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ABSTRACT: The spectroscopy and dynamics of CO binding were measured for wild-type and mutant
cytochromes bo, members of the superfamily of heme—copper oxidases. The results suggest that access of
ligands, including substrate O,, to the binuclear Fe—Cu active siteis controlled at twolevels. CO recombination
to the wild-type ubiquinol oxidase exhibited saturation kinetics (kmax = 190 57!, K, = 2.4 mM), indicative
of the existence of an intermediate in the ligand-binding pathway. FTIR spectroscopy and TRIR spectroscopy
were used to demonstrate conclusively that this intermediate was a Cug—CO complex. Two mutant oxidases
(His333Leu, His334Leu) which lack Cup showed no evidence of saturation of CO rebinding, even up to
21 mM CO. Also, the absolute rates of CO binding to the mutant oxidases were much greater than for
wild type, even at CO concentrations well below the apparent K, for wild-type enzyme. These results
clearly indicate that the copper ion at the binuclear site acts as an obligatory way station, or gate, severely
limiting the approach of ligands to the heme active site. Further, an analysis of the rate constants for CO
binding to Cup suggests that the protein structure external to the binuclear site regulates ligand entry into
this site. We propose that these control mechanisms for substrate binding are operative throughout this
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general class of enzymes.

The superfamily of heme—copper oxidases is responsible
for some 90% of the biological O reduction on earth and for
nearly half of the redox energy of cellular respiration (Chan
& Li, 1990; Wikstrdm et al., 1981). All members of the
superfamily are integral membrane proteins which share in
common the function of reducing dioxygen (O;) to water, the
electrons for reduction coming ultimately from the oxidation
of substrates derived from foodstuff. The energy of these
redox reactions is conserved as electrochemical potential in
the form of a transmembrane hydrogen ion gradient. Itisa
major objective in bioenergetics to understand how the heme—
copper oxidases perform these functions, including how they
admit and bind substrate O, as the essential first step in their
energy conversion and storage. In this paper we report the
ligand binding mechanisms of cytochrome bo, a heme—copper
oxidase from Escherichia coli which functions as a ubiquinol
oxidase (Chepuri et al., 1990; Hill et al., 1992).

All heme—copper oxidases appear to be structurally and
functionally similar with regard to their O, binding and
activation apparatus. A five-coordinate, high-spin heme (a;
or o) is associated with a single copper, Cug, in a “binuclear
center” which is the site of O, ligation and reduction. All
members of the superfamily also have a second heme (a or
b) which is six-coordinate, low spin. This low-spin heme
mediates the flow of electrons from donor substrate to the
binuclear center. The aa;-type oxidases utilize cytochrome
¢ as reductant and contain a fourth metal center, known as
Cua, located in subunit II. Cytochrome bo, being a ubiquinol
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oxidase, hasnoCua. However, the homology among members
of the superfamily, particularly for subunit I which contains
the binuclear site, is high enough that mechanistic features
of the reduction of O, for this enzyme are likely to apply to
all heme—copper oxidases (Holm et al., 1987; Saraste, 1990).
Six histidines are totally conserved among all known sequences
for subunit I (Saraste, 1990). These histidines are thought
to be ligands for the metals in the binuclear site and for the
low-spin heme found in all subunits I. Recently, assignments
of the metals to which these histidines are bound have been
made using site-directed mutagenesis on cytochrome bo and
an aas-type oxidase from Rhodobacter sphaeroides (Hosler
et al., 1993; Lemieux et al., 1992; Minagawa et al., 1992;
Shapleigh et al., 1992b). Because cytochrome bo can be
manipulated genetically and overproduced (Au.& Gennis,
1987; Chepuri et al., 1990), this enzyme is particularly valuable
in providing insight into the function of the heme—copper
oxidases.

The sixth coordination position of the heme at the binuclear
site is available to exogenous ligands, such as O,, CO, and
CN-(Blackmore et al., 1991; Moody et al., 1993; Yoshikawa
et al.,, 1985). Binding of O, to the high-spin heme is the
obligatory first step in the mechanism of reduction to water
(Babcock & Wikstrom, 1992). Recent evidence from a variety
of measurements of spectroscopy and dynamics (Alben ez al.,
1981; Blackmore et al., 1991; Dyer et al., 1989; Einarsdéttir
et al., 1993) suggests that exogenous ligands bind first to Cup
and then are transferred to the high spin heme. Here we
utilize wild-type and two mutant (His333Leu, His334Leu)
cytochromes bo to confirm the existence of a Cup—CO complex
prior to ligation at the high-spin heme. We also show that
the formation of the Cug—CO complex occurs at a rate 100-
fold slower than expected for a diffusion-controlled reaction,
which indicates that the structure of the protein can limit
access to the active site of heme—copper oxidases.
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EXPERIMENTAL PROCEDURES

Construction of mutants and preparation of membrane
samples were performed as in Lemieux et al. (1992).

Low-temperature FTIR! difference spectra of native and-
mutant cytochrome bo were collected in the same manner as
in Hill et al. (1992).

A vacuum line equipped with a MKS Barytron pressure
transducer and gauge was used for preparation of anaerobic
and carbon monoxide samples. Reduced samples were
prepared by repeated cycles of vacuum and nitrogen, followed
by the addition of a small excess of sodium dithionite which
had been prepared anaerobically. The CO form was then
made by replacing the nitrogen atmosphere with carbon
monoxide, at a pressure of 760 Torr. A special cell was used
for higher pressures of CO. This cell consisted of a 25-mm
length of thick-walled pyrex tube, 2-mm inner diameter, sealed
on one end and attached at the other to a short length of 1/,
in. stainless steel tubing via a glass-to-metal seal. Swagelok
fittings and connectors were used toattach the cell toa pressure
gaugeand valve and for connection of the assembly toa carbon
monoxide cylinder. Pressures of CO above atmospheric were
established by direct addition of the gas to reduced samples
containing 760 Torr of CO, following thorough removal of air
from the lines which connected the cell to the CO tank and
vacuum pump.

Room temperature electronic absorbance kinetics were
performed at the Center for Fast Kinetics Research (CFKR),
University of Texas at Austin. The second harmonic (532
nm, ca. 12 ns) pulse from a Quantel YG481 Nd:Yag laser was
used as an excitation source. A 12-V tungsten lamp was used
as a monitoring source. Band-pass or long-pass filters were
placed between the lamp and the sample, and a monochromator
was used between the sample and a Hammamatsu R928
photomultiplier tube. Kinetic measurements were made at
585 nm. Signals were fed to a Biomation 8100 transient
digitizer and then analyzed by a microcomputer.

Room temperature TRIR measurements were made as in
Dyer et al. (1989).

RESULTS AND DISCUSSION

Low-Temperature FTIR Spectroscopy. The light-minus-
dark spectrum of wild-type membranes showed a sharp trough
at 1959 cm~! due to absorbance of Fe—~CO and peaks at 2063
and 2054 cm™! attributed to Cu—CO (Hill et al., 1992). This
result clearly indicates that CO molecules which have been
photolyzed from the heme o iron bind to Cup. Raising the
temperature of the sample accelerated the return of CO to
Fe,. This behavior has been observed in other heme—copper
oxidases, including aa; from beef heart muscle (Fiamingo et
al., 1982) and from R. sphaeroides (Shapleigh et al., 1992a)
and ba; from Thermus thermophilus (Einarsdottir et al.,
1989).

The corresponding difference spectra were taken for the
His333Leu and His334Leu mutant bo proteins (Calhoun et
al., 1993). While bleaches of the Fe-CO absorbances were
observed, there was no appearance of absorbance attributable
to the Cup—CO species in either mutant. We conclude that
there is no binding of CO to Cup in the His333Leu and
His334Leu proteins, because Cug was not incorporated during
assembly of the mutant enzymes. This view is supported by
the results of Anraku and co-workers, who showed by atomic
absorption analysis that His333Ala and His334Ala mutants
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FiGURE 1: Room temperature CO rebinding to (A) wild-type and
(B) mutant cytochromes bo. The symbols represent observed data
collected after photolysis of the oxidase~CO complexes. The solid
lines were calculated from linear fits to the mutant data and a
hyperbolic fit to the wild-type data. Note the dramatic difference in
the ordinate scales.

of cytochrome bocontained significantly less copper than wild-
type enzyme (Minagawa et al., 1992). These data strongly
support the theory that the two completely conserved histidine
residues His-333 and His-334 serve as ligands for Cup in the
native oxidase (Lemieux et al., 1992; Minagawa et al., 1992).

Room Temperature Electronic Absorbance Kinetics. E. coli
membranes containing the overproduced ubiquinol oxidases
were used for all kinetic measurements. The roomtemperature
kinetic behavior of these three ubiquinol oxidases is shown in
Figure 1, plotted as the dependence of the observed rate of
CO recombination to heme o asa function of CO concentration.
Figure 1A shows that the rate of rebinding of CO to the native
enzyme does not depend linearly on CO concentration but
instead approaches a maximum value. This type of behavior
has been observed in all six species of heme—copper oxidases
tested thus far.2 Saturable kinetics is indicative of an
intermediate in the ligand binding pathway. This fact and
the FTIR results indicated above demonstrate that the
following scheme applies to the binding of CO to heme—copper

I Abbreviations: FTIR, Fourier transform infrared; TRIR, time-
resolved infrared.

2D. D. Lemon, O. Einarsdéttir, R. B. Dyer, and W. H. Woodruff,
manuscript in preparation.
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oxidases:
ky ‘ ks
Fe, 2*, Cu,* + CO = Fe, ¥, Cup™-CO =
ay ] B % a, B k
-1 -2

Fe,>*-CO, Cug* (1)

where k; and k_; represent the reversible binding of CO to
Cug and k; is the first-order transfer of CO from Cug to the
hemeiron. Becausethe thermaldissociation rate of the heme—
CO complex in cytochrome oxidase is very slow (Gibson &
Greenwood, 1963), k., can be neglected. This scheme is then
analogous to the Michaelis—-Menten analysis of enzyme kinetics
(Lehninger, 1982). By fitting the data to the Michaelis—
Menten equation, we determined that the K, for CO binding
to wild-type bo was 2.4 mM and the limiting rate of
recombination (k;) was 190 s1. Both of these constants are
about S times larger in the case of mammalian aas-type oxidase.
Because these two constants are compensatory (i.e., well below
saturation, [CO] < Ki and kobs = k2[CO}/Ky), the observed
rate at 1 atm of CO (1 mM in solution) for bo was not very
different from that for aas, 6051 vs 90s-!, These observations
demonstrate the importance of determining the concentration
dependence of ligand-binding kinetics.

Figure 1B shows the CO concentration dependence of the
rate of CO recombination to the mutant cytochromes bo.
Clearly, there is no evidence for saturation, even up to 21 mM
CO. In addition to the lack of saturation kinetics, the
magnitude of the rates is much greater for the mutant proteins,
with values at 1 mM CO of about 250 and about 500 s,
already well above the asymptotic limit of the wild-type
enzyme. This greatly increased accessibility of heme o to
ligands suggests that Cug is not present in the mutants,
consistent with the results from low-temperature FTIR
(Calhoun et al., 1993). Because these rate dependences are
linear in CO concentration, and there was no binding to Cug
detectable by FTIR, it is evident that a simple, psuedo-first-
order reversible binding process exists for the mutants.
Accordingly, linear fits were applied to the data, with the
slopes representing the second-order associationrate constants.
The results were 2.3 X 105 M1 5! for His333Leu and 4.4 X
105 M-t 5! for His334Leu. Interestingly, this type of kinetic
behavior and even the values of the rate constants compare
remarkably well with those for sperm whale myoglobin, 5.1
X 105 M- 5! (Gibson et al., 1986).

Room Temperature TRIR Spectroscopy. The decay of the
absorbance of Cug—CO in wild-type enzyme was measured
by time-resolved infrared spectroscopy. A clear transient exists
at 2063 cm-!, the frequency attributed to the stretching of
CO when bound to Cug (Hill et al., 1992), while in a control
measurement at 2046 cm! no transient was observed. The
rate of decay of this transient was 2100 s1. Assuming
reversible kinetics for the association of CO with Cug, kops =
k1 [CO] + k.. Thefree COconcentration was | mM. Given
this equation along with the relationship Ky, = (k2 + k_1) /k1,
we have a system of equations which allows the determination
of both k; and k_;. Using the previously determined values
of 190 s-! for k; and 2.4 mM for K,,, we calculate a value of
1400 s-! for k_;, the dissociation rate constant for Cup—CO.
We also calculate that k;, the association rate constant for the
Cup—CO complex, is about 7 X 105 M-!s-1, Three points are
to be made about this value: (1) k; for wild-type enzyme is
similar to the values of the association rate constants for CO
binding to heme o in the mutant oxidases, (2) k; is also nearly
equal to the association rate constant of CO binding to sperm
whale myoglobin, which must undergorearrangement of amino
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acid side chains to allow ligands access to heme iron (Carver
et al., 1990), and (3) k; is at least 2 orders of magnitude
slower than the rate expected for a diffusion-limited process.
While the first point serves to validate the calculated value
of ky, the second and third points are conclusive evidence that,
in the heme—copper oxidases, protein structures external to
the binuclear site provide kinetic control over the ligand-
binding steps, which are fundamental to the mechanism of O,
reduction. This is further supported by the factor of 2
difference in the association rate constants of the mutants,
which must have slightly different structures in the vicinity
of the heme o site. A second level of control is exerted by the
ligand-binding equilibrium involving Cupg. Our species-
dependent studies? have shown that Ky, varies by more than
a factor of 100 among the six heme—copper oxidases tested,
demonstrating that Cup ligation can provide thermodynamic
control over substrate binding in close proximity to the heme.

CONCLUSIONS

These results dramatically illustrate the importance of both
protein structural features and the Cup site in the ligation
reactions of heme—copper oxidases. Mutations where Cup or
atleast the ability to bind to Cup was lost resulted in completely
different kinetic behavior. In addition to a loss of saturation
kinetics, the mutant proteins had high spin hemes which were
much more accessible to exogenous ligands, as shown by the
greatly increased magnitude of the rates of rebinding. Because
of the similarity in the ligation chemistry of CO and O,, we
conclude that Cug is the site of the initial ligation step in the
physiological function of heme—copper oxidases. This ligation
step may be involved in the crucial link between the redox and
proton-pumping functions of heme—copper oxidases, as we
have previously suggested (Woodruff et al., 1991). Finally,
wesuggest that the effect exerted by the cytochrome bo protein
structure on access to Cug may correspond to previously
undiscovered gating features inherent in the O, reduction
mechanisms of all heme—copper oxidases.
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