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ABSTRACT. We have studied the reactions with oxygen of two terminal oxidases, cytoclvaxidase

from mitochondria and cytochromigo; from Escherichia coli In each case, flow-flash methodology

was used to react the fully reduced enzyme with a high concentration of oxygen (1 mM), and absorbance
changes were recorded for a number of separate wavelengths intihad (visible) region. In both
enzymes, an early kinetic phase could be resolved, corresponding to the binding of oxygen to produce a
ferrous-oxy heme intermediate. In cytochromexidase, this intermediate appears with a time constant

of 10 us; its spectrum has a peak at 595 nm (relative to the unliganded reduced enzyme). In cytochrome
baos, the ferrous-oxy intermediate, resolved by optical absorbance spectroscopy for the first time, appears
with a time constant of 1ks and has a broad maximum near 570 nm.

Cytochromec oxidase and related heme-copper oxidases “triple trapping” in which the reaction of the fully reduced
are probably responsible for more than 90% of all oxygen enzyme with oxygen is initiated at low temperature by the
consumption by living organisms. These enzymes can photolysis of CO. At about-100 °C the reactions which
operate effectively even in environments where oxygen follow oxygen binding are slow enough that the oxygen-
concentrations are low, and so it seems initially surprising bound intermediate can be trapped for further study by
that binding of oxygen to these enzyme is relatively weak. lowering the temperature. This intermediate was designated
Instead of binding the oxygen molecule tightly, however, “compoundA.’? At low temperature its spectrum has a peak
the enzymes have developed an alternative that is energeti591 nm and a trough at 611 nm, relative to the photolysis
cally less costly: oxygen is bound weakly and reversibly to product (the fully reduced enzyme).
one of the hemes and is then caught by a kinetic trap, which  The reaction of the enzyme with oxygen at room temper-
relies on extremely fast electron transfer reactions (Verkhov- ature is much more rapid. Under these conditions, when
sky et al., 1994, 1996). fully reduced bovine cytochrome oxidase encounters

This is beneficial for the organism, because it maximizes dioxygen, the slowest redox phase in the reaction takes place
the amount of energy from the reduction of oxygen to water, with a characteristic time of about 1.2 ms (Oliveberg et al.,
available for conservation, but it complicates the task of 1989), within the dead time of conventional mixing methods.
experimentalists who wish to study the process of oxygen In order to reveal kinetic detail in the reaction, microsecond
binding. Not only is the oxygen-bound species present in resolution is needed. One way to achieve this is the “flow-
low abundance but, because of the kinetic trapping, it is alsoflash” technique, originally introduced by Gibson and
present for only a very short time. Greenwood in 1963 and developed steadily since then

Oxygen is believed to enter the enzyme by binding (below). This technique, which is used in the present work,
transiently to Cy (Woodruff, 1993; Oliveberg & Malm- employs CO to cage the fully reduced enzyme while it is
strom, 1992; Verkhovsky et al., 1994), but this intermediate mixed with oxygen-containing buffer (in this respect it is
has yet to be established spectroscopically. The initial similar to triple-trapping). After mixing, the reaction of the
oxygen-bound heme species was first observed by Chanceenzyme with oxygen can be initiated very rapidly by
et al. (1975) in mitochondria, using a method known as photolyzing the CO with a flash of light.

The first observation of the ferrous-oxy intermediatg (
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heme is known as hemes; or Fes (chemically hemeO). The lifetime is apparently related to the fact that in the mixed-
corresponding hemes of cytochroma are hemea (Fe;) and hemeas valence enzyme there is no electron on the low-spin heme
(Fess), both chemically heme&. In both enzymes, the copper ion of
the oxygen-reduction site is known as gCuCytochromec oxidases

contain an additional copper site known asaCwhich serves as the 2 Abbreviations: A, the ferrous-oxy intermediate of cytochroroe
initial electron acceptor from cytochronte Cua is not found in the oxidase (Chance et al., 1975); Dikdodecyl3-p-maltoside;k, rate
quinol oxidases (Puustinen et al., 1991). Cytochr@nogidase éas) constant; PMT, photomultiplier tube; SVD, singular value decomposi-
is EC 1.9.3.1. tion; 7, time constanttye).
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so that the only electrons available to trap oxygen are on pellet was repeatedly resuspended in the preparation buffer
the two metals of the oxygen reduction site /&nd Cu). and centrifuged, until the amount of detergent was signifi-
In the reaction of the fully-reduced enzyme with oxygen, cantly reduced, as judged by the extent of bubbling when
the ferrous-oxy intermediaté\] has a shorter lifetime and  the supernatant was shaken (usually three or four exchanges).
is hence more difficult to observe. Orii (1984, 1988a,b)  Cytochromebos from E. coli was prepared as described
reported time-difference optical absorbance spectra indicativein Puustinen et al. (1996). A “histidine tag” has been
of oxygen binding prior to the first redox phase of the genetically added to this enzyme in order to facilitate
reaction. This process was first kinetically resolved by isolation (Jon N. Rumbley and Robert B. Gennis, personal
Oliveberg et al. (1989), who reported that the initial electron communication). The variant of the isolation procedure
transfer phase was preceded by a yet faster phase. which employs Triton X-100 was used. It has been shown
A ferrous-oxy intermediate has been identified in this that enzyme isolated in this way has a capacity of three
reaction by means of resonance Raman spectroscopy (Ha,ﬁeducing equivalents and lacks bound ubiquinone (Puustinen
etal., 1990a,b; Ogura et al., 1990; Varotsis et al., 1989) andet al., 1996). _ _
shown to be maximally populated at a time of-3D us Catalase was Sigma type C-30 (19 000 units f)L.and
(Han et al., 1990a; Babcock & Varotsis, 1993). Its presence N-dodecylf-p-maltoside (DM) was from Anatrace (Maumee,
has also been inferred from photosensitivity measurements©OH).
(Blackmore et al., 1991; Varotsis & Babcock, 1995). Flow-flash kinetics were measured as described in previous
Oxygen binding in the ferrous-oxy intermediate is rela- PaPers (Verkhovsky etal., 1994; Puustinen et al., 1996). The
tively weak. Itis the subsequent step, a redox process, which!nStrument is a split-beam, dual-PMT spectrophotometer with
traps the oxygen molecule in the enzyme, in effect irrevers- @ Xénon camera flash as the probe light source. Light is
ibly. In the fully reduced enzyme, this trapping reaction Passed through a monochromator before entering the sample

crucially involves oxidation of the low-spin heme of the and the PMT’s are shielded from excitation light by slits
enzyme, the hemeot in contact with oxygen. Hill and and colored glass filters. One PMT measures the light level

Greenwood (1984) first concluded that a significant sub- Pefore the sample, and another measures the light which
population of the low-spin heme became oxidized during Passes through the sample. A frequency-doubled YAG laser

this phase of the reaction (which was the fastest phase theyS Used to initiate the reaction. Samples for flow-flash
resolved). This was subsequently confirmed by the reso- measurements were made as descrlbed_ by Puustinen et al.
nance Raman studies of Han et al. (1990a,b) which clearly (1996); enzyme was first made anaerobic using a vacuum
demonstrated that oxygen binding precedes the oxidation of!iN€ and argon exchange, then reduced by addition of a small
Fe, [see also optical studies of Hill (1991)]. amount (approximately 200M) of dithionite, after which

Optical absorption measurements in the Soret region haveC? we:sg\ddle?_. M'Xllr_‘g rat'l?: 1}:OSL£etnzyme ?oluftgon(:)oo;_(ygen
allowed the kinetics of the first two phases of the reaction saturated solution). Typically, ransients o Ime

; ints were measured at each wavelength.
of oxygen with the fully reduced enzyme to be clearly poin . .
resolved. The ferrous-oxy intermediat)(is formed with Data ana_lly5|s was done usmg_MATLAB (The MathWorks,
a time constant of &s ([O] = 1 mM) and subsequently South Natick, MA) and Graphic Interactive Management

decays with a time constant of 3& (Verkhovsky et al., (Alexander Drachev, Tempe, AZ).

1994). These results led us to formulate a detailed kinetic S.SVDthAnaIys%:s 'rl;heb SVE rout:jnef. In I\/tlr?tlab W?S ulsfed.th
model for this process in which initial oxygen binding is Ince the pre-Tlash absorbance detines the zero [evel for the

described as an equilibrium of several states (see below). L?)V&ndda;illsurrézﬁié :jhgnrzeferzrzgnchsta; I?eg(?:ilgﬁissirgze\/v%f? )
In the related enzyme, cytochrorhe; from Escherichia y yme. Y9 9

. ! . the unliganded fully reduced enzymthe photolysis
coli, the corresponding oxygen bound species has thus farproduct—which is thus the correct reference state for the

proved elusive. Although a ferrous-oxy intermediate has nalysis. For this reason, the photolysis spectrum was

been detec'ted in resonance Raman measur.ements (Hirota %ubtracted from each line in the data surface before the SVD
al., 1994), it has not been observed by optical absorbance.analysis_ The first 20@s of the data surface (17 or 13

This has led to speculation that there might not be enough ; ; .
. 2 approximately 1000 points, pre-trigger data removed) was
difference between the rate of oxygen binding and the rate used in this analysis.

of the redox reaction which traps oxygen for this intermediate N ; . I

to be significantly populated (Svensson & Nilsson, 1993; W:Smuestlecdl'\/IodeI Fit The following two-step kinetic model
Orii et al., 1994, 1995; Puustinen et al., 1996). In this paper, '

however, we report kinetic and spectral evidence for a Kk

ferrous-oxy intermediate() in the reaction of fully reduced O—1—I Q)
cytochromebo; with oxygen, together with the first visible

(a-band) spectra of the corresponding intermediate in the The absorbance values for the three intermediates at each
reaction of fully reduced mammalian cytochroma; with wavelength as a function of time are given by

oxygen at room temperature.

A= age 2)
MATERIALS AND METHODS ‘
Bovine heart cytochrome oxidase was prepared by a A= bOk _1 K (e — e 3
modification of the method of Hartzell and Beinert (1974). 1 "2
During enzyme preparation, the pH was kept above 7.8 k k
(Baker et al., 1987). No ethanol was used to remove the A, = 2 gkt _ 1 akty g (4)

Triton X-114 following the red/green cut; instead, the green o ky — ko ky — kzC
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oxidase with oxygen, SVD components (experimental conditions
Ficure 1: Flow-flash reaction of fully reduced cytochronee as in Figure 1). The left panel shows the two major kinetic
oxidase with oxygen, kinetic traces. Zero on the time scale is the components (1, 2); the right panel shows ¢berespondingspectral
point at which the laser was fired. Concentrations after mixing: components (1, 2) The spectrum and time course labeled 1
cytochromec oxidase, 6.4:M; dioxygen, 1 mM; MES, 100 mM correspond to the second most significant component from the SVD;
(pH 6.0); DM, 0.1%; catalase, catalytic amount. the spectrum and time course labeled 2 correspond to the most
significant component. The first five values from the diagonal of

where coefficients, bo, andco represent the products of the SVD “S” matrix, which gives the weights of the components,
extinction coefficient and concentration for each intermediate. 2 2:072, 0.681, 0.055, 0.028, and 0.026.

The data surface was decomposed using a basis set deﬁneﬂrocesses.
by A, A, (above), and a constant term, by means of the
minimization (Nelder-Mead simplex algorithm), and Gauss-
ian elimination functions of MATLAB, to give best values
of k; and k; together with the corresponding component
spectra. Inthe case of the cytochrobwg data, the complete
surface (13x approximately 1800 points, pre-trigger data
removed) was used. In the case of cytochrcamag only

the first 200us of data (17x 1000 points) were used.

In order to study this further, the kinetic data
surface was subjected to SVD analysis (see Materials and
Methods). SVD also indicates that there are only two major
components(Figure 2; the left panel shows the time courses
of the components and the right panel the corresponding
spectra). Component 1 clearly increases in the first few
microseconds of the reaction and decreases at the time of
the first heme redox event, very much as would be expected
for a ferrous-oxy intermediate. Component 2 shows an initial
lag, after which there is a decrease in absorbance, on a time
scale consistent with heme oxidation.

Our aim of the present study was to confirm that the initial N order to obtain spectra and rate constants, we fit the
product of the reaction of the fully reduced enzyme with data using a simplified two-step kinetic model (see Materials
oxygen at room temperature (i.e., the product of thesg ~ and Methods).
phase) is really the same as the distinctive species found in

RESULTS

; . , ko k
the low-temperature reaction and the reaction of the mixed 0—=1—=>1 1)
valence enzyme with oxygen, which has an absorbance peak

at or near 595 nm. This was chosen for mathematical simplicity as the minimal

To this end the flow-flash reaction between fully reduced kinetic scheme which can account for the two-exponential
cytochromec oxidase and dioxygen was recorded at 17 relaxation kinetics observed. The results will be interpreted
separate wavelengths between 575 and 630 nm to create &elow in terms of our earlier, more detailed model (see
surface of absorbance values on a time/wavelength plane Discussion).

The data for two example wavelengths are shown in Figure Figure 3 shows the results of the model fit. The results
1. At the point where the traces begin the CO inhibited are similar to those of the SVD. The two rate constants are
enzyme has already been mixed with oxygen-containing ki = 1.02x 1° st andk, = 2.8 x 10*s™! (11 = 10us; 72
buffer, but since there is very little light the CO remains in = 36 us). The spectrum of componeht(circles) has an
place and no reaction occurs. At 0 CO is removed by  absorbance maximum at 595 nm, consistent with its being
the laser flash; at both wavelengths there is a jump in the ferrous-oxy intermediate. The spectrum of component
absorbance followed by rapid changes as oxygen binds and! (asterisks) has a minimum close to 605 nm, consistent
begins to take electrons from the enzyme. At 605 nm, which with an intermediate in which a large amount of heme
is an absorbance peak for the low-spin heme, the data areoxidation has taken place. This intermediate is expected to
clearly dominated by the heme oxidation process, althoughhave a peroxy species at the oxygen binding site (Verkhovsky
it appears to be preceded by a lag. The data at 595 nm reveagt al., 1994), but the formation of the peroxy intermediate
not a lag but a rising phase at the time when oxygen binding
has been shown to occur. 3In the text and figures these components are labeled 1 and 2 to

These data are consistent with the conclusion from the indicate that they appear to contain faster and slower kinetic compo-
nents, respectively. This does not correspond to ordering of the

earlier Soret study (Verkhovsky et al., 1994), suggesting that components in the SVD, which is based on weight in the solution (see
this early part of the reaction consists of two principal kinetic figure captions).
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Ficure 3: Flow-flash reaction of fully reduced cytochronte ~ FiGURe 4: Flow-flash reaction of fully reduced cytochrorbes;
oxidase with oxygen, spectra of intermediates as determined by awith oxygen, kinetic traces. Zero on the time scale is the point at

two-step reaction model fit. Circles, intermedidte asterisks, which the laser was fired. Concentrations after mixing: cytochrome
intermediatdl ; crosses, constant term (experimental conditions as bos, 6.2 uM; dioxygen, 1 mM; MOPS, 100 mM (pH 7.0); DM,
in Figure 1). 0.05%; catalase, catalytic amount.

does not appear as a distinct feature. This is presumably
because, in this spectral region, the difference between the
ferrous-oxy intermediate and the peroxy intermediate is

relatively small compared to the reduced-minus-oxidized

spectrum of the low-spin heme.

In order to have an orthogonal basis set for the fit,
intermediate0 could not be included explicitly, but the
constant term from the fit (crosses) presumably reflects this
intermediate to a large degree. This spectrum, with a
minimum at 590 nm and a maximum near 608 nm, appears
to be due to the dissociation of CO from the oxygen-binding
heme. This is consistent with intermedidiebeing the

amplitude of svd component

unliganded fully reduced enzyme, produced by photolysis 2 - ) 2 .

of the fully reduced CO-bound enzyme. Thus, the spectra 0 0.1 02560 570 580 590

of components andll are difference spectra with respect time, ms wavelength, nm

to the unliganded fully reduced enzyme. Ficure 5: Flow-flash reaction of fully reduced cytochronbe;

These results serve to confirm the existence of the ferrous-With 0xygen, SVD components, (experimental conditions as in

d int diate in th t Figure 4). The left panel shows the two major kinetic components
oxy compound4) as an intermediate in the room temper- ;"5 right panel shows tlerrespondingspectral components

ature reaction of fully-reduced cytochroroenxidase with (1, 2)3 The spectrum and time course labeled 1 correspond to the
oxygen, and that this species has a spectrum similar to thatsecond most significant component from the SVD; the spectrum

obtained at low temperature (Chance et al., 1975), and whenand time course labeled 2 correspond to the most significant
the two-electron reduced CO-mixed valence enzyme reactscomponent. The first five values from the diagonal of the SVD

. . . S” matrix, which gives the weights of the components, are 6.018,
with oxygen (Hill & Greenwood, 1983). The two t_lme 0.257, 0.077, 0.059, and 0.049.
constants founds; = 10 us; 1, = 36 us, agree well with
our earlier results from measurements in the Soret region,constants with the observation wavelength... which may
71 = 8 us; 72 = 32 us (Verkhovsky et al., 1994). indicate the presence of an additional, unresolved compo-

In the case of cytochromieo; of E. coli, the ferrous-oxy nent.”
intermediate proved more elusive. In this enzyme the To study this further, we carried out a flow-flash experi-
binding of oxygen to the fully reduced enzyme had never ment on theébo; enzyme, similar to the one on cytochrome
been resolved by optical absorbance spectroscopy at roonaas, measuring the flow-flash kinetics at 13 wavelengths
temperature. Reversible oxygen binding had been reportedbetween 555 nm and 590 nm. Figure 4 shows data for two
in low-temperature reactions (Poole et al., 1979a,b), and aexample wavelengths. 562.5 nm is near the absorbance
ferrous-oxy species had been observed in flow-flash reso-maximum for low-spin hemé (the heme which does not
nance Raman measurements (Hirota et al., 1994). Howeverhind oxygen), and at this wavelength the first &8 of the
several groups, including our own, studying the flow-flash reaction are dominated by heme oxidation. At 575 nm,
reaction of fully-reduced cytochroméo; with oxygen however, there is a small rising phase at the time when
monitored by optical absorbance, were unable to resolve anyoxygen binding might be expected to be seen.
events prior to the reoxidation of the hemes (Svensson & Here again, SVD analysis of the data surface reveals only
Nilsson, 1993; Orii et al., 1994, 1995; Puustinen et al., 1996). two major componentsshown in Figure 5. The similarity
Svensson and Nilsson (1993) who worked in the visible ( of the kinetic components to those from cytochrome
band) region reported “a small variation of the observed rate oxidase (Figure 2) is striking.



Oxygen Binding to Cytochromesas andbos Biochemistry, Vol. 35, No. 50, 19966245

" " " " between the hemes of the enzyme, we proposed a detailed
model for this process [Verkhovsky et al., 1994; see also a
model developed by Han et al. (1990b)]. In the model, the
0 / first phase of the reaction results in an equilibrium of four
states: a residual population of unliganded enzyRg (
oxygen bound to Gu(B), the ferrous-oxy heme species)(
and a high-energy, low-occupancy, peroxy- or superoxy-
heme specied(S). The second phase of the reaction was
proposed to involve electron transfer from the low-spin heme
trapping theP/S species as a ferric peroxy specif%. ( Since
R, B, A, andP/S would be in fast equilibrium, this would
lead to conversion of the entire enzyme population into the
ferric peroxy @) form.

On the basis of the oxygen concentration dependence of
the rates of the two phases and on their spectra we concluded
. . L . (Verkhovsky et al., 1994) that, in the equilibrium system
560 570 580 590 produced by oxygen bindingy, was present in between 50%
wavelength, nm and 60% of the enzyme, whiRfSwas present in about 10%
FIGURE 6: Flow-flash reaction of fully reduced cytochronbes of the enzyme. The other equilibrium stat&sgndB) are
with oxygenspectra of intermediates as determined by a two-stepnot expected to contribute to the spectrum bec&igethe

re_action model fit. Circles, intermediateasterisks, intermediate | ofarence state, arilis unlikely to be significantly different
II'; the spectrum of the photolysis even was subtracted from the - L .
from R in the visible region.

entire surface before the fit; thus, the constant term is not shown )
(experimental conditions as in Figure 4). Thus, according to the model and the Soret band data

(Verkhovsky et al., 1994), in the reaction of cytochrome

The same two step model kinetic fit was applied to the oxidase with oxygen, the product of the fast phase of the
cytochromebo; data surface (Figure 6). The two rate reaction with cytochrome oxidase with oxygen (intermedi-
constants arg; = 9.2 x 10* s tandk; =4.1x 10°s ™! (r atel; Figure 3, circles) would correspond to a mixturefof
= 11 us; 7, = 24 us). In this case, in order to obtain a andP/S with a population of between 60% and 70% of the
good fit, the CO photolysis spectrum (measured using an enzyme molecules. In this mixtuse would dominate. In
identical sample without oxygen) was subtracted from the the simplified kinetic model used earlier in this paper, it is
surface, and thus the constant term has zero amplitude ancissumed that no other intermediates exist in equilibrium with
is therefore not shown. The spectrum of componiént |. Thus, extinction coefficients calculated frdniFigure 3,
(asterisks) is again consistent with an intermediate in which circles) would have to be multiplied by roughly 1.5 to take
a large amount of heme oxidation has taken place. Com-into account the lower actual population of the ferrous-oxy
ponent| (circles), which has a broad absorbance peak intermediate (actuall plus P/S).
centered at about 570 nm, is almost certainly the bound |n the case of cytochroméo;, the amplitude of the
oxygen intermediate in cytochront®;, seen here for the  jntermediatel spectrum (Figure 6, circles) is very small
first time by optical absorbance spectroscopy in a room compared to the corresponding spectrum from cytochrome
temperature reaction. Componéntlearly shows oxidation ¢ oxidase (Figure 3, circles), even though the spectra for the
of the low-spin hemé, which has an absorbance maximum  supsequent heme oxidation phase are similar in amplitude

absorbance
|

o

o

N

|
o
o
=

-0.06f

-0.08

at 563 nm (Puustinen et al., 1992). (Figures 3 and 6, asterisks). This small amplitude probably
reflects a smaller extinction coefficient. Although the rate
DISCUSSION constants for formation and decayAfin the two enzymes

are slightly different, the kinetic model is built in to the fitting

flash reaction of fully reduced cytochroneeoxidase with ”?ethOd (Materials and Methods), SO that the results should
oxygen by measurements in the Soret region (Verkhovskyg've absorbance values corresponding to 100% occupancy

etal., 1994). On the basis of that work and other published of the intermedi_ate. Preliminary ev_idence (A. Garcia-
data (Orii 1984, 1988b; Svensson & Nilsson, 1993; Morgan Horsman, uppubllshed) suggests tha_t in cytochromehe .

et al., 1993) we concluded that (1) oxygen binding to the overall binding of oxygen may be slightly weaker than in
heme is weak; at an oxygen concentration of 1 mM the cytochromeaa; but that this difference is less than a factor

ferrous-oxy intermediate accounts for only 56%0% of the of 2, Whic_h_i_s t_oo smgll tc_> account for the present resylts.
enzyme; (2) this binding process is followed by a redox One pos_s!b_lhty IS thf.it n this enzyme the relat_|ve populqtlons
process which traps oxygen, in effect irreversibly; (3) both in the.|n|t|al equilibrium of states are different since
of these processes are dependent on the oxygen concentratio"fﬁccord'ng to the model, the rate of the fgrward reaction
and show saturation kinetics; (4) this suggests that before"’lCtuaIIy depends.on the population of R intermediate
binding to the heme, oxygen binds transiently to another site "ather than orA directly.

in the enzyme, probably Gu (5) the rate of the redox

trapping reaction depends on rate of inter-heme electron

We have previously studied the early phases of the flow-

CONCLUSION

transfer as well as the oxygen concentration. The oxygen-bound species in cytochrobms is formed
In order to account for these findings, in particular that and then decays with time constants ofukland 24us ([O,]
the rate of the oxygen trapping reaction is dependetutath = 1 mM), very close to those found for the ferrous-oxy

the oxygen concentration and the rate of electron transferintermediate of cytochromeoxidase €, = 10 us; 7, = 36
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us). This intermediate is apparently the hemeferrous-

Verkhovsky et al.

Hartzell, C. R., & Beinert, H. (1974Biochim Biophys Acta 368

oxy species. lts spectrum (difference with respect to reduced 318-338.

enzyme) has a broad maximum in the range-5505 nm
(Figure 6, circles), while the binding of CO to this enzyme

Hill, B. C. (1991)J. Biol. Chem 266, 2219-2226.
Hill, B. C., & Greenwood, C. (1983RBiochem J. 215 659-667.
Hill, B. C., & Greenwood, C. (1984Biochem J. 218 913-921.

produces a peak at 570 nm (Morgan et al., 1993). In the pirota, S., Mogi, T., Ogura, T., Hirano, T., Anraku, Y., & Kitagawa,

case of cytochrome oxidase, the oxygen binding spectrum

T. (1994)FEBS Lett 352, 67—70.

has a maximum at 595 nm, while the CO binding spectrum Morgan, J. E., Verkhovsky, M. I., Puustinen, A., & Wikatno M.

has a maximum at 590 nm (Figure 3). The oxygen binding
hemes of cytochrombo; and cytochromeias are different

(1993)Biochemistry 3211413-11418.
Ogura, T., Takahashi, S., Shinzawa-Itoh, K., Yoshikawa, S., &
Kitagawa, T. (1990)). Am Chem Soc 112 5630-5631.

(Puustinen et al., 1991, 1992), so that peak positions for gjieperg, M., & Malstion, B. G. (1992)Biochemistry 313560
corresponding compounds are expected to be different, but 3563.

in both of these enzymes the peak associated with oxygenOliveberg, M., Brzezinski, P., & Malmstmo, B. G. (1989)Biochim

binding is within a few nanometers of the CO-binding peak.
A complete description of intermediafe of cytochrome
bo; will require more experimental work, but the present

Biophys Acta 977 322—328.
Orii, Y. (1984)J. Biol. Chem 259, 71877190.
Orii, Y. (1988a)Ann N.Y. Acad Sci 550, 105-117.
Orii, Y. (1988b)Chem Scr. 28A 63—69.

data confirm that a ferrous-oxy intermediate exists, and can gyjj, v., Mogi, T., Kawasaki, M., & Anraku, Y. (L994FEBS Lett
be resolved by optical absorbance spectroscopy in the 352 151-154.

reaction of fully reduced enzyme with oxygen at room

temperature. This can now be added to the growing list of

properties shared by cytochronbe; and the mammalian
cytochromeaas.
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