 880( 200 and 1000
( 200 s-1, respectively. (B) The sample contained 13.4µM D132A/
R481K CcO and 9.9µM Ru-55-Cc in 5 mM Tris-HCl (pH 8) with
150 mM NaCl.
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bimolecular phase was present. The value ofK ()kb/kc) was
found to be 6.3( 1.0 for the D132A mutant (Figure 4A),
which corresponds to a difference in midpoint potential
between hemea and CuA [∆Em ) Em(hemea) - Em(CuA)]
of 47 ( 4 mV (Table 2). This is the same as previously
determined for wild-type CcO [K ) 5.4 ( 1.0, ∆Em ) 43
( 5 mV (41)]. However, the values ofK for the D132A/
R481K and R481K mutants are much lower than that of wild-
type CcO (Figure 4B and Table 2). TheK value for D132A/
R481K is 1.5( 0.6 (Figure 4), corresponding to a∆Em of
10 ( 12 mV. The values for the R481K mutant are as
follows: K ) 1.4 ( 0.6 and∆Em ) 8 ( 12 mV. This
demonstrates that the electron has a stronger tendency to
remain on CuA in the R481K and D132A/R481K CcO
mutants, suggesting an alteration in the∆Em of either heme
a (decreased) or CuA (increased). A change in the hemea
site seems to be most probable, due to a likely change in
the proximity of K481 to the propionic acid groups in heme
a (see S. A. Seibold et al., accompanying paper).

To study the rapid electron transfer between CuA and heme
a (kb), CcO was reduced with the photoexcited ruthenium
dimer, Ru2C, as described by Zaslavsky et al. (42). Ru2C
has a charge of+4 which allows it to bind to the cytochrome
c binding domain on subunit II near CuA. The photoexcited
state of Ru2C reduces CuA within 1 µs, allowing the electron
transfer reaction between CuA and hemea to be resolved
(42). The rate constants for wild-type CcO were previously
determined: kb ) 9.3 × 104 s-1 and kc ) 1.7 × 104 s-1

from a kobs of 11 × 104 s-1 (42). For the R481K mutant
CcO, hemea is reduced with a rate constantkobs of 8.8 ×
104 s-1 [under reaction conditions of 25µM Ru2C with 12
µM R481K CcO in 5 mM Tris-HCl (pH 8.0) containing 10
mM aniline and 1 mM 3CP]. Using the relationsK ) kb/kc

) 1.4 and kobs ) kb + kc, the values ofkb and kc are
calculated:kb ) 5.1 × 104 s-1 andkc ) 3.7 × 104 s-1. For
the D132A/R481K double mutant, hemea is reduced with
a rate constantkobs of 12 × 104, so using aK of 1.5 the rate
constants are calculated to be 7.2× 104 s-1 (kb) and 4.8×
104 s-1 (kc).

Reduction Kinetics of Heme a and a3. CcO has a
characteristic absorption spectrum in the Soret region with
a broad peak when oxidized at 420 and 446 nm when fully
reduced. These Soret peaks contain contributions from both
the low-spin six-coordinate hemea, and hemea3, the active
site where oxygen binds (45). Additionally, there are
absorption peaks at higher wavelengths, particularly a peak
at 606 nm where∼80% of the absorption is contributed by
reduced hemea (45). To observe the effects of R481K on
the kinetic behavior of individual hemes, measurements were
made using sodium dithionite as a reducing agent under
anaerobic conditions with rapid mixing in a stopped-flow
rapid scanning spectrophotometer.

The spectral scans of wild-type (Figure 5, left panel) and
R481K CcO (Figure 5, middle panel) are shown for 2.5 s of
the reaction with sodium dithionite. The reduction of heme
a is complete for both the wild type and R481K within this
time, as seen by the peak absorbance at 606 nm. However,
the Soret band is still split after 2.5 s, with peaks at 420 and
442 nm, because hemea3 is still not fully reduced: R481K
CcO exhibits a lower absorbance at 442 nm and a higher
absorbance at 420 nm, while wild-type CcO shows the
opposite. Hemea3 in R481K remains more oxidized than

hemea3 of wild-type CcO. This difference in the rate of
reduction of hemea3 is quantified by global fitting of the
spectra to obtain the rates of hemea and hemea3 reduction,
which are monophasic and complete in all cases (Figure 5,
right panel, and Table 3). Both hemea and hemea3 were
more quickly reduced at low pH, 3.5-fold for hemea but
<2-fold for hemea3, reflecting the complex dependence on
the level of hemea reduction. In the R481K mutant, heme
a3 reduction is considerably slowed at both pH 6.5 and 8
compared to that of the wild type, while the D path mutant,
D132A, shows wild-type rates of both hemea and hemea3

at both pH values (Table 3) (as seen in ref16 but compare
with ref 46). The D132A/R481K double mutant has lowered
rates of reduction for both hemea and hemea3 at both pH
values.

DISCUSSION

Minor Structural Effects of the R481K Mutation.To
interpret the results of these studies, it is important to note
that the conservative change of R481 to a lysine has a very
minor effect on the overall structure as indicated by native
visible spectra for the hemes. The CuA site was also not
disturbed, as determined by visible and EPR spectroscopy
(32). The non-redox active Mg or Mn above the hemes is

FIGURE 5: Hemea3 of R481K CcO is slowly reduced with sodium
dithionite. Panels on the left show the spectral scans from OLIS-
rsm stopped-flow measurements, up to 2.5 s in steps of 310 ms,
after mixing 2µM wild-type or R481K CcO with 15 mM sodium
dithionite at pH 6.5 as described in Materials and Methods. Arrows
depict the direction of the changes associated with reduction. The
panel on the right shows the kinetic traces of hemea and hemea3
reduction for the wild type (solid line) and R481K (dashed line)
from global fitting of the spectral scans.

Table 3: Reduction Rates of Wild-Type and R481K CcO from
Global Analysisa

rate of reduction,kobs (s-1)

pH 6.5 pH 8

CcO hemea hemea3 hemea hemea3

wild type 6.42( 0.78 0.49( 0.09 2.09( 0.54 0.22( 0.04
R481K 6.10( 0.30 0.11( 0.04 1.52( 0.20 0.05( 0.01
D132A 6.19( 0.79 0.48( 0.07 2.24( 0.16 0.23( 0.06
D132A/R481K 2.51( 0.18 0.18( 0.00 1.34( 0.02 0.09( 0.01

a Sodium dithionite was rapidly mixed with wild-type or R481K CcO
in a stopped-flow rapid scanning spectrophotometer (OLIS rsm-16) (see
Figure 5). Global fitting of the resulting spectral scans from the
averaging of at least two separate measurements of three data sets gave
kinetic rates (kobs, s-1) of reduction for each of the hemes. Standard
deviations given are from the averaging of data sets.
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minimally altered as seen in the hyperfine splittings of the
EPR spectrum with possibly slight changes in the orientation
of the bound ligands (32). There is a shift in the EPR
spectrum of hemea from g ) 2.83 tog ) 2.85 in R481K as
well as several R482 mutants. Curiously, despite no change
in the visible spectrum of the oxidized or reduced R481K
CcO, when CO binds to hemea3 of R481K a Soret peak
more broadened than that for the wild-type CO-bound form
was observed, with a 4 nmshift to a longer wavelength.
Besides these minor effects, the R481K mutation is not
structurally disruptive.

Arginines 481 and 482 Are Important for Maintaining the
Redox Potential of Heme a.The control of redox potential
changes in heme proteins is an important issue, particularly
in CcO where the movement of protons is tightly coupled
to electron movement (43, 46). Arginine 482 was shown to
be important for maintaining the∆Em of hemea in CcO,
with various mutations lowering the∆Em between CuA and
hemea to as low as 18 mV as compared to a value of 46
mV for the wild type.

The fast electron transfer measurements in this study show
that theka rate constants for intracomplex electron transfer
from Ru-55-Cc to CuA are 4.0× 104, 3.4× 104, and 2.5×
104 s-1 for the R481K, D132A, and D132A/R481K mutants,
respectively, compared with a value of 4.0× 104 s-1 for
wild-type CcO (Table 2 and Figure 3). Thekb rate constant
for electron transfer from CuA to hemea is 9.3 × 104 s-1

for wild-type CcO, compared with a value of 5.1× 104 s-1

for the R481K mutant and a value of 7.2× 104 s-1 for the
D132A/R481K mutant (Table 2). In the case of the R481K
mutant, the rates of electron transfer from cytc to CuA (ka)
are similar to those of wild-type CcO and D132A CcO, while
the rates between CuA and hemea are altered in the R481K
mutant and the double mutant. The intrinsic electron transfer
rates are all sufficiently fast that they are not rate-limiting
in steady-state measurements of activity under conditions of
excess reduced cytochromec (32). However, the lower
equilibrium constant between CuA and hemea in R481K
and the double mutant, reflected in single-electron input
experiments, shows that the electron has a tendency to remain
on CuA in the mutant compared to that in the wild type. This
change is calculated to be a∆Em of CuA minus hemea of
approximately 40 mV. It is interpreted to be due to a less
positive midpoint potential of hemea, since CuA is less
intimately associated with the mutation and shows no change
in spectral characteristics or in the rate of electron transfer
from Cc to CuA. This change in∆Em could be due to
blockage of proton access from the outside via a backflow
path that is needed for protonation of a group (or a bound
water molecule) involved in determining the redox potential
of heme a (47). Alternatively, the structural and charge
distribution changes close to the heme propionates caused
by the R481K mutation could be the cause of the potential
shift. In a molecular dynamics simulation (S. A. Seibold et
al., accompanying paper), the lysine substituted at position
481 is observed to interact more closely with the hemea3

propionates than the native CcO arginine, which could affect
the protonation state of the propionates and/or the∆Em of
the heme.

Heme a3 Reduction Is Slowed in R481K CcO.Using
sodium dithionite under anaerobic conditions, hemea3

reduction is slowed in R481K CcO 4-fold relative to that in

wild-type CcO at both pH 6.5 and 8.0, but the mutation has
no effect on the apparent hemea reduction rate, despite the
fact that the∆Em of hemea is lowered by=40 mV. The
mutant behaves as if it were caught in a “resting” state similar
to that seen in bovine CcO, in which the electron transfer
between hemea and hemea3 is observed to be inhibited
(46, 48). In the bovine CcO, there is evidence that in the
fully oxidized (resting) enzyme the midpoint redox potential
of hemea3 is low and proton uptake is required to increase
the ∆Em (46, 49). It is possible that the R481K mutation
affects an internal proton movement or binding site oc-
cupancy that is important for controlling electron transfer
from hemea to hemea3 and that at high pH this proton
movement or occupancy becomes even less favorable. One
such proton binding site is the D-propionate of hemea3, as
suggested by Bra¨ndén et al. (accompanying paper) to account
for the pKa change for the Ff O change in R481K. The
molecular dynamics studies of Seibold et al. (accompanying
paper) also show major changes in structure close to this
propionate. Another protonation site associated with heme
a (22) may also be changed in its proton affinity, making
protons less available for supporting electron transfer to heme
a3, and causing the observed lower redox potential of heme
a reported in this paper and by Bra¨ndén et al. (accompanying
paper). In the reduced enzyme used in the rapid kinetic
measurements, protons may be already loaded so that electron
transfer is not necessarily rate limited.

In contrast, D132A CcO, which is known to be inhibited
in proton uptake into the D channel, is like the wild type in
its reduction with sodium dithionite for both hemes, in
electron transfer from CuA to hemea, and in the relative
redox potentials of hemea and CuA in the oxidized enzyme
(but see ref50), consistent with no disturbance in the
structure of the region above the hemes.

Mutant R481K CcO Is Inhibited in the Presence of a
Membrane Potential.The measurement of activity in COVs
with a stopped-flow spectrophotometer allows rapid mixing
of the COVs at pH 7.4 with almost no external buffering
(50 µM) with cytochromec in high-concentration buffers at
varying pH values. This technique allows the rapid introduc-
tion of a different pH on the outside of the COVs. Under
the conditions that were used, there is only enough prer-
educed cytochromec to give 10 turnovers on average. This
means that substrate cytochromec is not saturating as under
steady-state conditions. These stopped-flow conditions are
observed to increase the stimulatory effect of removal of the
membrane potential by the addition of valinomycin, while
in steady-state measurements, much less stimulation is
observed. This observation can be explained by the fact that
electron transfer from CuA to hemea is working against the
membrane potential. When this step is limiting, due to low
levels of reduction of CuA, the overall CcO rate becomes
very sensitive to the membrane potential (51). In the steady
state, when cytochromec is saturating, the results with
R481K show that the hemea midpoint potential can be
substantially altered without causing a change in the steady-
state activity of the enzyme. However, in the stopped-flow
experiments, under the constraints of a membrane potential
(controlled conditions), the activity of R481K CcO is
considerably slower than that of wild-type CcO, causing an
increased RCR. This inhibition is likely due to the more
negative hemea potential adding to the more negative
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internal membrane potential that inhibits the CuA to hemea
equilibrium electron transfer.

In the D132A mutant, proton uptake from the inside
becomes very slow but appears to be driven from the outside
in the reverse direction by a membrane potential. Interest-
ingly, this mutant does not affect electron transfer to heme
a, or the hemea midpoint potential. These data suggest that
a proton may be supplied from the outside in D132A for
slow hemea to a3 reduction in the controlled state, but the
kinetics of access of that proton is inhibited by the R481K
mutation, causing the further inhibition of the R481K/D132A
double mutant. When CcO is deprived of D path protons
(D132A), suicide inactivation is induced, particularly when
subunit III is removed. It is interesting that the D132A/
R481K double mutant suicide inactivates very rapidly even
in the presence of subunit III, supporting the idea that R481K
restricts proton access (52).

Role of R481 in CcO.The proposal that there is a site(s)
for a proton(s) in a region above the hemes involved in the
reduction of hemea to a3 led to the idea that arginine 481
and/or the propionates are candidates for this site (22, 23).
The above results are consistent with a direct role of R481
in controlling protonation during pumping, through its
influence on the protonation state of the propionates. Indeed,
the role of arginine 82 in bacteriorhodopsin could serve as
a model for R481 in CcO. Both arginine and lysine could
perform a similar function [albeit with different facility (53)]
of moving in response to a change in the protonation state
(e.g., the hemea3 D-propionate) and influencing the proto-
nation at a nearby site (e.g., the hemea D-propionate). This
is consistent with the MD calculations in wild-type and
mutant CcO (S. A. Seibold et al., accompanying paper). The
propionates themselves, therefore, remain strong candidates
for sites of protonation.

Electrostatic effects from the alteration of an arginine to
a lysine could be the source of the altered∆Em of the hemes
and of altered pK values of one or more propionates. These
effects can provide an explanation of the observed activity
changes reported in this paper. However, the molecular
dynamic simulations reported in the accompanying paper (S.
A. Seibold et al.) suggest that even the very conservative
change of R481 to lysine causes significant repercussions
in terms of loop movement and amino acid rotamer positions
which affect water chain formation. The idea of an arginine-
propionate interaction being involved in the control of water
was inferred in cytochrome P450 heme enzymes (54) where
an arginine that interacts with a heme propionate is proposed
to act as a mediator in the formation of water chains. Further
computational and kinetic studies for examining the effect
of R481K on the structure and function of CcO are reported
in accompanying papers (S. A. Seibold et al. and G. Bra¨ndén
et al.), while crystallographic and other structural studies are
being pursued.
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