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ABSTRACT: Eukaryotic cytochrome c oxidase (CcO) and homologous prokaryotic forms of Rhodobacter
and Paraccocus differ in the EPR spectrum of heme a. It was noted that a histidine ligand of heme «
(H102) is hydrogen bonded to serine in Rhodobacter (S44) and Paraccocus CcOs, in contrast to glycine
in the bovine enzyme. Mutation of S44 to glycine shifts the heme a EPR signal from g, = 2.82 to 2.86,
closer to bovine heme a at 3.03, without modifying other properties. Mutation to aspartate, however,
results in an oppositely shifted and split heme a EPR signal of g, = 2.72/2.78, accompanied by lower
activity and drastically inhibited intrinsic electron transfer from Cua to heme a. This intrinsic rate is
biphasic; the proportion that is slow is pH dependent, as is the relative intensity of the two EPR signal
components. At pH 8, the heme a EPR signal at 2.72 is most intense, and the electron transfer rate (Cua
to heme a) is 10—130 s~!, compared to wild-type at 90000 s~!. At pH 5.5, the signal at 2.78 is intensified,
and a biphasic rate is observed, 50% fast (~wild type) and 50% slow (90 s™!). The data support the
prediction that the hydrogen-bonding partner of the histidine ligand of heme a is one determinant of the
EPR spectral difference between bovine and bacterial CcO. We further demonstrate that the heme a redox
potential can be dramatically altered by a nearby carboxyl, whose protonation leads to a proton-coupled
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electron transfer process.

Cytochrome ¢ oxidase (CcO)' is the terminal electron
acceptor in the respiratory chain of mammalian mitochondria.
It contains multiple redox-active metal centers through which
electrons are transferred from the soluble electron donor
cytochrome ¢ (Cc) to oxygen. The initial electron acceptor
in CcO is a dinuclear Cu, in subunit II (Figure 1). The
electron is transferred next to heme a, a low-spin six-
coordinated heme with two axial histidine ligands (H102 and
H421) and then to Cug and heme a3 (with one axial ligand,
H419); the latter pair make up the active site where oxygen
is reduced to water. The movement of electrons through CcO
is energetically downhill and is coupled to the movement of
protons across the membrane, creating an electrochemical
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potential across the respiratory membrane that drives the
synthesis of ATP (/). The mechanism of coupling between
proton transfer and electron transfer is not fully understood.

Although heme a is not directly involved in the catalysis
of O, reduction to H,O, it is proposed that heme a reduction
is linked to redox changes at the binuclear site (2—4),
exhibiting negative cooperativity with the closely located
heme as (5), and is probably linked to the movement of
protons as well (6, 7). There is a high degree of conservation
of sequence and structure between the prokaryotic and
eukaryotic CcOs in their three core subunits and metal
sites (8—10), leading to bacterial CcOs being good model
systems for the more complex mammalian enzymes. How-
ever, there are differences, including a higher steady-state
activity for the Rhodobacter sphaeroides (Rs) and Paracoc-
cus denitrificans (Pd) bacterial CcOs than the bovine CcO
and a 1—2 nm red shift in the visible spectrum, Soret and o
peaks (/7). In addition, the redox potential of bovine heme
a is measured to be more positive, by ~+13 mV, relative
to the Rs heme a (12, 32), assuming similar redox potentials
of Cu,. Interactions of an arginine with the formyl group of
heme a have been shown to have an important influence on
the redox potential (/3). But this interaction is observed to
be similar in bovine, Pd, and Rs CcO, with a specific
vibrational mode in resonance Raman at 1610 cm™! (14, 15).

The g., gy, g. values of the EPR spectrum of heme a in
the bacterial oxidases (Pd and Rs) are shifted relative to
bovine oxidase; in particular, the g, band is 2.82 in Rs
compared to 3.03 in bovine (/7). It was speculated, even
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FIGURE 1: The structure of the two subunits of Rs CcO from 2GSM
(10) is shown with subunit I (gray) containing heme a and a3 (green
sticks) and Cug as an orange sphere, with the metals of Ca and Mg
(green spheres) close to the subunit I/II interface. Key residues are
shown (sticks) on helix I (yellow ribbon): H93, H102 (a ligand of
heme a), S44, and D132 at the entrance of the proton uptake path.
Subunit II (red) is shown with its dinuclear Cu, (orange spheres).

before the advent of a crystal structure, that the shifted EPR
g values in Rs CcO could be explained by an increased
anionic character of one or both of the heme « histidine axial
ligands, possibly due to altered hydrogen bonding of the
histidines to nearby residues (/7). Examination of the crystal
structures of bovine CcO (/6) revealed that the peptide
backbone oxygen of a conserved glycine in subunit I is
hydrogen bonded to a histidine ligand of heme a in all
mammalian aas-type oxidases and in many other species
including yeast, wheat, and Thermus thermophilus bas
oxidase (/7). However, in the bacterial aa; oxidases from
Pd and Rs, the glycine has been replaced with a serine
(Figure 2) with the hydroxyl group of the serine (S44)
hydrogen-bonded to H102. The other histidine ligand of
heme a (H421) is surrounded by highly conserved hydro-
phobic/aromatic amino acids which coincide in an overlay
of the Rs and bovine structures and thus are not a likely
source of altered heme a properties.

To test the possible effect of hydrogen bonding to the
histidine ligand of heme a, the serine 44 residue in Rs CcO
was mutated to a glycine, creating a bovine-like mutant form,
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FIGURE 2: The ligands to heme a are shown for bovine (2DYR,
oxidized structure) and Rs (2GSM, oxidized structure) CcO. The
residues that are closest to the heme a ligands are shown in sticks.
Bovine CcO shows a glycine (G30) with the carbonyl backbone
oxygen hydrogen-bonding to His 61. Rs CcO shows a serine (S44)
with its hydroxyl hydrogen-bonding to His 102.

S44G. The S44 was also replaced by an aspartic acid group,
S44D, to observe the effect of a negatively charged residue
on the histidine ligand, with the expectation that the S44G
would shift the EPR spectrum closer to bovine, while the
S44D might move it further away. This expectation was met,
and further, the S44D mutant (but not a control mutant,
S44N) significantly altered the electron transfer and redox
properties of heme a, leading to unique insights into the
control of heme a redox behavior and a new tool for studying
the coupling of electron and proton movement.

METHODS

Site-Directed Mutagenesis and Protein Purification. The
Macromolecular Structure, Sequencing, and Synthesis Facil-
ity of the MSU Research Technology Support Facility
synthesized all PCR primers and sequenced all mutated genes
entirely. To create the S44G mutant, the central 1037 bp
Ncol fragment of the coxI gene was mutated by the splicing-
by-overlap-extension PCR method (/8). The internal primers
5’-GTCGATCGGGGTGGCCTTCAC-3" and 5’-CCAC-
CCCGATCAGCCCGACGAG-3" were used in conjunction
with the external M13 forward and M13 reverse primers.
The mutated S44G coxI Ncol piece was then ligated back
into the rest of the 6-histidine-tagged coxI gene from pJS3-
SH (19). To create the S44D mutant, the full-length 6-his-
tidine-tagged coxI gene was mutated by the QuikChange
mutagenesis procedure (Stratagene). Primers were 5'-
CTGATCGACGTGGCCTTCACCGTCTACA-3" and 5'-
GTCGATCAGCCCGACGAGGCCCCCGGTGA-3'. Sub-
sequently, a HindIII site was inserted into the EcoRI site
upstream of the coxI gene in each mutated plasmid. The
complete mutant coxI genes could then be isolated with
HindIIl and ligated into HindIll-cut pRK415 (20). The
resulting plasmids were cut with Psfl and ligated with the
operon containing the wild-type coxIl and coxIII genes (21)
to create the final expression plasmids pCH252 (S44G) and
pCH331 (S44D). These plasmids were first transformed into
Escherichia coli S17-1 (22) and then transferred by conjuga-
tion from S17-1 to R. sphaeroides strains JS100 (23) or A123
(10), respectively, as described (24).

To create the S44N and S44E mutants, the same fragment
of coxI was mutated by the QuikChange mutagenesis
procedure (Stratagene). Primers were 5-CGGGCTGAT-
CAACGTGGCCTTCA-3 and 5-GCCACGTTGATCAGC-
CCGACGAG-3’ for S44N. The mutated coxI Ncol piece was
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Table 1: Activities of Reconstituted Wild-Type and S44D CcO
Measured by Stopped Flow as a Function of pH and in the Presence or
Absence of Zinc

activity (e~ s~ aaz™!)

pH COVs controlled uncontrolled RCR
6.5 WT 130 £ 12 950 + 24 7.3
7.4 80 £ 1 1050 + 28 13
74 + Zn 16+1 573 +£3 36
6.5 S44D 90+ 1 297 £ 15 33
7.4 47+1 185+ 5 39
74 + Zn 8+ 1 97+9 12

then ligated back into the rest of the 6-histidine-tagged coxI
gene from pJS3-SH (/9). Cytochrome c oxidase was
extracted from Rs grown in Sistrom’s media as described
(I1) and purified on a Ni-NTA affinity column (24).
Solubilized membrane proteins were suspended in buffer (10
mM Tris-HCI, pH 8.0, 10 mM imidazole, 40 mM KCl, and
0.1% lauryl maltoside (LM) and then poured over a Ni-NTA
column (Qiagen), followed by washing without imidazole
and elution with 80 mM histidine in 10 mM Tris-HCI, pH
8.0, 40 mM KCl, and 0.1% LM. The protein, after Ni-NTA
affinity chromatography, was further washed with 20 mM
HEPES—KOH, pH 7.4, 0.1% LM, and 15 mM KCI using a
Amicon Ultra 100 concentrator to remove Ni-histidine.
Further ion-exchange chromatography was used with two
DEAE columns in tandem (Tosohaas DEAE-5PW 10 yum
particle size, 8 mm x 7.5 cm) using a Pharmacia AKTA
FPLC as previously described (24).

Visible Spectral Analysis of S44 Mutants. Spectrophoto-
metric analysis of the hemes in Rs CcO was performed using
a Perkin-Elmer Lambda 40P to scan the wavelengths from
250 to 700 nm under resting, oxidized, reduced with sodium
dithionite, and reduced with CO-bound conditions, as
described in the figure legends.

EPR Measurements. X-band EPR spectra of the purified
Rs CcO WT and S44G, S44D, and S44N mutants were
measured with a Bruker ESP-300E spectrometer equipped
with a TE,(, cavity. Temperature was maintained at 4.2 K
using an Oxford helium cryostat assembly. The g values were
determined by direct measurements of the magnetic field
strength and microwave frequency. Spectrometer conditions:
microwave frequency, 9.458 GHz; microwave power, 50
4W; modulation amplitude, 20.0 G.

Activity of COVs under Steady-State and Stopped-Flow
Proton Pumping Measurements. CcO was reconstituted into
asolectin lipid vesicles (COVs) using a dialysis method as
previously described (25). Measurements of proton pumping
were made on an OLIS-rsm stopped flow with 100 uM
phenol red, 50 uM HEPES—KOH, pH 7.4, plus 45 mM KCI
on the outside of the COVs and 75 mM HEPES—KOH, pH
7.4, on the inside. Activities were obtained from averaging
at least three measurements of cytochrome ¢ oxidation from
scanning a range of 155 nm (472—627 nm) using double
monochromators with a 500 blaze wavelength and a groove
density of 600 lines. The rapid scanning of the wavelength
range was at the rate of 1 scan/ms. The OLIS-rsm SVD
Global Works software package was used to analyze the
spectra. Additionally, exponential fitting of the cytochrome
¢ changes monitored at 550 nm using Microcal Origin, in
the absence of phenol red, was performed. The activities of
the COVs were measured in the absence of ionophores,
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forming both a membrane potential and a pH gradient during
turnover (controlled state). The addition of valinomycin to
COVs removes the AW, and this is the condition in which
proton pumping is normally observed as a net acidification
(decrease in absorbance) of the phenol red on the outside.
The addition of FCCP removes the pH gradient (uncontrolled
state) by allowing protons to equilibrate across the mem-
brane, resulting in alkalinization on the outside (increase in
absorbance), due to the net consumption of protons for the
formation of H,O at the active site.

Steady-state activities were measured in a Gilson oxygraph
with a Clark-type electrode. Ascorbate and TMPD were
added to reduce horse heart cytochrome c, the electron donor
to CcO, under conditions described in the legend to Table
1.

Photoinduced Electron Transfer Measurements. Ruthenium-
labeled cytochrome ¢ derivatives were used to deliver
electrons to the oxidized CcO using laser flash photolysis
(26). Horse Ru-39-Cc was prepared by labeling the horse
K39C mutant with (4-bromomethyl-4’-methylbipyridine)(bis-
bipyridine)ruthenium(II) as described (26). The horse K39C
Cc mutant was prepared using the method of Patel et al.
(27) and will be described elsewhere (28). Horse Ru-72-Cc
was prepared as described by Liu et al. (29). The ruthenium
dimer Ru,Z was synthesized as described by Brand et al.
(30). Laser flash photolysis was carried out as described by
Geren et al. (26), in which the photoexcited state Ru(I[*)
rapidly transferred an electron to heme c. The excitation pulse
was provided by a phase R Model DL1400 flash lamp-
pumped dye laser using coumarin 490 to produce a 480 nm
light flash of <0.5 us duration. At low ionic strength, Ru-
39-Cc forms a 1:1 complex with CcO so that rapid electron
transfer from heme ¢ to Cup, and heme a in CcO can be
measured spectrophotometrically at 550, 830, and 605 nm,
respectively. The reaction of cytochrome ¢ was monitored
at 550 nm using an extinction coefficient of Aessp = 18.5
mM ! cm™!. The reaction of Cu, was monitored at 830 nm
using Aggzo = 2.0 mM~! cm ™!, and the reduction of heme a
was measured at 605 nm using Aggos = 16 mM~!' cm™!. In
some experiments, heme a was monitored at 600 nm using
an interference filter with 10 nm bandwidth and an effective
extinction coefficient of 9.6 mM™! cm™! (37). Reaction
solutions typically contained 5—15 uM Ru-Cc, 5—20 uM
CcO, 10 mM aniline, and 1 mM 3CP in 5 mM Tris-HCI,
pH 8.0, at 22 °C. The aniline and 3CP function as sacrificial
electron donors to reduce Ru(IIl) and prevent the back-
reaction. Ionic strength was increased with addition of up to
300 mM NaCl. The transients were fitted to appropriate
theoretical equations for Scheme 1 as described by Geren et
al. (26). Each measurement was repeated at least three times,
and the errors reported are standard deviations.

RESULTS

Optical Spectra and Activity. The mutation S44G in Rs
CcO does not cause any alteration of the visible spectrum
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FIGURE 3: The UV—vis spectra of reduced wild-type and S44D,
S44G, and S44N Rs CcO. All show normal Soret (446 nm) and o
(606 nm) band peaks. Buffer contained 200 mM HEPES—KOH,
pH 7.4, and 0.1% dodecyl maltoside with sodium dithionite as a
reductant.
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FIGURE 4: The top two panels show the steady-state activity of S44G
(), S44D (O), and wild-type (H) Rs CcO at different pH values
over the pH range 6—9, with errors bars shown if significant. The
lower two panels show the stopped-flow rates of activity, in which
the cytochrome c is not saturating. The left panels show the activity
(e” s7' aaz™"), and the right panels show the percentage activity.
The buffers MES—KOH, HEPES—KOH, and CHES—KOH were
used at 50 mM with appropriate amounts of KCI to give ap-
proximate ionic strength of 45 mM with respect to potassium and
with dodecyl maltoside at 0.1%.

compared to wild type (Soret peak at 445nm; o peak at 606
nm), suggesting that there are no major changes in the overall
protein structure (Figure 3). Additionally, the maximal
activity across the pH range from pH 6 to pH 9 is not altered
(Figure 4). Thus, the mutation to a glycine does not change
any rate-limiting step in the steady-state turnover. When
reconstituted into COVs, S44G gives good proton pumping
with an H*/e™ ratio similar to wild type (Figure 5). The
mutation S44N also causes no alteration in the visible
spectrum (Figure 3) or in the overall activity (see below).

The S44D mutation was also spectrally similar to wild-
type Rs CcO (Figure 3), although heme a showed a slightly
lowered apparent extinction (~10—20%) based on the ratio
of the reduced o band to the reduced Soret. The reduced
CO-bound form was similar to wild type, indicative of a
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FIGURE 5: Measurements of proton uptake and release by wild-
type, S44G, and S44D CcO in proteoliposomes (COVs) using the
externally added pH-sensitive dye, phenol red. The assays contained
0.1 uM aas with pH adjusted to pH 7.4 with 50 uM HEPES—KOH
on the outside and 75 mM HEPES—KOH on the inside. Increasing
absorbance in the controlled state, C, indicates alkalinization on
the outside of COVs as a result of proton backflow due to a high
AW + ApH. Addition of valinomycin, V, relieves the AW, resulting
in a decrease in absorbance consistent with proton pumping to the
outside of the COVs. In the uncoupled state, U, addition of FCCP
results in net alkalinization, as protons are consumed in the
reduction of oxygen to water and equilibrate across the membrane.

normal low-spin heme a (data not shown). However, activity
at pH 6.5, under maximal steady-state conditions, of the
S44D mutant (500 £ 50 s™') was only 30% of the wild-
type activity (1700 & 300 s~1), while that of S44G and S44N
(1500 + 90 s7!) was very similar to wild type. When
reconstituted into COVs, S44D showed a lowered respiratory
control ratio (RCR = uncontrolled rate/controlled rate). The
decreased RCR of S44D is observed in both steady-state
(data not shown) and pre-steady-state stopped-flow measure-
ments of COVs (Table 1), indicating differentially slower
uncontrolled rate at pH 6.5 and 7.4. Proton pumping was
consistently found to be somewhat less in S44D (<0.5 H*/
e”) than wild type or S44G (Figure 5). However, both wild
type and S44D are equally inhibited by zinc, 80% and 82%,
respectively, added to the outside of COVs (Table 1). This
measurement was made to test whether protons from a back-
flow pathway from the external bulk solution (apparently
blocked by Zn?*" (25)) might be supporting the protonation
of S44D; the results suggest not (see p 24).

The effect of pH on the steady-state activity of the S44D
mutant, using saturating levels of cytochrome ¢, was the same
as for wild type with an apparent pK, of 7.6, although with
much lower activity (Figure 4, top panel). However, in
stopped-flow analysis, under conditions used for proton
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FIGURE 6: EPR spectra of wild-type Rs CcO (black line), and mutants, S44G (red line) and S44D (blue line), with bovine g values (green)
below the spectra and indicated with green arrows. The g., g., g, values are given for the g., g, and g, of heme a. (See also Table 2.)
Samples were made in a buffer of 20 mM HEPES—KOH, pH 8.0, 14 mM KCl, and 0.1% lauryl maltoside with final concentrations of 82,
88, and 61 uM CcO, respectively. EPR experimental conditions: microwave frequency, 9.458 GHz; microwave power, 50 #W; modulation
frequency, 100 kHz; modulation amplitude, 20.0 G; conversion time, 327 ms; temperature, 4.2 K.

pumping measurements where Cc levels are nonsaturating
and electron input is rate-limiting, there was a considerably
different pH profile for S44D with an apparent pK, < 6
(Figure 4, lower panel), compared to a pK, of 7.2 for wild-
type CcO. This finding is consistent with observations of a
severely inhibited Cuy to heme a intrinsic electron transfer
rate (see below), which presumably becomes more dominant
in the overall rate when Cuy, is not kept fully reduced. The
fact that the overall rate at low pH is ~500 s~! while the
intrinsic rate can be as low as 10—100 s~! undoubtedly
reflects the very different conditions of ionic strength and
Cc concentration used in the different measurements, as well
as the enzyme’s response to multiple turnover versus single
electron input conditions.

EPR Spectroscopy. The EPR spectrum of wild-type Rs
CcO shows heme a g values of g, = 2.82, g, = 2.31, and g,
= 1.63 (Figure 6), the same as wild-type Pd CcO (11),
whereas the bovine oxidase has distinctly different g values
for heme a of g, = 3.03, g, = 2.21, and g, = 1.45 (Figure
6, arrows). In contrast, the EPR spectral features of Cu, in
wild-type Rs CcO differ little from the bovine (g, = 2.18
and g, gy = 2.01). The mutant forms of Rs CcO at position
44, created to test its role in determining the heme a
differences, were, as expected, essentially unaltered in this
dinuclear Cu, center.

Table 2: Summary of the Heme a EPR g,, g, and g. Values of the
Wild-Type and S44 Mutants of Rs CcO

CcO 8z 8y 8x
Rs wild type 2.82 2.31 1.63
S44D 2.72/2.78 2.31 1.74
S44G 2.86 2.30 1.60
S44N 2.80 2.31 1.65
bovine CcO 3.03 2.21 1.45

The mutation of S44 in Rs CcO to glycine, to match bovine
CcO, did produce an altered EPR spectrum of heme a with
8-xy values of 2.86, 2.30, and 1.60 (Figure 6). These values
are closer to those of bovine CcO in all cases, though not
shifted as dramatically as would be expected if this residue
were the sole contributor to the difference between Rs and
bovine CcO.

The S44D mutation, while minimally perturbing the visible
spectra, shows markedly different g., . values from wild- type
and S44G, with two peaks for g, = 2.72/2.78 and two peaks
for g, = 1.74/1.68, which are considerably shifted in the
direction opposite to those of bovine and of the S44G mutant
(Figure 7A). When the EPR spectra were measured at
different pH values from pH 5.5 to pH 8.0, there was a
marked shift in the relative intensities of the two peaks: g,
2.72 was strongest at high pH and g, 2.78 had increased
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FIGURE 7: (A) Overlay of the EPR spectral changes with wild-type
Rs CcO (black), S44G (red), S44D (green), and S44N (blue) in 20
mM HEPES—KOH, pH 8.0, 14 mM KCI, and 0.1% lauryl
maltoside. The EPR spectra were measured with a microwave
frequency of 9.458 GHz, a microwave power of 50 uW, and a
modulation amplitude of 20.0 G at 4.2 K. (B) Effect of pH on the
amplitude of the heme a g. EPR spectra of S44D. 50 mM
MES—KOH buffer was used for pH 5.5 and 6.5 with 0.1% lauryl
maltoside, whereas pH 7.4 and 8.0 buffers contained 50 mM
HEPES—KOH and 0.1% lauryl maltoside. Ionic strength was
controlled by adjusting the conductivity with NaCl. Colored lines
are shown for pH 5.5 (black), pH 6.5 (red), pH 7.4 (green), and
pH 8.0 (blue). EPR conditions are described in Methods. The
changes in the split 2.72/2.78 peaks, with pH change, are depicted.

intensity at low pH, indicating that the EPR signal is
influenced by a protonation event (Figure 7B). Spin quan-
tification by double integration of these two peaks shows
that the total area under the peaks is comparable in magnitude
at different pH values, indicating an interconversion between
them. The results are consistent with the 2.78 peak represent-
ing the protonated form of Asp44 and 2.72 the unprotonated.
When the areas under the two peaks are plotted as a function
of pH, the pK of the interconversion appears to be <5.5, the
lowest pH that can be measured. This value is also consistent
with the results of kinetic measurements of the proportion
of fast and slow intrinsic electron transfer rates from Cuy to
heme a (see below and Figure 13).

EPR spectra of samples at different ionic strength were
also studied. Higher ionic strength had the same effect on
S44D as lowering pH, making the peak at 2.78 more intense,
although not as dramatic an effect as pH. Similarly, cyto-
chrome c¢ binding caused a small shift in the relative
intensities of the 2.78/2.72, in this case lowering the intensity
of the 2.78 peak, as in high pH (data not shown).
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As a control for the effect of charge/protonation state in
the S44D mutation, asparagine was also substituted at
position 44 and produced a similar direction of EPR shift as
S44D but had a single peak at g, = 2.80, close to that of the
apparent protonated form of S44D, and was wild type in
overall activity.

In the EPR spectrum of the S44D mutant of Rs CcO, a
large signal appears at g, = 5.87. This “g, = 6” signal is
normally attributed to high-spin heme a;. In wild-type CcO,
due to antiferromagnetic coupling between high-spin heme
as and Cug, little or no EPR signal is seen in this region. In
some cases, if the binuclear center is not perfectly coupled,
a weak signal from heme a3 appears in this region in bovine
CcO. The presence of the signal in the S44D mutant suggests
a decoupling that could be the result of some reduction of
Cug due to the very low redox potential of heme a (see
Discussion).

An interesting feature of Rs CcO is that the magnesium
site that is centrally located at the interface of subunits I
and II (Figure 1) can be substituted with Mn, creating a fully
active form of the enzyme with a strong EPR signal that is
sensitive to any conformational changes in the region (/7).
Studies showed that the Mn spectrum is not altered by any
of the S44 mutations. In S44D, the spectrum of Mn is also
unaffected by buffer pH, indicating no general conforma-
tional change is involved in the EPR spectral changes
observed in heme a.

Photoinduced Electron Transfer Measurements. Rapid
electron transfer was studied using Ru-39-Cc, which contains
a ruthenium complex covalently attached to Cys-39 on the
back surface of Cc remote from the binding domain. The
ruthenium complex at this position does not affect the binding
of Cc to CcO or the second-order rate constant of the reaction
between the two proteins (26). Photoexcitation of the
ruthenium complex on Ru-39-Cc leads to rapid electron
transfer from the excited-state Ru(II*) to heme ¢ with a rate
constant of 5 x 10° s™! (26). Laser flash photolysis of a 1:1
complex between Ru-39-Cc and wild-type CcO at low ionic
strength led to intracomplex electron transfer from heme ¢
to Cua in CcO with a rate constant k, of 76000 £+ 15000
s71, followed by electron transfer from Cu, to heme a with
rate constant ky, (Figure 8, Scheme 1).

The rate constant for reduction of heme a measured at
600 nm in this experiment is the same as the rate constant
for oxidation of heme ¢ measured at 550 nm, indicating that
ka is rate-limiting and ky is faster than k,. k, was measured
to be 90000 s~! using a ruthenium dimer which directly
reduces Cup within 1 us (32). Increasing the ionic strength
did not affect the rate constant k,, but above 50 mM the
amplitude of the fast intracomplex phase decreased, indicat-
ing complex dissociation, and a new slower phase appeared
due to bimolecular reaction of uncomplexed Ru-39-Cc with
CcO (Figure 8, Scheme 1). The ratio between the absorbance
changes associated with the fast intracomplex phase and the
slow bimolecular phase was used to determine the equilib-
rium dissociation constant Ky of the Ru-39-Cc:CcO complex
to be 20 £ 6 uM at 55 mM ionic strength. The pseudo-
first-order rate constant kos Of the slow bimolecular phase
reached a maximum at 75 mM ionic strength and deceased
with further increases in ionic strength.

The reaction of Ru-39-Cc¢ with S44G CcO was nearly the
same as that with wild-type CcO (Figure 8). The rate constant
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FIGURE 8: Ionic strength dependence of reaction of Ru-39-Cc with
native CcO, S44G CcO, and S44D CcO at pH 8.0. The solutions
contained 12 uM Ru-39-Cc, 15 uM CcO, 5 mM Tris-HCI, pH 8.0,
10 mM aniline, 1 mM 3CP, 0—300 mM NaCl, and 0.1% lauryl
maltoside. Wild-type CcO: O (black), intracomplex k,; @ (black),
bimolecular k,os. S44G CcO: O (blue), intracomplex k,; B (blue),
bimolecular kyps. S44D CcO: A (red), intracomplex k,; A (red),
bimolecular k,qps; @ (green), k,. Reaction of 20 uM Ru,Z with 13
uM S44D CcO, x (magenta).

k, for intracomplex electron transfer from Ru-39-Cc to S44G
was 79000 =+ 15000 s~! at low ionic strength, the equilibrium
dissociation constant Kg was 18 &£ 7 at 55 mM ionic strength,
and the ionic strength dependence of the bimolecular phase
was similar to that of wild type. The ratio of heme a to Cux
reduced after equilibrium has been reached was 4.3 for S44G
CcO, which indicates that the redox potential of heme a is
37 mV higher than Cu,. This ratio was 6.1 for wild-type
CcO, indicating a redox potential difference of 46 mV,
suggesting an ~10 mV lowering of the heme a redox
potential in the S44G mutant.

The initial reaction of Ru-39-Cc with Cu, in S44D CcO
was also similar to that of wild-type CcO at pH 8.0 (Figure
8). The rate constant k, for intracomplex electron transfer
from photoreduced heme ¢ to Cus was 71000 £ 15000 s~!
at low ionic strength. The equilibrium dissociation constant
Ky was 12 £ 4 at 55 mM ionic strength, and the ionic
strength dependence of the bimolecular phase was similar
to that of wild type, indicating that this mutant did not greatly
affect the interaction of Ru-39-Cc with the oxidase. However,
electron transfer from Cus to heme a was dramatically
different from wild type. At pH 8.0 and 75 mM ionic
strength, Cu,, monitored at 830 nm, was reduced with a rate
constant of 6400 s~! and then reoxidized with a rate constant
of 125 s~! (Figure 9). Heme a, monitored at 600 nm, was
reduced with a rate constant of 125 s! (Figure 9). Therefore,
the rate constant &y, for electron transfer from Cua to heme
ais 125 s7! for S44D CcO, compared to 90000 s~! for wild-
type CcO. The 830 nm transient recovered to the preflash
baseline after equilibrium was reached (Figure 9), indicating
that Cus was completely reoxidized. The ratio of heme a to
Cu, reduced after equilibrium was reached was >10 for
S44D CcO.

Unexpectedly, the intramolecular rate constant ki, for heme
a reduction in S44D was found to be affected by both Cc
binding and ionic strength in a complex fashion (Figures 8
and 10). The rate constant ki, is very slow, 10 s™!, at 25 mM
ionic strength where S44D CcO and Ru-39-Cc are in a tight
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FIGURE 9: Photoinduced electron transfer from 12 uM Ru-39-Cc
to 15 uM S44D CcO under the same conditions as in Figure 8
with 70 mM NaCl. Absorbance transients are shown at 830 and
600 nm.
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FIGURE 10: Effect of native horse Cc on the reaction of 4.8 uM
Ru-39-Cc with 5.8 uM S44D CcO under the same conditions as in
Figure 8 with 70 mM NaCl. The total Cc concentration shown is
the sum of the Ru-39-Cc and native Cc concentrations.

1:1 complex (Figure 8). ky, increases to a maximum of 125
s~ ! as the ionic strength is increased to 75 mM at a constant
Ru-39-Cc concentration of 12 4M and then decreases with
further increases in ionic strength (Figure 8). To explore the
effect of Cc binding on k, the reaction of 4.8 uM Ru-39-Cc
with 5.8 uM S44D CcO was studied at 75 mM ionic strength
as a function of added native horse Cc (Figure 10). Under
these conditions Ru-39-Cc is largely dissociated from CcO,
and both Ru-39-Cc and native horse Cc are rapidly binding
and dissociating from CcO. The rate constant k&, increased
from 63 s~! in the absence of unlabeled Cc to 160 s~ in the
presence of excess Cc. Taken together, the results of Figures
8 and 10 indicate that both ionic strength and cytochrome ¢
binding have a significant effect on ky,. In the presence of
saturating Cc or Ru-39-Cc, ky, increases from 10 to 160 s™!
as the ionic strength is increased from 25 to 75 mM.

The kinetics of electron transfer from Cu, to heme a in
S44D CcO was also examined by using the ruthenium dimer
Ru,Z to rapidly reduce Cuy (Figure 8). The rate constant kq
decreased from 45 s™! at 5 mM ionic strength to 22 s™! at
110 mM ionic strength, showing only a small ionic strength
effect (Figure 8) opposite to that observed when cytochrome
¢ was present. The significance of this result is difficult to
assess, however, since Ru,Z also binds to the oxidase at low
ionic strength and may have its own effect on the rate of
heme a reduction.
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FIGURE 11: Ionic strength dependence of reaction of Ru-39-Cc with
S44D CcO in 5 mM sodium phosphate, pH 6.5, 10 mM aniline, 1
mM 3CP, 0—300 mM NacCl, and 0.1% lauryl maltoside, following
the Cc at 550 nm, Cuy at 830 nm, and heme a at 600 nm. Key: @,
intracomplex k,; M, bimolecular k,q,s measured at 550 nm; A, fast
phase of reduction of heme a measured at 600 nm; 4, slow phase
of reduction of heme a.
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FIGURE 12: Time course of photoinduced electron transfer from Ru-
39-Cc S44D CcO at pH 6.5. The conditions are the same as in
Figure 11 with 70 mM NaCl over a short time scale.

As the pH is decreased below pH 8.0, a new fast phase
appears in the reduction of heme a in S44D CcO. The
reaction between Ru-39-Cc and Cuy, is very similar at pH
6.5 to that at pH 8.0, with an intracomplex rate constant k,
of 72000 £ 10000 s~! at low ionic strength and a slower
bimolecular phase at higher ionic strength (Figure 11).
However, the reduction of heme a is biphasic, with a fast
phase like wild type with the same rate constant as heme ¢
oxidation and Cu, reduction at all ionic strengths, indicating
that the fast phase of electron transfer from Cu, to heme a
is faster than the rate-limiting reduction of Cu, (ky(intra-
complex) > 30000 s~ ') (Figures 11 and 12). The rate
constant of the slow phase of heme a reduction has similar
ionic strength dependence at pH 6.5 as at pH 8.0, reaching
a maximum of 90 s~! at 70 mM ionic strength (Figure 11).
The pH dependence of electron transfer from Cuya to heme
a was studied at a constant ionic strength of 75 mM (Figures
13 and 14). Percentage of the fast phase increased from 0%
at pH 8.0 to 52% at pH 5.0, while the rate constant of the
slow phase decreased from 120 s™! at pH 7.8 to 85 s™! at
pH 5.5 (Figure 13). The rate constants for the wild-type and
S44 mutant forms are summarized in Table 3.
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FIGURE 13: pH dependence of reaction of Ru-39-Cc with S44D
CcO in 10 mM aniline, 1 mM 3CP, 70 mM NaCl, 0.1% lauryl
maltoside, and 5 mM buffer (a mixture of Tris-HCl, MES, and
acetate). (@) The rate constant of the slow phase of reduction of
heme a, k,. (l) The % fast phase of reduction of heme a.
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FIGURE 14: Time course of photoinduced electron transfer from Ru-
39-Cc S44D CcO at pH 5.5, following Cu, at 830 nm and heme a
at 600 nm. The conditions are the same as in Figure 13 with 70
mM NaCl.

Table 3: Summary of Fast Electron Transfer Characteristics for Cua to
Heme a in Wild Type and S44 Mutants of CcO

-1
AE, (mV) L
K heme ka fast slow
CcO (ko/ke)  a—Cupa  (x10*s™!) phase  phase K

wild type 6.1 46 7.6 £1.5 90000 20+ 6
S44G 4.3 37 79+ 1.5 >80000 18 +7
S44D, pH 8 >10 >60¢ 7.1+1.5 10—125 12+4
S44D, pH 6.5 >10 >60¢ 72+1 >30000 5-90

“See text for discussion of apparent change in redox potential with
protonation state. ” Measured at 55 mM ionic strength.

When the EPR spectra were measured at pH 5.5—8.0 a
similar shift in the intensities of the two peaks at g, = 2.72
(high pH) and g, = 2.78 (low pH) was seen (Figure 7B),
suggesting that both the EPR and the electron transfer rates
were influenced by the same protonation event.

The deuterium solvent isotope effect was measured under
the conditions of Figure 8 with 12.6 uM S44D CcO and 7.9
uM Ru-39-Cc in 5 mM Tris-HCl, pH 8.0, with 90 mM NaCl.
One sample contained 100% H,O with a pH meter reading
of 8.0, while the other sample contained 95% D,O with a
pH meter reading of 7.6, which is equivalent to a pD of 8.0
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(33). The deuterium solvent isotope ratio ky(H,O)/k,(D,0)
was 1.2 4 0.1 (data not shown).

DISCUSSION

Spectroscopic Measurements. In both mutant CcOs there
are distinctive alterations in the paramagnetic spectra. The
mutation of S44G shifts the heme a peak from g, = 2.82 to
g, = 2.86, in the direction of the heme a EPR signal of
bovine oxidase which has a peak at g = 3.03. Additionally,
the S44G mutation causes a shift in the low-spin heme a g,
from 1.63 to 1.60, and g,, from 2.31 to 2.30. These changes
are not reflected in the visible spectrum of the S44G which
appears identical to wild type.

Despite the shift of the heme a g, signal in S44G to a
value closer to that of the bovine CcO, the shift by no means
completely explains the major difference between the EPR
spectra of Rs and bovine CcO. The remaining difference
could be due to other residues that surround the histidine
ligand on the same side as the glycine, which are not
hydrogen-bonded to the histidine. These less conserved
residues are mostly hydrophobic and aromatic and could
affect the electronic configuration, augmenting the difference
between the serine and the glycine hydrogen bonds (see EPR
paper (11)).

It is interesting that the type of heme, whether b or a, has
little influence on the g, signal of the low-spin heme. The
bas oxidase from T. thermophilus (17) has an EPR signal
for its low-spin heme b of g, = 3.08, more like that of the
bovine oxidase g, = 3.03, than the low-spin heme a of Rs
CcO. The similarities in the EPR signals of bovine and bas
oxidases are more related to the hydrogen-bonding partner
of the histidine ligand, as both have a glycine backbone
carbonyl.

The S44D mutation shifts the EPR peaks in the opposite
direction to S44G, giving rise to a major split peak at g, =
2.72/2.78 (wild-type g. = 2.82) and a split peak at g, = 1.74/
1.68 (wild-type g. = 1.63). These results are suggestive of
two different forms or conformations of the carboxylic acid
that has replaced the usual hydroxyl in the case of S44. These
major shifts in the EPR spectrum are accompanied by
relatively minor changes in the visible spectrum. Initially,
the visible spectrum looked unaltered as in the case of the
S44G mutation, but more careful examination revealed that
there was a somewhat variable lowering of the apparent
extinction coefficient at 606 nm compared to 444 nm, by
20—30%. The variability was related to pH and ionic
conditions, with the lowest extinction at higher pH. This is
consistent with the likely different configurations of the
carboxylate in its association with the heme and with the
fact that the relative intensities of the EPR peaks are also
strongly influenced by pH. The data from spectral and kinetic
measurements support the hypothesis that S44D can exist
in protonated and unprotonated forms and likely more than
one conformation of each. The interaction of this anionic,
protonatable residue with the histidine ligand (H102) of heme
a appears to have considerable influence over the electronic
configuration of the low-spin heme q, resulting in an altered
EPR spectrum that is sensitive to bulk pH and altered kinetics
of electron transfer.

Crystal structures of both the oxidized and reduced forms
of the S44D mutant at 2.8 A resolution show that the
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carboxyl is not well resolved in the oxidized form, but the
reduced state clearly shows the carboxyl with one oxygen
at 2.7 A from the His 102 nitrogen. This is consistent with
the results of kinetic analysis indicating that reduction leads
to protonation of the carboxyl, restoring a native redox
potential of heme a, and the EPR spectra indicating that
protonation at low pH intensifies a g, signal at 2.78.
Effect of Mutation on Electron Transfer and Redox
Potential. The mutation of S44 to glycine causes little change
of redox potential in heme a. The small change, ~10 mV,
to a less positive redox potential relative to Cu,s, may be
produced by subtle changes in the region around heme a
such as a rearrangement of water. The change is not sufficient
to cause any major alteration in the kinetic behavior, as
shown in steady-state, stopped-flow, and photoinduced rapid
kinetic measurements reported here. It is also not in the
direction, nor of the magnitude, expected if the Ser to Gly
mutation were to account for the main differences between
the hemes a of bovine and Rs oxidases. The wild-type Rs
CcO has a redox potential of heme a relative to Cuy that is
already ~13 mV less positive than for the bovine CcO (12).
In the S44D mutant, in contrast, the kinetics of electron
transfer from Cu, to heme a are dramatically altered, with
a distinctive pH dependence such that at high pH the rate is
slowed compared to wild type by a factor of 1000, but as
the pH is lowered, an increasing proportion of the rate reverts
to wild type. These observations, along with pH-dependent
EPR changes, are most easily rationalized as being due to
the ionization state of the aspartate carboxyl group (Scheme
2). At pH 8.0 and 7.4, it is likely that D44 is mostly
deprotonated, greatly decreasing the positive redox potential
of heme a and inhibiting its rapid reduction. The very slow
rate of electron transfer from Cua to heme a could then be
accounted for by its dependence on the rate of proton uptake
needed to convert the deprotonated D44 to its protonated
form, stabilizing heme a reduction by raising its effective
redox potential. This would be a true proton-coupled electron
transfer mechanism. When heme « is oxidized, the positive
charge on the heme is stabilized by the negative charge on
the deprotonated D44, making reduction of heme a very
unfavorable. The fact that the rate of electron transfer at high
pH is slow but the reaction goes to completion indicates that
eventually D44 is protonated and heme a assumes a high
redox potential. The initial state would contain oxidized heme
a with a low redox potential and ionized Asp 44 (¢** COO"),
while the final state would contain reduced heme a with a
high redox potential and protonated D44 (a>* COOH). This
provides a good example of linkage between the redox
potential of heme a (E, and Ep for the ionized and
protonated states) and the pK, of D (pK,° and pK,) for the
oxidized and reduced states. At pH 6.5, D44 has a mixture
of protonated/deprotonated forms, consistent with the EPR
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spectra, and this gives rise to the observed biphasic kinetics.
The fraction that it is protonated will result in rapid electron
transfer from Cua to heme a, as in wild-type CcO. The
fraction with deprotonated D44 will result in a very slow
rate of electron transfer from Cu, to heme a, which is rate-
limited by the protonation of D44.

There are at least four different reaction modes for the
proton-coupled electron transfer mechanism shown in Scheme
2 (34). Electron transfer could either precede or follow proton
transfer, and either proton transfer or electron transfer could
be rate-limiting. Graige et al. (34) have developed expres-
sions for the rate constant of the reaction for each of these
different modes. Since both slow and fast phases of the
reaction are observed at intermediate pH values between 5
and 6.5, the rate of proton transfer must be slower than the
rate of electron transfer and, hence, rate-limiting. If rate-
limiting proton transfer precedes electron transfer, then the
slow phase of electron transfer will proceed along the lower
pathway of Scheme 2:

H+ e~
@t CO0” =" COOH = &** COOH

The observed rate constant for electron transfer from Cup
to heme a will be

ky =k (M

where ky° is the rate-limiting rate constant for proton transfer
to D44 with heme a oxidized (34). In this case, the rate
constant ky°® for proton transfer would be equal to the
observed rate constant k,, or about 125 s~! at 75 mM ionic
strength, pH 8.0. If on the other hand rate-limiting proton
transfer follows initial rapid-equilibrium electron transfer,
then the slow phase of electron transfer will proceed along
the upper pathway of Scheme 2:

e~ H+
@t CO0” =4*" COO™ == 4a*" COOH

In this case, the observed rate constant k, would be

k, = fla*" COO ky )

where f(a*>* COO") is the fraction of protein in the state (a**
COO7) and ky" is the rate constant for proton transfer to
D44 with heme a reduced (34). Since no fast phase for &
was observed at pH 8.0 within an experimental error of 5%,
fla* COO™) is estimated to be less than 0.05. With this
fraction of heme a reduced, the redox potential of heme a
with D44 ionized, E,, is estimated to more than 80 mV
smaller than the redox potential of Cua, compared to wild-
type CcO where the redox potential of heme a is 46 mV
higher than that of Cua. ky" is estimated to be greater than
2500 s~! from eq 2 using f(a>*" COO™) > 0.05 and k, = 125
s~!. Unfortunately, it is not possible to determine from the
present results whether rate-limiting proton transfer precedes
or follows electron transfer. The rate constant k, does not
increase with decreasing pH (Figure 13), and moreover the
deuterium solvent isotope effect for k is relatively small,
1.2 = 0.1. Both of these observations indicate that proton
transfer itself is not rate-limiting. However, a slow, rate-
limiting, conformational change which controls proton
transfer to D44 would be consistent with all of the results.
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It is remarkable that Cc binding and ionic strength have such
a large effect on the &, and, hence, this postulated confor-
mational change.

These results raise an interesting question: where do the
protons come from to protonate D44? It is noteworthy that
the S44D mutant is somewhat inefficient at proton pumping,
suggesting the possibility that the proton required for heme
a reduction (D44 protonation) does not come from outside
the protein but is initially taken internally from the pumping
path. This interpretation is consistent with the lack of a
significant deuterium isotope effect, the lack of differential
inhibition of the S44D mutant by zinc (Table 1), and the
lack of stimulation by low bulk pH of the rafe of the slow
phase of electron transfer from Cuy to heme a (Figure 13).

Given the described characteristics of the S44D mutant,
it is of interest as a model for proton-coupled electron transfer
and as a potential tool for studying the effect of slowed
kinetics in the Cuyu to heme a step on the subsequent proton
and electron transfer reactions in cytochrome ¢ oxidase.
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