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Abstract: The mechanism of dioxygen reduction catalyzed by cytochrorogidase, the terminal enzyme of the
respiration chain of aerobic organisms, has been investigated with time-resolved resonance Raman spectroscopy.
Five oxygen isotope sensitive Raman bands have been identifié8dgte0, intermediates at 571/544, 804/764,
356/342, 785/750, and 450/425 chin the order of appearance. The first and last ones, which have been assigned

to the Fd'—O,~ and Fd'—OH~ stretching modes, respectively, are in general consensus, but the remaining three
bands are currently under debate. This study establishes that the 804/764pmnies is generated prior to the
785/750 cmi! species, and the latter is not observed when we start from the mixed valence enzyme. Therefore, the
enzyme oxidation state of the 804/764 Thspecies is higher by one oxidative equivalent than that of the 785/750
cm™! species, although both bands have been assigned to +h® Beretching mode. The excitation wavelength
dependences of these two sets of Raman bands are distinctly different, suggesting that the electronic properties of
the two hemes are quite different. We found that the conversion from the 804/764species to the 785/750

cm~! species was significantly slower inD than in HO, suggesting strong coupling between electron and vector
proton transfers at this stage. Presumablys @ithe binuclear site causes heterolytic cleavage of th®®ond,

giving rise to an oxoiron in the Feoxidation level of the enzyme with the 804/764 thbands, and the electron
transfer to this oxoiron is accompanied by some protein conformational changes, which cause distortion of the oxoheme
and thus appearance of the HiBe=0 bending Raman bands at 356/342érand simultaneously active transport

of protons.

Cytochromec oxidase [E.C. 1.9.3.1] (CcO), the terminal Time-resolved RR spectroscopy is uniquely powerful for
enzyme in the mitochondrial electron transfer chain, catalyzes elucidation of the reaction mechanism of CcO, since only this
the reduction of dioxygen to water, which is coupled with technique is able to detect the vibrations of dioxygen and its
vectorial proton translocation across the inner membtane. reductive intermediates bound to the catalytic site during the
Recently X-ray crystallographic structures have been solved for enzymatic turnover. Indeed, this technique has explored
mammalian and bacterial cytochromexidaseg:3 CcO has structures of reaction intermediates of various heme protéins.
two heme A groups (Reand Feg and two copper centers (gu  FOr cytochrome o_><|das.e., five oxygen isotope sensitive Raman
and Cu) as redox active metal centers. It is known that the Pands have been identified at 571, 804, ?::{’6 7§5, and 456.cm
Fe.—Cug binuclear center with 4.5 A separatfoserves as a  1he first band was assigned to the "FeO,™ stretching

L . - : model3-15 and the last band was assigned to thé FOH-
catalytic site for dioxygen reduction, while the J/&nd Cuy, . 718 c
centers receive electrons from cytochroo@nd transfer them stretching modé'® These are in general consensus, but the
to the catalytic S_'te' EXtenS_'Ve efforts have been _mad_e to (7) Oliveberg, M.; Brzezinski, P.; Malmstrom, B. Biochim. Biophys.
elucidate a reaction mechanism of this enzyme, using time- Acta1989 977, 322-328.

resolved absorptiofr;8 cryogenic absorptioh1® EPR1112and 33(%)0\7/S£k3lz)%ésky, M. I.; Morgan, J. E.; Wikstrom, NBiochemistry1994
resonance Raman (RR) spectrosc&py? (9) Chance, B.; Saronio, C.; Leigh, J. S., JrBiol Chem 1975 250,
9226-9237.
* To whom correspondence should be addressed. (20) Clore, G. M.; Andreasson, L. E.; Karlsson, B.; Aasa, R.; Malmstrom,
T Ozaki National Research Institutes. B. G. Biochem. J198Q 185 139-154.
* Graduate University for Advanced Studies. (11) Hansson, O.; Karlsson, B.; Aasa, R.; Vanngard, T.; Malmstrom, B.
8 Himeiji Institute of Technology. G. EMBO J 1982 1, 1295-1297.
® Abstract published ifAdvance ACS Abstractsune 1, 1996. (12) Witt, S. N.; Chan, S. 1J. Biol. Chem 1987, 262, 1446-1448.
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1995 269 1069-1074. 1989 111, 6439-6440;199Q 112 1297.
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remaining three bands are currently under debate with respect —
to both the order of appearance and the assignments. Establish- 5
ing the order of appearance of the oxygen isotope sensitive bands |
is essential to elucidating the reaction mechanism of CcO, and

for this purpose the present study was undertaken. We

succeeded by lowering the temperature and also by extending
the delay time. It was found that the 804 thspecies is higher (B) §‘
in the oxidation state of the enzyme than the 785 tspecies I

and also that the intramolecular electron transfer to the 804 cm
species is significantly slower inJD than in HO, suggesting

-356
342

tight coupling of the electron transfer with translocation of vector (© |

protons at this stage. Structural implications of those Raman '

bands are discussed. 38
(D) vy

Materials and Methods ’

CcO was isolated from bovine heart muscle according to the method
using cholate and Brij 35 as detergetftand dissolved in 50 mM (E)
sodium phosphate buffer, pH 7.2. The enzyme solutean $00uM WMWMWW
in terms of heme A) was kept on ice until use and was always used
within 10 days after isolation. About 80 mL of CcO solution (&0l RAMAN SHIFT/cm’
CcO, 50uM cytochromec, 100 mM ascorbate, 20% ethylene glyébdl,
50 mM sodium phosphate buffer, pH 7.2, no additional detergent) was
subjected to an artificial cardiovascular systewith further improve-
ments on the lung%; the lungs for oxygen were replaced by those of
a water-jacketed type to which temperature-controlled watér °C)
containing 20% (v/v) ethylene glycol was circulated. The pump and
probe wavelengths were 590 and 423 nm, respectively. The dea
volume between the lung and the Raman cell was 3.6 mL. Since the
flow rate was maintained at 40 mL/min, carbonmonoxy-CcO that has

passed through the lung was exposed $ddD 5.4 s until the reaction ) . 2 .
was initiated by illumination of the pump laser beam, and during this in studies of other groups:?*> Here we confirm the presence

Figure 1. Time-resolved resonance Raman difference spectra of
reaction intermediates of cytochromseoxidase in HO. The Raman
difference spectra obtained by subtracting the spectrum of the corre-
sponding*®0, derivative from the spectrum of tH€O, derivative at
each delay time are depicted. Therefore, positive and negative peaks
ddenote the contributions &fO, and*®0, derivatives, respectively. The
delay time after initiation of the reaction is 0.1 (A), 0.27 (B), 0.54 (C),
2.7 (D), and 5.4 (E) ms. Excitation wavelength 423 nm. Temperature

period the temperature of the solution was raised fregnto +3 °C. of two bands at 804/764 and 785/750 Tntogether with the
The dissociation rate constant of CO was reported to be 0.023 s low-frequency bands at 356/342 chin spectra B At = 0.27
at 20°C, pH 7.4, and becomes smaller at lower temperafur@ge ms) and C At = 0.54 ms).

can estimate the population of CO-bound CcO at the Raman cellto be The order of their appearance is much clearer in Figure 1
e 002554 = 0.88 at 20°C. This means that, while the enzyme flows than in our previous studk?. Spectrum D, which exhibits only
from the lung to the Raman cell, spontaneous replacement of CO by the 785/750 cm! pair near 800 cmt, strongly suggests that
O takes place by 12% at ZL. Since the present experiments were  the 804/764 cmt pair precedes the 785/750 cipair, similar
performed at much lower temperatures, the percentage of spontaneous;, tnat for the reaction of oxidized CcO withp&,.24 The 450/
replacement should be significantly smaller than 12%. This was 425 cm! pair, which arises from the final species with the
confirmed by the preliminary observation that the spectra obtained ’ - -

Fe'—OH hemé”18 at At = 2.7 ms (spectrum D), disappears

without the pump light (probe-only spectrum) in the presence and —
absence of @were virtually identical and exhibited the spectrum of &t At = 5.4 ms (spectrum E) due to exchange of the bound
the CO-bound form. Accordingly, spontaneous replacement of CO with hydroxyl anion with bulk water. The relative intensities of the

O, before the exposure to pump light for initiating the reaction was 804/764 cni! bands to the 356/342 cthbands were varied in

negligible under the experimental conditions adopted here. repeated experiments, suggesting that these pairs arise from
separate molecular species.
Results Figure 2 depicts similar difference spectra observed for the

D.0 solution. Spectrum AAt = 0.1 ms) gives the Fe—0,~
Figure 1 shows the time-resolved RR difference spectra of stretching mode at 571/544 ¢ being the same as that in
CcO (%0, derivative minus*®O, derivatives) for its reaction  Figure 1A. For delay times okt = 0.54 (B) and 2.7 ms (C),
intermediates in kD at a certain delay timeAf) between 0.1 however, a single band was observed around 800 ¢at 804/
and 5.4 ms after the initiation of the reaction. It was 764 cnt?l), contrary to the case for #0. Therefore, we
demonstrated previougBthat the difference peaks at 571/544 previously describéd that the 785/750 crri pair in the HO
cm? for 160,/*80; in spectrum A arose from the dioxygen solution was shifted to 796/766 crhin DO, giving rise to an
adduct with end-on geometry. We pointed out the presence of overlapping band centered around 800-&mHowever, it turned
two sets of difference patterns around 800 ~énfor the out from this experiment that the lifetime of the 804/764¢m
subsequent intermediat®although they have not been resolved species is so different in 40 and DO that the 785/750 cr
species was not generated in@at At = 2.7 ms when it was

_(18) Ogura, T.; Takahashi, S.; Shinzawa-ltoh, K.; Yoshikawa, S.; generated in BD. It is noted that the 356/342 cthbands are
Kitagawa, T.Bull. Chem. Soc. Jprl991 64, 2901-2907.

(19) Yoshikawa, S.: Choc, M. G.. O'Toole, M. C.. Caughey, W.JS. plearly seen in spectra B and C at the same frequencies as those
Biol. Chem 1977, 252, 5498-5508. in the KO solution.

(20) Ethylene glycol was omitted for measurements of Figures 3 and 4 Spectra D At = 6.5 ms) and EAt = 11 ms) for the RO
conducted at 0 and %C, respectively. ; .

(21) Ogura, T.; Yoshikawa, S.. Kitagawa, Biochemistry1989 28, solution demonstrated that the 785/750@rands did appear
8022-8027. (23) Varotsis, C.; Zhang, Y.; Appelman, E. H.; Babcock, G.PFoc.

(22) Ogura, T.; Takahashi, S.; Hirota, S.; Shinzawa-Itoh, K.; Yoshikawa, Natl. Acad. Sci. U.S.AL993 90, 237—241.
S.; Appelman, E. H.; Kitagawa, T. Am. Chem. S0od 993 115 8527 (24) Proshlyakov, D. A.; Ogura, T.; Shinzawa-Itoh, K.; Yoshikawa, S.;

8536. Kitagawa, T.Biochemistry1996 35, 76—82..
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RAMAN SHIFT/cm™
Figure 2. Time-resolved resonance Raman difference spectra of
reaction intermediates of cytochrommexidase in RO. The delay time
is 0.1 (A), 0.54 (B), 2.7 (C), 6.5 (D), and 11 (E) ms. Other conditions
are the same as those for Figure 1.

at the same frequency but much later than in the case,0f H
solution. This means that the conversion from the 804/764'cm
species to the 785/750 crhspecies occurs in D similar to
the HO solution but its rate is significantly slow in D
compared with that in BD. This is consistent with the fact
that the corresponding rate in,©O is found to be one-fifth of
that in HO for the peroxide reactioft. The subsequent
appearance of the 443/417 chbands, which arise from the
Fe'—0D stretching, is consistent with the results shown in
Figure 1. The experiments foat = 0.3—0.5 ms for DO
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Figure 3. Time-resolved resonance Raman spectra for photodissocia-
tion and recombination processes of CO-bound fully reduced cyto-
chromec oxidase. The delay time of individual spectra is (AlL2,

(B) 0.6, (C) 3, (D) 6, (E) 12, (F) 24, (G) 36, (H) 48, and (I) 60 ms. The
inset plots the intensities of the 516 thibands of individual spectra
relative to that of spectrum A against delay times, and thus represents
the time profile of the population of recombined CcO. The solid line
indicates a theoretical curve fitted to the experimental points with

1 — exp(—t/30). Temperature OC.

for time-resolved Raman measurements. The 356/342 pair
were observed arountlt = 0.3—1.0 ms in this experiment but
only at 0.16 ms in the measurements with pulsed |28etsis

solutions (data not shown) yielded the 804/764 and 356/342 important to check the accuracy in the time axis of the present

cm! bands in a manner similar to that of spectrum B. Although
Varotsiset al. suggestet that the 356 cm! band preceded
the 790 cmi! band in their spectra, it is not clear whether the
356 cnt! band precedes the 804 ciband, since they failed
to observe the 804 cm band.

The facts that the frequency of the 785/750 énbands
remained unchanged in,D and that the 804/764 crhspecies
appeared prior to the 785/750 chspecies forced us to retract
our previous assignmeftof them to the F¥=0 and F& OOH

experiment. The time resolution and accuracy in this experiment
depend upon several factors including the flow rate, stability
of the peristaltic pump, uniformity of the sample flow in a
Raman cell, and width of the laser beams. To clarify the
practical situation under the present experimental conditions,
we examined time-resolved RR spectra for carbonmonoxy-CcO
in the absence of oxygen.

Figure 3 shows the results. Temporal changes of spectra seen
in Figure 3 reflect photodissociation and recombination of CO

species. When the mixed valence CO-bound enzyme, whichat the Fessite. Spectrum A withAt = —12 ms corresponds to
had only two electrons in a molecule, was used as a startingthe probe-only spectrum and accordingly exhibits the spectrum
material instead of the fully reduced CO-bound enzyme, which of CO-bound CcO. The band at 516 cthis due to the Fe

had four electrons, we observed thef&, intermediate with
bands at 571/544 cm as the primary intermediate followed
by appearance of the bands at 804/764 and 356/342 (ata
not shown). These bands lasted as long\as= 4.2 ms, but
the bands at 785/750 and 450/425@rdid not appear in this

CO stretching ¥re-co) Vibration22:30 In spectrum B withAt

= 0.6 ms the band at 516 crhis absent, indicating complete
photodissociation of CO. It is evident that the band intensity
at 516 cnt! is gradually restored as going from spectrum C
with At = 3 ms to spectrum | witltAt = 60 ms.

case. These results definitely indicate that the species giving The inset of Figure 3 plots the intensities of the-co RR
rise to the 804/764 cr pair has the oxidation state higher than bands at givent relative to that a\t = —12 ms against the

that of the 785/750 crit species.
In this study the sample-flowing dual-beam technique using
two CW laser&-28 was adopted instead of two pulsed lasers

(25) Proshlyakov, D. A.; Ogura, T.; Shinzawa-Itoh, K.; Yoshikawa, S.;
Kitagawa, T.Biochemistryin press.

(26) Smith, S. O.; Pardoen, J. A.; Mulder, P. P. J.; Curry, B.; Lugtenburg,
J.; Mathies, R. ABiochemistryl983 22, 6141-6148.

(27) Ogura, T.; Maeda, A.; Nakagawa, M.; Kitagawa, T.Rrimary
Processes in Photobiologi{obayashi, T., Ed.; Springer: New York, 1987;
Vol. 20, pp 233-241.

delay time, and accordingly, the ordinay $tands for a fraction

of CO-recombined CcO. The solid line denotes the least squares
fit by the functiony = 1 — exp(—kt), to the observed data on
the assumption that this process is modeled by the first-order

(28) Han, S.; Ching, Y. -c.; Rousseau, D.l.Am. Chem. Sod99Q
112 9445-9451.

(29) Argade, P. V.; Ching, Y. -c.; Rousseau, D.Sciencel984 225
329-331.

(30) Hirota, S.; Ogura, T.; Shinzawa-Itoh, K.; Yoshikawa, S.; Nagai,
M.; Kitagawa, T.J. Phys. Chem1994 98, 6652-6660.
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Figure 4. Temporal profile of the Fe O, intermediate evaluated with
the vre-02 Raman bands at 571/544 chfor 10,/*%0,. Open squares
indicate the valley to peak height of the 571/544 ¢énbands in
individual spectra relative to the peak height of theband in the

Ogura et al.

by y = [1 — exp(—kit)] exp(—kzt). Numerical fitting yielded

the rise ki) and decay K;) rate constants of the F&,
intermediate to be 3.% 10* and 2.4x 10° s71, respectively.
The rise rate constant is in practical agreement with that reported
by Blackmoreet al (3.5 x 10* s7%).32 Since this process
involves movements of £from Cus to Feys a process with a
small activation energy, the rate would only be slightly affected
by the temperature change from 23 t6¢®. The decay rate
constant would also be consistent with their value of4.00*

s71, if we take the temperature difference into consideration; if
the activation energy for the reaction is assumed to be 10 kcal/
mol (4.2 x 10* Imol™Y), the ratio of reaction rates at 23 and 5
°C is 3.0. This means that if the present experiment were
performed at 23C, the decay rate of the dioxygen complex
would be 2.4x 10® x 3.0= 7.2 x 10° s”1. This number is
also comparable to one other reported vakiayt differs from
others83435 One of the reasons for the discrepancy is whether
one regards the first phase of the absorbance change as the
binding of G, to Cus or to Fes In addition, there are other
factors which may affect the apparent rate constants: temper-

corresponding raw spectrum. The solid line shows a least-squares fittingature, the concentration of;Qthe concentration and nature of

to the data points assuminyg= Aq[1 — exp(—kit)] exp(—kat). Thek,
andk; thus estimated are 3.2 10* and 2.4x 10° s7%, respectively.

Open circles plot the fractional population of CO-photodissociated CcO
obtained under the same experimental conditions except for the absenc
of Oy, while the broken line is drawn for easy viewing. The values in
the ordinate denote the fraction of the CO-dissociated form and have
no relation with the curve for the population of the dioxy intermediate.

Temperature 5C.

reaction kinetics. The numerical fitting yielddd= 33 s L.

e

the detergent, and so on. Although the origin of the discrepancy
in rate constants remains to be clarified in the future, we stress
that the rise and decay rates of the&& intermediate are
compatible to a group of reported data.

The sample flow in this kind of experiment should be a
laminal flow instead of a turbulent flow in the cell. This can
be checked with the Reynolds numbBe = v*d/¢, wherew,

d, and¢ denote the average velocity of the fluid [} inner
diameter of the tube [m] (here a round tube is assumed), and

The association rate constant of CO to CcO was reported to bekinematic viscosity [fis™]. Since the kinematic viscosity of

about 3.5x 10* M~1s 1 at 0°C3! Since the concentration of

CO was approximately 1x 102 M in this experiment

water at 0°C is 1.8 x 107% and it is larger for the ethylene
glycol solution, the upper limit of the Reynolds number for the

(equilibrium with the partial pressure of 1 atm), the first-order present system is calculated toRe= 1.9 ms?! x 0.6 x 103

association rate is calculated to be 35.sThe value obtained

here (33 s!) is in remarkably good agreement with it.

m/1.8 x 1078 m?2 s71 = 633 for a 0.6 mmx 0.6 mm cell and
a flow rate of 40 mL/min. According to fluid mechanics, a

Consequently, the dual-beam flow apparatus used here has beeflow is laminal when the Reynolds number is less than 2300.
proved to show correct numbers of delay time in the region of Therefore, it is clear that the flow in the Raman cell is a laminar

several tens of milliseconds.

flow but is not a turbulent flow under the experimental

In order to check the apparatus for the short delay time region, conditions adopted in this study.
we carried out the same experiments as those in Figure 3inthe Assignment of the Bands at 804 and 785 cm In the
delay time region shorter than 1 ms. Figure 4 depicts the plot steady-state experiments for the reaction of oxidized CcO with

of the valley to peak height of the-e—0, Raman band at 571
cm™1 (open squares) relative to the peak height ofithband

H,180,/H,180,, three oxygen isotope sensitive bands were
observed at 804/764, 356/342, and 785/750 tmpon blue

at 683 cmit in the raw spectra against delay times. The ordinate gycitation24 The 785/750 cmt bands could not be recognized

stands for the population of the &, intermediate. The time

upon excitation at 607 and 580 Atunder the conditions where

profile of the CO-photodissociated reduced species, obtainedingse pands are known to exist. Upon excitation at 607 nm for

from the intensity of the're—co band at 516 cmt in the absence

the same reaction, however, the 804/764 tnpair were

of Oy, is also plotted and represented by open circles in Figurg identified when the “607 nm” absorption form existdyhich

4. The difference between those two measurements lies injs the primary intermediate in the reaction of oxidized CcO with
whether Q was present or not, but otherwise the experimental H,O,. Although the “607 nm” form is called a “peroxy”

conditions were exactly the same. In other words, open squareSiermediate, the oxoiron structure of the heme for this form

in Figure 4 represent the practical rise and decay curves of the\ya5 gemonstrated by asymmetric isotope substitution experi-
primary dioxy intermediate in the present experimental condi- ants using KAeO180 36

tions. We failed to obtain the spectrum fat = 0 us due to
interference from the spatially overlapped pump beam.

Discussion

Accuracy of Delay Times. In the analysis of the results
shown in Figure 4, we assumed that the photodissociation was

complete atAt = 0 us but that the concentration of the-F@,

On the other hand, it was previously demonstrated for
dioxygen reduction using'®0'80 that the 804/765 cmi
intermediate also has an oxohefeThis intermediate was also

(32) Blackmore, R. S.; Greenwood, C.; Gibson, Q.JBiol. Chem
1991, 266, 19245-19249.

(33) Oliveberg, M.; Malmstrom, B. GBiochemistry1992 31, 3560~
3563.

(34) Han, S.; Ching, Y. -c.; Rousseau, D.Rroc. Natl. Acad. Sci. U.S.A

intermediate a\t = 0 us was zero. Then, the concentration ;4990 87 24912495,

(y) of the Fe-O, species at a given time can be approximated

(31) A value derived from Figure 2 in ref 4.

(35) Orii, Y. Chem. Scr1988 28A 63—69.
(36) Proshlyakov, D. A.; Ogura, T.; Shinzawa-Itoh, K.; Yoshikawa, S.;
Appelman. E. H.; Kitagawa, TJ. Biol. Chem 1994 269, 29385-29388.
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""superoxy"' "'peroxy" "ferryl" "ferric" raise its stretching frequency by 20 thncompared with the
785/750 cm! species. These features are strongly unfavorable

o) F(:;V:o-- :I‘; to this proposal. However, if an amino acid radical is generated
" 2 \ near both the Fé&=0 heme and the Gll ion, then the EPR
FelY=0~ por* FelV=0~ signal may become extremely weak due to antiferromagnetic
}' e H0 ot coupling and the Fé=0 bond may become stronger due to
the cationic property of the radical (). Such a situation
. I - 3 . .
Fel.o, _ () Feg=]? H.0 / Fec f}“ would only be consistent with pathway 1 from the experimental
cul @ Y 2 . data currently available. In the case of pathway 2, porphyrin
\ FelV=0~ cation radicals usually have significantly reduced Soret ab-
cu=0~ \ sorbance compared with neutral¥=eO porphyrins. Since the
@ Fe'V=0" ; e ;
w T Ho Soret absorption of the 804/764 cispecies is of ordinary
Fe ?lo / Cu 2 intensity, the possibility that this species contains a porphyrin
Cu™-0" 7 cation radical may be ruled out.

Figure 5. Possible pathways for reduction of Bound to the binuclear

center of cytochrome oxidase. “Peroxy” and *ferryl n:ean”tr:e Fe immediately after instantaneous formation of the' Fe®——
and F¢& oxidation levels of the enzyme, respectively. “Por”, “Ptr

and “X**” mean neutral porphyrin, itg cation radical, and an amino O —Cu" structyre, two oxometal centers, thfat 's!’V'E@ heme
acid cation radical, respectively. See the text for details. and Cw"'=0 will be generated [pathway 4 in Figure 5]. The
Cug"'=0 could be Cy''—0Or as assumed in pathway 5. In this
detected upon excitation at 607 ri#fbut the 784/750 cmt case possible interactions between th¢’+© and Cy'"'=0
bands could not be recognized upon excitation at 607 and 441.6(0r Cts"—0") units would raise there—o frequency in the Fe
nm for the dioxygen reactiof. The frequency and the size of ~ OXidation level compared with the subsequerl{ 7© state and
the isotopic frequency shift of the 785/750 chbands make it~ the 356/342 cm' bands might arise from the g@unoiety. The
quite reasonable to assign the band to the ferryloxo compoundtrouble in this interpretation lies in that the 356/342 ¢m
like compound Il of HRF®® frequencies are too low to assign them to thg'GaO stretching
These results mean that similar intermediates are generatednode and that the lifetime of the 356/342 thspecies is too
in the dioxygen and peroxide reactions and that the hemelong to attribute it to an unstable €4O* radical species.
electronic properties of the 804/764 cirand 784/750 species ~ Tolman and co-worke?8 recently observed the ¢%&=O (or
are dissimilar. It became evident that the 804/764species ~ Cu(OO)Cu in-phase) stretching mode at 606/583 tupon
has a higher oxidation state than the 785/750tspecies and ~ homolysis of dicopper60,/*80, complexes. The mechanism
thus belongs to the Egor so-called peroxy) oxidation level of ~ of resonance enhancement of thegt®&O stretching mode
the enzyme. could be ascribed to a possible CT band in the blue region buried
Pathway of O, Reduction by CcO. Figure 5 illustrates by the strong Soret band. Either in pathway 4 or in pathway 5,
possible reaction pathways for dioxygen reduction by CcO. The however, the hemes of the 804/764 and 785/750'cspecies
first (FE'—0,") and the last (Fé—OH") intermediates have  should have basically an identical excitation-wavelength de-
already been established. There is no doubt about the formatiorpendence, contrary to the observed facts.
of neutral FgdV=0 heme in the three electron reduced state,  Feasibility of the Fe/=0 Heme. When one tries to oxidize
irrespective of pathways-15 in Figure 5. This correspondsto  an F&'=0 heme, it cannot be predictedpriori whether an
the “580 nm” form in the reaction of oxidized CcO with@&; electron is removed from the metal ion or from the porphyrin
in agreement with the frequencies of oxygen isotope sensitive macrocycle. There are two electrons in the degenesatend
RR bands of this comple®. A possible F& oxidation level of dy, orbitals of a low-spin P¥ ion, but it is not apparent whether
heme proteins has so far been practically seen in the upper twothe d,, and g, orbitals are energetically higher than the highest
cases (1 and 2§ (1) an F&'=0 porphyrin with an amino acid  occupiedr orbitals of the porphyrin macrocycle with.2or a.
radical (X) like compound ES of cytochrome peroxidase  symmetry orsice versa When some electron-withdrawing
(CcP) and (2) an Fé=O porphyrin 7 cation radical like  sybstituents are attached to the porphyrin macrocycle, the a
compound_l .o.f.hor_seradlsh peroxidase. There are at Iea§t threeyr g, level is lowered® and may become lower than the iron
other possibilities in the case of CcO: (3) ar¥#® porphyrin g and ¢, orbitals. Then an electron may be taken out of the
with d* iron, (4) an F&=0 porphyrin with Cg""=0, and (5) jron orbital, generating an Festate. Since the formyl sub-
an F&'=0 porphyrin with a Cy'—Or oxygen radical. Reaction  sityent of heme A is strongly electron-withdrawing, generation
pathways 2 and 3 involve the heterolytic cleavage of thédD  of the F¢ state is plausible. Furthermore, theahd g, orbitals
bond, while pathways 4 and 5 correspond to homolysis. FOr 4y serve as an antibonding orbital regarding the®er bond;
pathway 1 the reaction can proceed through either heterolytic it s reasonable that removal of this electron raises the@e
or homolytic cleavage. . stretching frequency compared with that of thé"FeO heme.
For the so-called peroxy intermediate there have been no EPRyn aqdition, the increase of a positive charge in the metal ion

data which exhibit thg = 2 signal arising from an amino acid  \oyd strengthen the #e=O bond compared with the Fe=O
radical. Therefore, there is no positive support for pathway 1. j,5n4.

Furthermore, in this case the heme of the 804/764'species
should exhibit properties of a Fe=O porphyrin similar to those

of the 785/750 cm! species, which is contrary to the experi-
mental facts mentioned above, and the putative amino acid
radical should strongly interact with the 'Fe=O bond so as to

When the homolytic cleavage of the<® bond takes place

The quite different excitation-wavelength dependences of the
804/764 and 785/750 crh RR bands would be understandable
in this interpretation. This would also be consistent with the
fact that similar time-resolved measurements on cytochioone
with heme O at the ©binding site gave rise to the 788 cfn

(37) Matysik, J.; Ogura, T.; Shinzawa-Itoh, K.; Yoshikawa, S.; Kitagawa,
T. To be published. (39) Mahapatra, S.; Halfen, J. A.; Wilkinson, E. C.; Pan, G.; Cramer, C.

(38) Kitagawa, T.; Mizutani, YCoord. Chem. Re 1994 135 685— J.; Que, L. Jr.; Tolman, W. Bl. Am. Chem. Sod 995 117, 8865-8866.
735. (40) Fuijii, H.; Ichikawa, K.Inorg. Chem.1992 31, 1110-1112.
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band but not the 804 cm band in the transient statésif we observed together with the 785/750 thibands with complete
consider that heme O lacks a strong electron-withdrawing group absence of the 804/764 ci bands?® These observations
such as a formyl group. strongly suggest that the 356/342 thbands arise from a

One may argue against this proposal since the stretching forceseparate molecular species, which is consistent with the conclu-
constant of M¥=0 (4.15 mdyn/A) with a high-spinmetal sion for dioxygen reactid in that the bands at 804, 785, and
is smaller than that of ®&=0 (5.20 mdyn/A) with a low-spin 356 cnt! arise from different species. Varotsis and Bab&ck
d* metal#2 There have been no data on the/&© stretching observed the band at 356 ciin their TR® spectra in a time
mode for model porphyrin systems. However, the following range between the appearance of bands at 571 and 799 cm
analysis of data available does not justify the argument raised.and they thought that the 356 cfnband was due to an Fe
The Mn'=0 and MrY=N stretching bands for the five- OOH stretching vibration. However, since they failed to see
coordinate porphyrin complexes are reported at®z8d 1049  the band at 804 cm, it is not clear whether the 356 cthband
cm 1% respectively. A simple diatomic harmonic approxima- Precedes the 804 crhband or not. They reported that the band
tion yields force constants of 7.00 and 7.24 mdyn/A for the at 356 cnmi* was observable only att = 0.16 ms, noting that
MnY=0 and MiY=N bonds, respectively. The force constant the life time of the species in question was not long. However,
of the MnV=0 bond is 3.3% smaller than that of the K4aN we observed this band with delay times between 0.4 and 2.2
bond. The F¥=N stretching band is reported at 876 T’ ms18 This was recently confirmed by Takahashi and Rous-
If the F&’=0 stretching force constant is assumed to be 96.7% sead’ who observed the band with delay times between 0.13
of the F&=N stretching force constant (5.06 mdyn/A) similar and 0.98 ms.
to the Mr¥ case, the Pe&=O stretching frequency would be In Figures 1 and 2, the time profiles of the 356/342¢m
calculated at 817 cri for a five-coordinate complex. This  bands seem to go in parallel with that of the bands at 804/786
frequency would be lowered by binding of a trans ligdfhend cm™! as if the species giving the 356 ciband belonged to
the stronger the trans ligand, the lower the/F© stretching the peroxy oxidation level. On the contrary, the recent RR study
frequency. Since the proximal histidine remains bound at the on the reaction of oxidized CcO with3 has shown that the
trans position of the oxo oxygen in the protein during the species giving rise to the 356 cthband belongs to the ferryl
reaction, the assignment of the 804 dnband to the F&=0O oxidation level rather than to the peroxy oxidation lef?eln
stretching of the six-coordinate heme appears reasonable.  addition, the HO, experiments suggest that the 356 ¢m

In contrast with extensive studies on vibrational properties SPecies has another broad oxygen isotope sensitive band around

of the F&"=0 hemes and =0 porphyrinz cation radical$? 800 cntl, which is not clearly resolved in Figures 1 and 2 in
those on Fé&=0 heme are scarce. Therefore, the formation of this study for dioxygen reduction. Taking these features into
Fe/=0 heme as a reaction intermediate of ag-tgpe cyto- consideration, we locate the 356/342¢rspecies between the
chromec oxidase cannot be ruled definitive at the present time, 804/764 and 785/750 cm species in the reaction pathway.
but it is a most likely candidate. It has been clarifedd from the HO/D,O insensitivity and
Assignment of the 356/342 cm* Band. Oguraet al8 160180 frequency shifts that the 356/342 tibands should
reported the oxygen isotope sensitive band at 35610342 arise from a metatoxo species. In the upright structure of the
cm- for 180,) for the first time and assigned it to theF@OH ~ 0xoheme wittC,, symmetry, the His-Fe=0 bending vibration

stretching mode, because in that experiment they simultaneously’S deégenerate and Raman inactive in the absence of structural
observed a single oxygen isotope sensitive band around 79gdistortion. Since the =0 bond adopts an upright structure
cm~1 with a time profile similar to that of the 356 cthband, N the absence of special protein force, the-Hi&""=0 bending

as if both bands arose from an identical molecular species. At Raman band cannot be seen in compound Il of various
that stage they regarded the band around 790 @sthe G-O peroxidases. A likely interpretation of the 356/342Crbands
stretching vibration of the FeOOH urit. Both the F&=0 is to assume that the & bond is distorted from the ordinary
and O—O- stretching vibrations are expected to appear around UPright structure and a HisFe=0 bending vibration is allowed
800 cnr?, and they cannot be distinguished by the us&os/ to appear. The _dlstorted O species is postulated_to give
180, Furthermore, the ordinary Fe=O heme is expected to  the Fe=O stretching mode near 800 cfroverlapped with the
give rise to only one oxygen isotope sensitive Raman band, 804 cnttband. This distortion is caused presumably by protein
while the FeOOH heme could give more oxygen isotope structural forces coupled with the redox change of heme. Itis

sensitive bands including the F®OH stretching and FeO—0 highly desirable to examine Raman spectra of distorted model
bending and ©-O stretching vibrations. Fe=O0 porphyrins to establish the assignment of this band. An

alternative assignment is to ascribe it to thes€tO* radical
species in pathway 5 as discussed above, but it is contradictory

band around 800 cm was resolved into two bands at 804 and to the_ dobserv?ti%r;s of this band for the 580 nm form in the
785 cnl. The 356/342 cmt bands could not be recognized ~PErOXI0€ reaction:

upon 441.6 nm excitation, upon which the 804/764 &tvands Coupling between Electron and Proton Transfers. RR
were clearly observedl.On the other hand, in the reaction of studies on the peroxide reaction have demonstrated that the
oxidized CcO with HO,, the 356/342 cmi bands were O © bond is already cleaved at the peroxy Ie¥felThis study
has established that the change from the 804/764 epecies
(41) Hirota, S.; Mogi, T.; Ogura, T.; Hirano, T.; Anraku, Y.; Kitagawa, t0 the 785/750 cm! species via the 356/342 cthspecies is
T. FEBS Lett 1994 352 67—70. ) significantly slower in DO than in HO. This was also
(42) Czernuszewicz, R. S.; Su, Y. O.; Stern, M. K.; Macor, K. A, Kim,  confirmed in recent studies of oxidized CcO withy®3.25

D.; Groves, J. T.; Spiro, T. Gl. Am. Chem. S0d.988 110, 4158-4165. . .
(43) Collins, T. J.; Powell, R. D.; Slebodnick, C.; Uffelman, E.5.  Although the assignment of the 356/342 Tnbands is a key

Later, however, they retracted that proposal on the basis of
new observations with a higher resolution spectroni@t&he

Am. Chem. Sod99Q 112, 899-901. _ to interpretation of the reaction mechanism, we are tempted to
19&(3‘;4)25*1152”;_9222'“01 C.; Hofmann, J. A.; Bocian, D.Iforg. Chem propose pathway 3 in Figure 5 due to the reasons mentioned
(45) Wagner, W.-D.: Nakamoto, Ki. Am. Chem. So¢989 111, 1590 above. However, we cal_wnot _rule out a poss[blllty that more
1598. than one pathway coexists in the enzymatic reaction and

(46) Su, Y. O.; Czernuszewicz, R. S.; Miller, L. A.; Spiro, T. &.Am.
Chem. Soc1988 110 4150-4157. (47) Takahashi, S.; Rousseau, D. L. Private communication.
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branching occurs in the peroxy level. Accordingly, Babcock electron transfer is tightly coupled with the translocation of
et al®® proposed the FeO—O—H structure in a branched vector protons, which is against the gradient of proton concen-
pathway to assign their 356/342 chspecies to the FeOOH trations and thus needs some energy. If this interpretation is
stretching. The other possibility is to assign them to thg Cu correct, the redox energy is converted to electrochemical energy
moiety. However, this frequency is too low to assign them to via some conformational change of protein as suggested
Cu"=0 stretching mode, and deuteration insensitfifyro- before?® We stress that these results would open a new page
hibits us from assigning them to the €uOH stretching. in understanding the mechanism of dioxygen reduction by CcO
If our assignment is correct, it turns out that the conversion and its coupling with proton pumping.
rate from the Fé oxidation level to the F¥=0 oxidation level
is accompanied by distortion of the oxoheme due to some
protein force. Since the conversion from the/&© heme to
the F&=0 heme itself does not need a proton, its rate would
normally be similar in HO and BO. Presumably, scalar
protons can come into and go out of the binuclear site without
significant resistance and yield little difference in the reaction
rate between kD and DO, as seen for the release of the first
water molecule (that is, for the second electron transfer). The
slower rate in RO in this step, in particular, suggests that this

(48) Varotsis, C. A.; Babcock, G. Td. Am. Chem. Socl995 117, JA951922
11260-11269. (49) Wikstrom, M.Nature 1989 338 776-778.
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