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An analysis of resonance Raman scattering data from CO-bound cytochrome ¢ oxidase and
from the photodissociated enzyme indicates that histidine may not be coordinated to the iron
atom of cytochrome a; in the CO-bound form of the enzyme. Instead, the data suggest that
either a water molecule or a different amino acid residue occupies the proximal ligand position.
From these data, it is postulated that ligand exchange on cytochrome a@; can occur under
physiological conditions. Studies of mutant hemoglobins have demonstrated that tyrosinate
binds preferentially to histidine in the ferric forms of the proteins. In cytochrome ¢ oxidase
tyrosine residues are located near the histidine residues recently implicated in coordination to
cytochrome a; (Shapleigh ez al., 1992; Hosler er al., this volume). Expanding on these concepts,
we propose a model for proton translocation at the O,-binding site based on proximal ligand
exchange between tyrosine and histidine on cytochrome a;. The pumping steps take place at
the level of the peroxy intermediate and at the level of the ferryl intermediate in the catalytic
cycle and are thereby consistent with the recent results of Wilkstrom (1989) who found that
proton pumping occurs only at these two steps. It is shown that the model may be readily
extended to account for the pumping of two protons at each of the steps.
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INTRODUCTION

One of the central themes of bioenergetics is the
mechanism by which the oxidation of substrates or the
absorption of light generates ATP. A major advance
in the understanding of energy transduction occurred
several years ago when Peter Mitchell proposed the
chemiosmotic hypothesis (Mitchell, 1961). The “central
dogma” of this hypothesis states that ATP synthesis is
coupled to respiration or light absorption by a proton
electrochemical potential. In aerobic organisms key
steps in this process involve linking electron transport
to proton translocation across membranes, thereby
transducing the redox energy to the proton gradient
which drives the synthesis of ATP. Despite many
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studies on proteins involved in the respiration-linked
proton translocation, the molecular mechanism of the
coupling is not known.

Cytochrome ¢ oxidase is a membrane-bound
enzyme which forms the terminal site in the electron
transport chain in eukaryotic species (Wikstrom ez al.,
1981). As such it reduces oxygen to water and translo-
cates protons across the inner mitochrondrial mem-
brane. Four electrons are required to fully reduce O,
to H,O. In this process four protons are taken up from
the matrix side of the mitochondrial membrane for
the formation of H,O and four more protons are
vectorially translocated from the matrix to the cytosol
side of the membrane. The mammalian enzyme con-
sists of thirteen subunits and four redox active metal
centers (Capaldi, 1990; Saraste, 1990). Additional
metal atoms have been shown to be present but their
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functional role remains to be determined (Steffans
et al., 1987; Yewey and Caughey, 1988). Two of the
metal centers, cytochrome a and Cu,, transfer elec-
trons from cytochrome ¢ to the O, binding site formed
by the two other redox active metal centers, cyto-
chrome a; and Cuy. Until recently it had been assumed
that each proton translocation was linked to a single
electron transfer and the low potential centers
(cytochrome a and Cu,) were postulated as the sites
for the redox-linked proton translocation (Wikstrom
et al., 1981). This led to some elegant models for
proton translocation (Chan and Li, 1990) such as that
involving ligand exchange at Cu, (Gelles et al., 1986)
and that involving modulation of the hydrogen bond
strength of the formyl group on cytochrome a (Bab-
cock and Callahan, 1983).

Recently, Wilkstrom (1989) reported reverse elec-
tron transfer measurements which indicate that the
translocation of two protons is associated with each of
two of the redox steps and no proton translocation is
associated with the other two steps. This finding
makes it more likely that redox linkage is associated
with the O,-binding site, the binuclear center formed
by the iron atom of cytochrome a; and the nearby
Cuy, rather than by the low potential centers. Conse-
quently, the possibility that proton translocation is
linked to electron transfer steps at the binuclear O,
binding site is now being considered by several groups.
Along these lines, Cup was postulated by Babcock and
Wikstrom (1992) to be the site of the linkage based on
evidence suggesting that Cuy is the electron entry
point to the binuclear center. This model requires that
when a ligand is bound to cytochrome a; all the elec-
trons pass through Cug. Larsen et al. (1992) also
considered Cuy as the site of redox linkage and con-
cluded that several drawbacks make it an unlikely
possibility. Specifically, they pointed out that the re-
ported (Han ez al, 1990c; Varotsis and Babcock,
1990) rapid electron transfer from cytochrome a to
cytochrome a, would uncouple the redox linkage by
bypassing Cuy; the close proximity of cytochrome a,
and Cu, would not allow easy changes between input
and output states; and the position of Cuy in the
membrane and in relation to cytochrome a; makes it
difficult to obtain respiratory control. Woodruff et al.
(1991) have proposed another model for redox coup-
ling involving an endogenous ligand shuttle between
. the iron atom of cytochrome a; and Cu;. However,
this shuttle will be blocked when the oxo-ligands are
bound to cytochrome a; making it difficult to pos-
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tulate how the ligand shuttle will be able to couple to
the redox events.

The redox events that occur in cytochrome ¢
oxidase during O, reduction have been studied for
many years in an effort to understand the catalytic
mechanism on a molecular level. Considerable pro-
gress has been made from biochemical studies (Brunori
et al., 1979; Wikstrom, 1981; Jones et al., 1984;
Wikstrom, 1987, 1988; Cooper, 1990; Antonini et al.,
1991; Oliveberg and Malmstrom, 1991) and many
types of spectroscopic studies (Gibson and Green-
wood, 1963; Greenwood and Gibson, 1967; Chance et
al., 1975; Clore et al., 1980; Hill et al., 1986; Baker et
al., 1987; Einarsdottir ef al., 1988; Chan and Li, 1990).
Most recently, resonance Raman scattering has been
particularly valuable in determining the properties of
cytochrome a; in various equilibrium states of the
enzyme (Babcock, 1988), the intermediates in the
redox cycle (Babcock er al., 1984, 1985; Han et al.,
1990a—e, 1992; Varotsis et al., 1989, 1990a,b; Varotsis
and Babcock, 1990; Ogura ef al., 1990a,b, 1991), and
the effect of carbon monoxide photodissociation on
the heme (Findsen and Ondrias, 1984; Findsen et al.,
1987; Sassaroli et al., 1988). These studies have led to
a high level of understanding of the redox process but
have shed little light on the mechanism of proton
translocation.

In this paper we propose a new model for proton
translocation based on redox linkage at cytochrome
a;. Cytochrome a; does not appear to suffer from
many of the limitations noted above for Cuy. Further-
more, there is substantial evidence that electron trans-
fer from cytochrome a to ligand-bound cytochrome
a; may be very rapid (Han et al., 1990c; Varotsis and
Babcock, 1990). The model we propose involves lig-
and exchange at cytochrome a; and draws from the
ligand exchange ideas put forward by Chan and co-
workers for a model proposing Cu, as the site for
redox linkage (Gelles et al., 1986; Chan and Li, 1990).
Evidence for ligand exchange at cytochrome a; is
supplied by resonance Raman scattering measure-
ments of carbon monoxide-bound cytochrome ¢ oxi-
dase and from experiments on the product of CO
photodissociation (Woodruff ef al., 1991).

LIGAND BINDING TO CYTOCHROME a,

To obtain a complete understanding of the struc-
ture and properties of the ligand binding site and how
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Fig. 1. Possible vibrational modes studied in heme carbonyl com-
plexes with a proximal base L. In the absence of the bound CO or
another ligand at that position, the iron-proximal base stretching
mode, Fe-L (e.g., Fe-histidine), may be observed in the resonance
Raman spectrum. When CO is bound, the Fe-CO and the C-O
stretching modes and the Fe~C-O bending mode may be observed
in the Raman spectrum. The C--O stretching mode is also detected
in the infrared absorption spectrum. For the same type of axial
ligand (e.g., nitrogenous) there is a correlation between the Fe-CO
stretching mode frequency and the C-O stretching mode frequency.

these could couple to proton translocation, we draw
inferences from ligand bound forms of the enzyme
which can be stabilized and thereby studied in detail.
Carbon monoxide-bound cytochrome ¢ oxidase is es-
pecially powerful in this regard because it forms a very
stable complex. In addition, the CO can be
photodissociated to yield additional information con-
cerning the transient intermediates present before the
protein structure can relax back to the ligand-free
form. Spectroscopic studies, especially vibrational
spectroscopy, of CO-bound cytochrome oxidase have
elucidated many properties of the ligand binding site.
Vibrational modes involving the bound CO (Fig. 1)
are present in infrared (IR) absorption and Raman
scattering spectra. The Fe-CO and the C-O stretching
modes and the Fe—C-O bending mode have all been
identified in the spectra (Yoshikawa er al., 1977,
Argade et al., 1984). The frequencies and intensities of
these modes have been useful for determining the local
structure in the heme-CO complex. The vibrational
modes of the heme group itself are also sensitive to the
properties of the bound ligand and yield information
concerning the distribution of electrons between the
heme and its ligands (Babcock, 1988).

The spectroscopic properties of cytochrome ¢
oxidase in which CO is bound to cytochrome a; are
well established. The C-O stretching mode has been
examined in several IR absorption studies including
studies of the mode as a function of the degree of
enzyme reduction in preparations that ranged from
being reduced by only one electron to those in which
the enzyme was fully reduced (four electrons) (Yoshi-
kawa and Caughey, 1982). In those experiments it
was found that the C-O stretching mode of CO-bound
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cytochrome g, is located at 1963.5cm ™" and shifts by
no more than 2cm ™' as the other redox centers change
their oxidation state. This indicates that the change in
oxidation state of the nearby Cug has very little effect
on the Fe—-C-O moiety even though it is well estab-
lished that the polarity of the local environment near
a bound CO influences the frequency of the CO
stretching mode (Caughey, 1980; Maxwell and
Caughey, 1976). Thus, the interaction between the CO
and the nearby copper atom must be very small. The
Fe-CO stretching mode and the Fe-C-O bending
mode were detected in the resonance Raman spectrum
by Argade et al. (1984) and confirmed by the data
presented here. In the data shown in Fig. 2, the
stretching mode displays a very high frequency
(520cm ! at neutral pH) which Argade et al. (1984)
attributed to a weak bond trans to the CO bond. They
postulated that the weak proximal ligand was a
strained histidine residue since in the ligand-free
preparation the frequency of the iron-histidine (Fe-
His) stretching mode (214cm™") is low, consistent
with considerable strain (Kitagawa, 1988).

A strong negative correlation (presented in Fig.
3) has been noted between the Fe—CO stretching fre-
quency and the C-O stretching frequency in many
heme proteins and model compounds when the axial
base has similar bonding characteristics (Yu et al.,
1983; Tsubaki et al., 1986; Uno et al., 1987; Smulevich
et al., 1988; Kerr and Yu, 1988; Morikis ef al., 1989;
Spiro et al., 1990; Nagai et al., 1991). For example, in
Fig. 3 all of the proteins and model compounds with
a nitrogenous base (histidine, substituted imidazoles,
or pyridine) lie on the same line. Those compounds
with a cysteinal sulfur lie on a different line with a
weaker iron-carbon bond, and the one compound
with a very weak proximal ligand is found well above
the nitrogenous base correlation line, thereby in-
dicating a stronger iron-carbon bond. The reasons for
these corrrelations and the relative positions are rea-
sonably well understood (Kerr and Yu, 1988). Carbon
monoxide binds to the iron atom through a ¢-bond
formed by donation of a nonbonded pair to the iron
d, orbital. In addition, n-bonding takes place by
donation from the occupied d,-orbitals of the iron
atom to the empty antibonding n*-orbitals of the CO.
Thus, the n-bonding strengthens the Fe-C bond and
weakens the C-O bond. For hemes with the same
proximal base (e.g., nitrogenous), changes in the Fe-
C-0 geometry or changes in geometry of the proximal
ligand affect the n-electron distribution between the
Fe—C bond and the C-O bond, thereby moving the
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Fig. 2. Resonance Raman spectrum of CO-bound cytochrome ¢ oxidase at pH 7.0. The major Fe—~CO stretching mode appears at
520cm™! and the bending mode is at 579 cm™'. The spectrum was obtained on a previously described Raman difference apparatus
(Rousseau, 1981) excited at 413.1 nm from a defocussed krypton ion laser beam with a scanning speed of 50 cm™'/min. The heme
concentration of the enzyme was about 100 uM. The bovine cytochrome ¢ oxidase was isolated by a modified Yonetani procedure
(Yonetani, 1960) and solubilized in 100 mM phosphate buffer containing 0.4% dodecyl f-p-maltoside. The sample was deoxygenated,
reduced with minimal dithionite, and saturated with CO prior to obtaining the Raman data.

vibrational frequencies along the correlation line.
However, when the axial ligand is changed, the o-
bond between the iron and the carbon is affected.
Since it is formed by donation of a lone pair into the
d, orbital, strengthening the bond on the proximal
side weakens the iron-carbon bond on the distal side
and vice versa establishing a different correlation line.
Thus, the stronger o-bond from the sulfur ligand
causes the correlation to move to a lower line in Fig.
3 than the nitrogenous line, and the iron porphyrin in
which the proximal ligand is tetrahydrofuran (THF)
occupies a position above the nitrogenous-ligand cor-
relation line.

It has been noted previously that carbon mon-
oxide-bound cytochrome ¢ oxidase does not properly
fit on the stretching frequency correlation curve for a

normal nitrogenous base (Kerr and Yu, 1988; Nagai
et al., 1991). Indeed, as may be seen in Fig. 3, it lies
more than 10cm ™! away from any point other than
that of the model heme with THF as the proximal
base. In addition, for myoglobin at low pH where the
Fe-His bond is absent, the Fe—CO stretching mode is
detected in the same region as that of cytochrome ¢
oxidase (Sage et al., 1991). When the Fe-CO stretch-
ing mode was first reported by Argade er al. (1984), its
very high frequency was attributed to an anomalously
weak Fe-His bond. However, with the extensive data
set now available relating the frequencies of the Fe-
CO stretching mode to the C-O stretching mode
shown in Fig. 3, it is clear that independent of
proximal strain the correlation still holds. Thus, the
analysis suggests that histidine is not the proximal
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Fig. 3. Correlation of the Fe-CO stretching mode frequency and
the C~O stretching mode frequency of CO-bound heme proteins
and prophyrin complexes. Different correlation lines are obtained
for different proximal axial ligands. The dashed line is the corrrela-
tion for thiolate axial binding and the solid line is for nitrogenous
binding. The point designated by the darkened cross is for a por-
phyrin coordinated with tetrahydrofuran, a weak proximal ligand.
CO-bound cytochrome ¢ oxidase at pH 7, designated by the dar-
kened octagon, does not lie on the nitrogenous correlation curve but
instead is near the weak ligand point.

ligand in CO-bound cytochrome c¢ oxidase. We
postulate that the proximal histidine bound has been
broken in the CO-bound form of the enzyme. The
spectrum of the CO-bound enzyme does not allow
determination of whether or not another ligand has
replaced the histidine. However, CO photolysis
measurements reported by others and discussed below
give additional insights.

Breaking of the proximal histidine bond in heme
proteins by protein structural forces and replacement
by another ligand are not without president. Several
examples (Table I) have been identified in naturally
occurring mutants of hemoglobin (Nagai ef al., 1983,
1989, 1991). Furthermore, in the a-subunits of nitrosyl
human hemoglobin the addition of inositol hexaphos-
phate ruptures the Fe-His bond, leading to a 5-coor-
dinate structure (Maxwell and Caughey, 1976; Perutz
et al., 1976). In several mutant hemoglobins, listed in
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Table 1, either the proximal or distal histidine is re-
placed by tyrosine. In those cases the tyrosine is always
one of the axial ligands or the only axial ligand in the
ferric form of the protein. This is in contrast to the
ferrous form of the protein in which a histidine is
always an axial ligand. These data illustrate that ligand
exchange can take place in stable heme proteins and
that the coordination depends on the heme oxidation
state and on protein structural forces. It is noteworthy
that whenever tyrosine is available in the proximal or
the distal pocket it binds to the ferric heme.

In the ligand-free form of cytochrome ¢ oxidase
histidine occupies the fifth coordination site on
cytochrome a;. This has been proven from resonance
Raman studies where the Fe~His stretching mode has
been identified at 210-215cm ! region (Ogura et al.,
1983; Kitagawa, 1988). In NO-bound reduced cyto-
chrome ¢ oxidase at cryogenic temperatures, EPR
studies have demonstrated that histidine occupies the
fifth coordination site (Stevens et al., 1979a,b; Stevens
and Chan, 1981). If histidine does not occupy the fifth
coordination site in the CO-bound form of the protein
under our experimental conditions, then there may be
conditions under which it does rebind and a second
Fe-CO stretching mode should appear.

To test whether or not additional Fe-CO stretch-
ing modes are present in cytochrome ¢ oxidase, we
have measured the resonance Raman spectra as a
function of pH. As the pH was increased, a new line
developed in the spectrum at 494 cm ', as may be seen
in Fig. 4. Several isotopic substitution studies con-
firmed that this line was a Fe-CO stretching mode.
Thus, the enzyme displays more than one Fe-CO
stretching mode, consistent with the concept that the
proximal histidine bond may be broken in some forms
of the enzyme. A titration study comparing the forma-
tion of the line at 494 cm ™' with the formation of the
Schiff base at the formyl group (Han er al., 1991)
demonstrated that the axial ligation change was
independent of the Schiff base formation. However,
we recognize that there may be other explanations for

Table I. Ligand Coordination in Mutant Hemoglobins. Coordination for the Mutated Subunits Shown for the Deoxy and the Ferric Forms

HbA Boston
(Prox)F8 = His

(Dis)E7 = His oE7 = Tyr
Deoxy Sc 5c

(F8)His-Fe (F8)His-Fe
Ferric 6c Sc

His-Fe-H,O Fe-Tyr(E7)

Saskatoon Iwate Hyde Park
aF§ = Tyr PF8 = Tyr
BET = Tyr
Sc 5¢ S¢
(F8)His-Fe Fe-His(E7) Fe-His(E7)
6c 5¢ S5c
His-Fe-Tyr(E7) (F8)Tyr-Fe (F8)Tyr-Fe
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Fig. 4. The pH dependence of the Fe-CO stretching mode fre-
quency in CO-bound cytochrome ¢ oxidase. A. The sample at
pH 7.0 has a strong Fe-CO streiching mode at 520cm™!. B. The
sample at pH 8.0 has Fe-CO stretching modes at 494 and 520cm ',
C. In this sample at pH 10.0 the Fe—CO stretching mode is at
494cm~!, D. The pH is the same as that in spectrum C (10.0) but
the enzyme was exposed to *C'0 rather than the natural abund-
ance isotopes. E. Difference spectra of C-D demonstrating the iso-
tope shift, confirming that the mode at 494cm~! is an Fe~-CO
stretching mode. All conditions for sample preparation and data
acquisition are the same as in Fig. 2.

the data that do not require proximal ligand exchange.
Indeed, many pH studies of various properties of
cytochrome ¢ oxidase have been reported and a large
number of pK’s have been identified (Callahan and
Babcock, 1983; Ogura et al., 1984; Thornstrom et al.,
1984; Sone et al., 1986; Baker and Palmer, 1987; Olive-
berg et al., 1989; Maison-Peteri and Malmstrom,
1989; Harmon and Stringer, 1990; Moody and Rich,
1990; Papadopoulos ef al., 1991). Additional studies
are needed to make a firm assignment of the origin of
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the modes which we detect and relate the changes to
the other pH-induced changes that have been reported.

An additional test of whether or not the Fe-His
bond is intact in CO-bound cytochrome ¢ oxidase
comes from photodissociation experiments. The
schematic process for this type of measurement is
illustrated in Fig. 5. It is well established that in the
ligand—free form of the enzyme cytochrome g, is five-
coordinate and histidine is the proximal base (Ogura
et al., 1983; Kitagawa, 1988). As discussed above, we
propose that binding CO causes ligand exchange and
thereby a different proximal base. If our analysis is
correct and the histidine is replaced in the CO-bound
preparation by a different ligand, then when CO is
photodissociated the Fe~His stretching mode may or
may not reappear in the Raman spectrum depending
on the rate at which it is re-established. Several experi-
ments reporting the photodissociation of CO have
appeared and the Fe-His stretching mode was present
(Findsen and Ondrias, 1984; Findsen et al., 1987,
Sassaroli et al., 1988). However, Woodruff er al.
(1991) have shown that a five-coordinate species ap-
pears subsequent to photodissociation in which the
Fe-His stretching mode is completely absent from the
resonance Raman spectrum. In order to find this spe-
cies, the laser power had to be kept very low since the
coordinated ligand was photolabile and, once disso-
ciated, would allow for the return of the proximal
histidine. The identity of this ligand could not be
determined, but it was proposed to be an endogenous
ligand originally bound to Cug. The absence of the
histidine in the transient photoproduct was confirmed
recently by Lou et al. (1993).

Taken together, the independent results on the
properties of the CO-bound form of the enzyme and
the product of photodissociation lead to the following
consistent interpretation: In the CO-bound form of
the enzyme, histidine does not occupy the fifth coor-
dination site on the iron atom of cytochrome as.
Instead the position is occupied by a weaker ligand.
Upon photodissociation the Fe-CO bond breaks,
leaving the iron five-coordinated, with the proximal
ligand being the same as that in the CO-bound form.
This ligand is very photolabile and when it is
photodissociated it is replaced by the proximal his-
tidine.

From the available data it is not possible at pre-
sent to determine the identity of the putative weak
ligand bound to cytochrome g, at the fifth coordina-
tion stie. The ligand could be exogenous, such as H,O
for example, or it could be an endogenous amino acid
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Fig. 5. Schematic concept of the comparison among the deoxy form of the enzyme, the CO-bound form, and the photoproduct. When
CO is bound to the enzyme, the proximal base is different from a normal histidinal ligand. Photodissociation leads to a transient
photoproduct with the same proximal base as in the CO-bound form. Experiments first reported by Woodruff ez al. (1991) demonstrated

that this proximal base was very photolabile.

side chain. Studies of transient forms of myoglobin
have led to the proposal that in the CO-bound form of
the protein, H,O replaces the proximal histidine at
low pH (Han et al., 1990f). While we are unable to
exclude H,0O, endogenous ligands such as tyrosine,
lysine, arginine, or an acidic residue are other can-
didates. Studies are ongoing to determine the identity
of the ligand.

Carbon monoxide plays no known role in the
enzymatic function of cytochrome ¢ oxidase. How-
ever, the important implication of the results present-
ed above is that the histidine binding to the iron atom
is labile. We postulate that the histidine may be re-
placed by an exogenous water molecule or an en-
dogenous protein amino acid residue in the physio-
logical function of cytochrome ¢ oxidase. However, it
is well established that in some forms of the enzyme
histidine is the fifth ligand (Ogura et al., 1983; Kita-
gawa, 1988; Stevens et al., 1979a,b; Stevens and Chan,
1981). Based on these results, ligand exchange on
cytochrome a, in cytochrome ¢ oxidase is likely and
may play a central role in proton translocation. The
specific ligand bound at the fifth coordination site on
cytochrome a, can be controlled by both the electron
transfer events at cytochrome g, during the reduction
process and the nature of the oxo ligand on cyto-
chrome a;. In the next section we present a possible
model for redox coupling through ligand exchange at
cytochrome a;.

A MODEL FOR REDOX LINKAGE

Facile ligand exchange on the proximal side of

the heme which is serving as the O, reduction site, is
an attractive mechanism that may play a pivotal role
in proton translocation. We propose a model for
redox linkage based on a cytochrome @, ligand ex-
change mechanism. This model directly couples the
electron transfer events occurring at the oxygen bind-
ing site to the proton translocation. The essential
features of the model are:

1. Histidine or tyrosine may occupy the fifth ligand
coordination site on cytochrome a;.

2. Histidine is the favored ligand in the ferrous form
of the heme and tyrosine is favored in the ferric
form.

3. Electron entry to the binuclear site follows a path-
way through the heme macrocycle of cytochrome
a;.

In this model, ligand exchange between histidine
and tyrosine is driven by the redox events at cyto-
chrome a;. Tyrosine is proposed as an active ligand
for coordination to cytochrome a, along with histidine
since it exchanges with histidine in mutant hemoglobins
as summarized in Table I. In addition, tyrosine is
the native proximal ligand in catalase (Murthy et al.,
1981). As already pointed out, whenever tyrosine is in
the proximal or distal pocket of hemoglobin it binds to
the heme in the ferric form whereas for the same pro-
teins histidine binds in the ferrous form (Nagal et al.,
1983, 1989, 1991). In the mutant hemoglobins and
catalases tyrosine binds in the tyrosinate form and
stabilizes the ferric oxidation state. Thus, tyrosine
should be a viable ligand for cytochrome a; capable of
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displacing the histidine under some conditions if tyro-
sine residues are located in the heme pocket.

In cytochrome ¢ oxidase advances have been
made recently in determining the ligands which coor-
dinate to the metal centers by site-directed mutagene-
sis experiments on bacterial terminal oxidases. Examin-
ation of the amino acid sequences of available termi-
nal oxidases (Cao et al., 1991) coupled with the site-
directed mutagenesis experiments has led to an assign-
ment of the proximal histidine that is coordinated to
cytochrome a,. The proximal histidine was originally
suggested to be His™ in helix VI by these site-directed
mutagenesis studies of an aa, type of oxidase from
Rhodobacter sphaeroides (Shapleigh et al., 1992) and a
structurally related bo oxidase from Escherichia coli
(Minagawa ez al., 1992; Lemieux et al., 1992). A totally
invariant residue (Tyr™®) lies one turn of the helix
away in the same trans membrane helix (VI) as His®*,
A recent refinement of the analysis of the data, how-
ever, indicates that the more likely histidine linkage to
the heme of cytochrome a; is His*'? in helix (X) (Hosler
et al., this volume). In this transmembrane helix,
another tyrosine (Tyr*?) is a highly conserved residue
located one turn away from His*? and thereby capable
of binding to the heme as well. Thus, both histidines
which have been proposed to coordinate to cyto-
chrome a, have nearby tyrosines. From these assign-
ments and the amino acid sequences it is very likely
that tyrosine should be an axial ligand to cytochrome
a, under some conditions.

A model through which these elements come to-
gether in proton translocation is illustrated in Fig. 6.
In the oxy intermediate (stage 1) histidine occupies the
fifth coordination site of cytochrome a;. The proton
on the N; atom of the histidine is hydrogen bonded as
in essentially all heme proteins (Rousseau and Rous-
seau, 1992). We propose that the hydrogen bond ac-
ceptor is a carboxylate group as it is in cytochrome ¢
peroxidase (Finzel et al., 1984). Upon formation of the
peroxy intermediate (stage 2), the iron atom becomes
ferric, driving the exchange of the histidine for a tyro-
sine. When the tyrosine binds to the ferric iron atom
(stage 3) it becomes deprotonated. The proton is
transferred to the N, atom of the released histidine.
This weakens the N;-H bond, thereby allowing that
proton to be transferred to the carboxylate group.
When the next electron is accepted by the heme of
cytochrome a; (stage 4), the iron atom transiently
becomes ferrous (stage 5), causing the tyrosine to be
released and the histidine to rebind to the iron atom
(stage 6). This is the “power stroke” in the pumping
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mechanism. For the histidine to re-coordinate to the
iron atom of the heme, the proton from N, transfers to
N; and the proton on the carboxylate is translocated
to the cytosol side of the membrane. The hydrogen
bond between the proton on the N; atom and the
carboxylate group is then re-established. Once the
tyrosinate is released, it immediately becomes pro-
tonated by a proton from the matrix side of the
enzyme. As the electron is transferred from the heme
iron to the oxo atoms, raising the oxidation state of
the iron atom, the histidine is once again replaced by
the tyrosine as the fifth ligand on cytochrome a, (stage
7) and the same sequence of events pumps another
proton (stages 8 and 9).

In the model outlined above and illustrated in
Fig. 6 one proton is translocated at the peroxy level
and one at the ferryl level in the catalytic mechanism.
However, Wikstrom (1989) has pointed out that the
redox energy is available for the translocation of two
protons at each of these steps. Two protons per step
may be accommodated readily into our model if it is
assumed that the proton released by the tyrosine does
not transfer to N, of the histidine, as illustrated in Fig.
7. In this mechanism for the translocation of two
protons per step, the proton given up by the tyrosine
moves to a carboxylate group directly rather than to
the proximal histidine. In such a case, an additional
proton originating from the matrix side is picked up
by the N, atom of the histidine after the iron-histidine
bond ruptures and is translocated as illustrated in the
model for a single proton translocation per step. Thus
each step would translocate two protons, one from the
tyrosine and one from the histidine.

This model for proton translocation differs sig-
nificantly from that recently proposed by Babcock
and Wikstrom (1992). In their model, in all of the
electron transfer steps the incoming electron passes
through the Cug atom. In the model proposed here the
electrons all pass through the heme group of cyto-
chrome a, as a conduit to the bound ligand. We justify
this pathway from the rapid kinetic studies of the
reaction of oxygen with the fully reduced enzyme. In
those studies it was shown that even when Cug is
reduced, electron transfer to the bound di-oxygen
takes place directly from cytochrome a, presumably
through the heme of cytochrome a;, to the bound
oxygen rather than from Cug to the oxygen (Han et
al., 1990c; Varotsis and Babcock, 1990). Indeed, there
is no evidence for any interactions between the oxo
ligands and Cuy. The rate of the decay of the primary
intermediate in the fully reduced enzyme as deter-
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Fig. 6. A model for single proton translocation per step based on ligand exchange at cytochrome ;. In stage 1, di-oxygen has bound
to the heme and histidine is the proximal ligand. An electron enters the binding site through the heme, resulting in stage 2, a peroxy
intermediate. Since the iron atom has become ferric, the histidine ligand is released and a nearby tyrosine becomes the proximal ligand.
The tyrosine deprotonates by transferring its proton to the N, atom of the histidine (stage 3). This causes the proton on the N, atom
to be transferred to a carboxylate. When the next electron enters the heme (stage 4), the proton on the N, atom is transferred to the
N; position, releasing the proton from the carboxylate. The entry of the electron transiently reduces the heme, causing the histidine
to recoordinate to the heme replacing the tyrosine (stages 5 and 6). The tyrosine is reprotonated from the matrix side of the membrane.
When the electron moves from the heme to the bound ligand generating the ferryl species (stage 7), the histidine is released and the

tyrosine binds again. Stages 8 and 9 are fully analogous to stages 3 and 4.

mined in the kinetic measurements is 3.5 x 10%/sec
(Han et al., 1990b). If it assumed that the electron
transfer from cytochrome a to cytochrome a; is the
rate-limiting step in this process, then it has this same
rate constant. If under physiological conditions, the
electron were to pass through Cug and then to the
bound ligand, its electron transfer rate would have to
be much faster to compete with the electron transfer
rate from cytochrome a to cytochrome a;. However,
the latest analysis of the structure (Hosler et al., this
volume) places cytochrome a, between Cuy and
cytochrome a since the two hemes share ligands from
the same helix. With such a structure, the electron
transfer from cytochrome a to cytochrome a, should
be significantly faster than that from cytochrome a to
Cug.

CONCLUSIONS

In this paper evidence has been presented sug-
gesting that histidine is not the proximal ligand in
cytochrome a, in cytochrome ¢ oxidase for all forms of
the enzyme. Specifically, the Fe—-CO and the C-O
stretching frequencies do not fit on the vibrational
frequency correlation curve for imidazole coordina-
tion at the fifth ligand position for the CO complex. In
addition, some CO-photolysis experiments yield a
five-coordinate species and yet the iron-histidine
stretching mode is absent from the resonance Raman
spectrum, indicating that an axial ligand other than
histidine is bound to the heme in the photoproduct
(Woodruff et al., 1991). The new resonance Raman
data presented here show changes in the Fe-CO
stretching mode as a function of pH that are consist-
ent with ligand exchange between histidine and some
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Fig. 7. A model for double proton translocation analogous to that presented in Fig. 6 except two protons are pumped at each of
the two steps rather than just one. The first difference occurs at stage 3 where the proton from the tyrosine transfers to a carboxylate
ratheer than to the released histidine. The histidine in turn picks up a proton from the matrix side of the membrane. Stage 8 is
analogous to stage 3. The other stages proceed as in Fig. 6. The mechanism presented in this figure yields two protons at the peroxy

level and two more at the ferryl level.

other residue. Each of these experiments has alternate
interpretations which do not require ligand exchange.
However, when viewed together they yield a consist-
ent picture strongly suggesting that histidine is not
always coordinated to cytochrome a;. On the other
hand, there are clear experiments demonstrating the
presence of coordinated histidine. CO-photolysis ex-
periments at high laser powers do yield an Fe-His
stretching mode, confirming the presence of histidine
coordination in the photoproduct under these con-
ditions (Findsen and Ondrias, 1984; Findsen ez al.,
1987; Sassaroli et al., 1988) just as in the equilibrium
ligand-free form of the enzyme. Furthermore, in the
NO-bound form of the enzyme it has been demon-
strated that histidine is the proximal ligand in a series
of careful EPR investigations (Stevens ef al., 1979a,b;
Stevens and Chan, 1981). It is clear that additional
experiments are necessary to reconcile this diversity of
results and thereby clarify the axial coordination in
cytochrome a, under all conditions. Clarification of

the axial binding not only has importance for the
proton pumping model proposed here but also for
studies of CO binding and photolysis which have been
used to identify the heme axial ligands in the mutants
generated by site-directed mutagenesis (Hosler et al.,
this volume).

Based on the available evidence and the limita-
tions discussed above, we assume that proximal ligand
exchange in cytochrome g, can take place. The site-
directed mutagenesis experiments have identified two
possible histidine residues which could coordinate to
the heme of cytochrome a; (Shapleigh et al., 1992;
Hosler et al., this volume). For each of these, there is
a nearby tyrosine residue. By analogy to mutant
hemoglobins, the presence of such a tyrosine should
lead to tyrosinate coordination in the ferric form of
cytochrome a; and, consequently, a heme that can
bind either histidine or tyrosine depending on the iron
oxidation state and the exogenous ligand. Ligand
exchange and the associated protonation and
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deprotonation events driven directly by the redox pro-
cess form the foundation of a model for a proton
pump which is capable of translocating one or two
protons per step at the peroxy and ferryl intermediate
levels of the catalytic reduction of O,.

An attractive feature of the mechanism pos-
tulated here is that it can be tested owing to the
application of site-directed mutagenesis to bacterial
terminal oxidases. The properties of the enzyme in
which the conserved tyrosines, that have been pro-
posed here to be essential for proton translocation,
have been mutated will be a stringent test of our
model. In addition, if tyrosine binding to cytochrome
a; does occur, then in the mutants lacking the tyrosine
significant differences would be expected in the proton
pumping efficiency and in the spectroscopic properties
in some of the ferric forms of the enzyme. Until such
experiments are completed, the mechanism we pro-
pose should serve as a testable working model for
proton translocation.
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