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ABSTRACT. Acetobacter acefproduces two different terminal ubiquinol oxidases (cytochroeemdo)
depending on the culture conditions. Two types of oxidases share a common protein moiety but with
different heme components at the binuclear center (heme A for cytoctapamel heme O for cytochrome

0). We investigated the structure of the binuclear site of the two oxidases using resonance Raman, Fourier
transform-infrared (FT-IR), and EPR spectroscopies to clarify the interactions of heme A formyl group
with protein moiety. We found that the overall architecture and the electronic configuration at the binuclear
center in the oxidized state seem to be well conserved irrespective of the heme peripheral group at position
8, except for the azide-inhibited state. In contrast, we observed great variations in-Mettetching
frequency and cyanide-binding affinity in the CN-reduced state, in addition to multipl® €tretching

bands in the CO-reduced state. Present and previous studies suggest that the conformational flexibility
of the binuclear center in the reduced ligand-bound state may be a common feature among the heme-
copper oxidase superfamily. In the CN-reduced state, a hydrogen bond network may be formed among
the formyl group, water molecule(s), and the surrounding amino acid residue(s). This network may be
very important to maintain proper orientations of the distal amino acid residues and/or ghei@u

relative to the cyanide ion bound to the ferrous heme iron and could play a critical role for the high
affinity in cyanide binding.

The heme A formyl group had been suggested to be in cells grown on static culture (Matsushita et al., 1992b).
indispensable for functions of mitochondrial cytochrome  Cytochromea; was purified and characterized as a cyto-
oxidase (Babcock & Callahan, 1983; Babcock & Chang, chromeba-type ubiquinol oxidase (Matsushita et al., 1990)
1979). However, the recent discovery of various types of consisting of four subunits and containing 1 mol each of
heme-copper oxidases, such lag-, bag-, and bbs-types heme A, heme B, and copper ion (Matsushita et al., 1992a).
(Garca-Horsman et al., 1994; Gray et al., 1994), seems 10 The genes encoding subunits of cytochremevere cloned
indicate that the formyl group participates in neither proton (Fukaya et al., 1993), and the deduced amino acid sequences
pumping nar elactran .transfer. The pre_valgnce of he"T‘e Aof these subunits, especially subunit I, showed a great
in the heme-copper oxidase superfamily in higher Organlsms’similarity to thebo-type ubiquinol oxidase fror&scherichia

particularly at the binuclear site (bben & Morand, 1994), coli (Chepuiri et al., 1990), with 67% identity for subunit I.
however, suggests that heme A formyl group may have an e .
Cytochromes; ando have a closely similar protein structure

unknown but important role. ) _ o L : .
Acetobacter acefproduces two different terminal oxidases in subunit composition, immunoreactivity, peptide mapping,
and NH-terminal amino acid sequences (Matsushita et al.,

depending on the culture conditions. Cells grown on shaking TbES k

culture contain cytochroma, while cytochromen is present 1992a). Furthermore, Southern hybridization analysis showed
both cytochromesy; and o were derived from the same
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Ficure 1. EPR spectra of cytochroma (A) and cytochrome (B) in the air-oxidized states measured at 5 K. (a) Air-oxidized state as
purified, (b) in the presence of 100 mM potassium azide, (c) in the presence of 100 mM of sodium formate, and (d) in the presence of 5
mM of potassium cyanide. Experimental conditions were modulation amplitude, 1 mT; modulation frequency, 100 kHz; microwave power,
5 mW; and microwave frequency, 9224.6 MHz. Sample concentrationyBR0

of the binuclear site of both types of oxidases using resonancetight spinning cell. Resonance Raman scattering was

Raman, FT-IR, and EPR spectroscopies. obtained with the 441.6 nm line of a He/Cd laser (Model

CD1805B, Kinmon Electrics) and with the 406.7 nm line of

EXPERIMENTAL PROCEDURES a Krt ion laser (Model 2016, Spectra Physics). The
Purification of Ubiquinol Oxidases from A. acetCyto- ~ Scattering was detected with a cooled diode arragq°C;
chromesa; ando were purified from the membranes Af Model 1421HQ, PAR) attached ta 1 msingle polychro-

acetigrown in shaking and static cultures, respectively. The Mator (Model DG-1000, Ritsu Oyo Kogaku). The slit width
enzyme was isolated first by solubilization with 1.25% and slit height were set to be 206m and 10 mm,
B-octylglucoside and purified by DEAE-Toyopearl column espectively. The excitation laser beam, about0 in
chromatography in the presence of Bactylglucoside as ~ diameter, was focused to the sample, and the laser power
described previously (Matsushita et al., 1992a). The enzyme(at the sample point) was adjusted as indicated in legends to
fraction thus obtained was diluted to a potassium phosphateth€ figures. All measurements were carried out at room

concentration of 50 mM, and sucrose monolaurate and EDTA temperature V\{ith a spinning cell (3500_ rpm). The_ data
were added to final concentrations of 0.1% and 1 mM, accumulation time was 320 s. Raman shifts were calibrated

respectively. Then, the enzyme solution was applied to a With CCls, CHCl, and acetone, and accuracy of the peak
DEAE-Toyopearl column (about 1 mL bed volume per 2 POSitions of the Raman bands was cnr. For reduction

mg of protein), which had been equilibrated with 50 mM of the enzyme, a small volume of Maturated dithionite
potassium phosphate buffer (pH 6.5). After washing the solution was added anaerobically to a final concentration of
column with the same buffer containing 0.1% sucrose 10 MM. Carbon monoxide (CO) adducts were obtained by
monolaurate and 1 mM EDTA, the enzyme was eluted by a similar ways to those of other heme proteins as described
linear gradient of potassium phosphate (from 50 to 200 mM) €lsewhere (Hirota et al., 1994}3C%0 (99 atom % for*C

in buffer (pH 6.5) that contained 0.1% sucrose monolaurate @nd 98 atom % fot?0, ICON, Mt. Marion, NY) was used
and 1 mM EDTA. Active fractions were pooled and for isotopic experiments. Cyanide adducts in the reduced

concentrated by an ultrafiltration with UK200 membrane State were obtained by anaerobic addition of cyanide solution
(Advantec, Tokyo) to about 300M. to a final concentration of 10 mM.

Resonance Raman Spectroscopye purified oxidase (50 Measurements of EPR, FT-IR, and Optical Spect&®eR
#M) in 50 mM potassium phosphate buffer (pH 6.5) measurements were carried out at X-band (9.23 GHz)
containing 0.1% sucrose monolaurate was placed in an air-microwave frequency with a Varian E-12 EPR spectrometer
equipped with an Oxford flow cryostat (ESR-900). Infrared

L Abbreviations: FT-IR, Fourier transform-infrared; EDTA, ethyl-  SPectra were recorded at°€ with a Perkin-Elmer FT-IR
enediaminetetraacetic acid. spectrophotometer (model 1850) as described previously
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(Tsubaki et al., 1993). Absolute optical spectra of the v T |

ubiquinol oxidases in the infrared cells with a gfin path 1675
1551

length were measured at room temperature with a UVIKON 1626 ‘
860 UV-—visible spectrophotometer (Kontron Instruments, ‘j" |
Inc.) before and after FT-IR measurements. The following a

1623 1605

1580
| L 1554

potassium cyanide isotopes were used??G¥*N (natural
abundance, Nacalai Tesque)!’&N (99.4 atom %N,
Isotec Inc.); and KEC*N (99 atom %?*3C, Isotec Inc.);
KI3CI5N (99 atom %1!3C, 99 atom %N, Icon).

RESULTS

EPR Spectroscopy.EPR spectra of the air-oxidized
cytochromesa; ando in the presence or absence of various
inhibitors were measured & K (Figure 1, panels A and B,
respectively). The spectra of both types of enzymes are very
similar each other and to those of the corresponding species
of the E. coli botype ubiquinol oxidase (Tsubaki et al.,
1993). In the air-oxidized state (a), the spectra are character-
ized by a high-spin signab(= 6.03 for cytochromey, and
g = 6.02 for cytochrom®) and a low-spin signaly(= 3.00,

2.28, and 1.51 for cytochrome andg = 2.97, 2.27, and
1.52 for cytochrome). The weak intensity of thg = 6
high-spin signal relative to that of tlge= 3 low-spin signal
indicates that a large part of the heme-copper binuclear center
is in a spin-spin coupled EPR-invisible state for both types FIGURE 2: Resonance Raman spectra in the 150000 cnrt

; i ; region of cytochromes; in the (a) air-oxidized, (b) N&,O4-
gfihz %Xl(gaieé (Isnl ig?'g;?(;;ﬁg;geabr:gzdfl%nsaés fi';oundreduced, (c) CO-reduced, and (d) CN-reduced states. Experimental
= 3. = 3. il = o.

7Y . conditions were excitation wavelength, 406.7 nm; laser power at
cytochromeo) characteristic of another form of the spin the sample point, 4 mW; at room temperature; sample concentration,
spin coupled species (Tsubaki et al., 1993). Addition of 50 uM.
formate (100 mM) to the air-oxidized enzymes resulted in
the disappearance of these species, the appearance of newir-oxidized and reduced states of cytochrasmexidase had
EPR species aroungl= 2.7 (g = 2.77 for cytochromexy been considered to be an unaltered stae, (in a non-
andg = 2.69 for cytochrome) and the intensification of  hydrogen-bonding environment) on the basis of the data on
theg = 6 high-spin signals (c). Addition of azide (100 mM) ferrous heme A model compounds (Van Steelandt-Frentrup
to the air-oxidized enzymes caused a shift of the brpad et al.,, 1981). Thus, the immediate vicinity of the heme
3.6 signal to around 3.3 (b) in both types of the oxidase. formyl group of cytochromey in both the air-oxidized and
Addition of cyanide (5 mM) to the air-oxidized state caused reduced states is also likely to be very hydrophobic.
a decrease of thg = 6 high-spin signals, but there was As shown in Figure 3, an Pe—His stretching vibration
neither a low-spin signal corresponding to the ferric heme- was observed at 211 crthin the reduced state of both
cyanide species nor a spin-coupled signal (d) indicating the cytochromesa; (a) ando (b). Although we did not carry
formation of the cyanide-bridging EPR-invisible species out an isotopic substitution experiment for the identification
(Tsubaki et al., 1993, 1996). All these unusual EPR of this band, the remarkable similarity of the spectrum of
characters are derived from the spspin coupling interac-  cytochromea; (a) to that of theE. coli botype ubiquinol
tions at the binuclear center (Calhoun et al., 1994; Tsubaki oxidase [in which the Fé—His stretching band was identi-
et al., 1993). fied at 208 cm? with iron isotopic substitution (Tsubaki et
Resonance Raman SpectroscoResonance Raman spec-  al., 1994)] suggests that the 211 ¢rband is from the P& —
tra of both types of the enzyme in the air-oxidized, reduced, His stretch. This frequency is very close to those of other
CO-reduced, and CN-reduced states were examined in theneme-copper oxidases (Lynch et al., 1993; Ogura et al., 1983;
higher frequency region (108AL800 cnt?; spectra not Shapleigh et al., 1992b; Sone et al., 1994), but is distinctly
shown). The spectra of corresponding states showed redower than those of His-coordinated oxygen carriers.
markable similarities to each other despite the difference in  The Fé"—CO stretching vibrations were identified at 525
the heme macrocyclic structure at the binuclear site. The cm™ for both types of the enzyme as shown in Figure 4
only exceptions were the appearance of a band arising fromand Table 2. For cytochronme(right panel), the 522 cni
the heme A peripheral formyl group around 16707¢rm band for the2C1%0 species (a) showed a 14 chadown shift
the spectra of cytochromm (Figure 2). The formyl &0 upon substitution with3C'80 isotope (b). Similarly for
stretching bands appeared at 1671 &in the air-oxidized cytochromea; (left panel), the 522 cmit band showed an
state (a), at 1668 cmin the reduced state (b), at 1667 cm identical shift to 508 cm* upon*3C'80 substitution (curves
in the CO-reduced state (c), and at 1651 &nm the CN- a and b). To confirm these observations, isotope-difference
reduced state (d). Corresponding bands had been assignedpectra are shown at the bottom of each panel. The
for hemea; of bovine heart cytochromeoxidase (Babcock  difference spectra showed, in each type of the enzyme, a
& Callahan, 1983; Callahan & Babcock, 1983; Salmeen et peak at 525 cm' and a trough at 508 cnh. The shift of
al., 1978) (Table 1). These frequencies are also very similarthe peak to 525 cnt in the difference spectra from 522 cin
to those of the corresponding bands of other heme-copperof the absolute spectra might be due to a porphyrin band
oxidases (Table 1). The formyl group of heragin the near 522 cm! whose effects should be completely removed

Raman intensity

1
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Wavenumber (cm™)



Ubiquinol Oxidase fromA. aceti

Biochemistry, Vol. 36, No. 42, 19973037

Table 1: Formyl G=O Stretching Frequencies of Heragin Heme-Copper Oxidasts

Yc=0

(cm™) state
Cytochromec Oxidase
cytochromeaag
Rhodobacter sphaeroides
(Hosler et al., 1992; Shapleigh et al., 1992b) 1662 reduced
Paracoccus denitrificans
(Heibel et al., 1993b) 1662.9 reduced
1671.6 oxidized
Bovine heart
(Callahan & Babcock, 1983) 1665 reduced
1676 oxidized
(Argade et al., 1986; Ching et al., 1985) 1664 reduced
1666 CO-reduced
1644 CN-reduced
1671 oxidized
1671 CN-oxidized
(Rousseau et al., 1988) 1666 NO-reduced
(Heibel et al., 1993b) 1664.7 reduced
1673.6 oxidized
Sulfolobus acidocaldarius
(Heibel et al., 1993a) 1668 reduced
1672 reduced 5cHS
1673 oxidized 6¢cHS
1666 oxidized 5¢cHS
cytochromebag
Thermus thermophilus
(Oertling et al., 1994) 1669 reduced
1657 CN-reduced
1676 oxidized
cytochromecaa
Bacillus PS3
(Ogura et al., 1984) 1667 reduced
(Sone et al., 1986) 1665 reduced
Heme-Copper Quinol Oxidase
cytochromeaas
Bacillus subtilis
(Lauraeus et al., 1992) 1666 reduced
1644 CN-reduced
1674 oxidized
1671 CN-oxidized
cytochromebag(ba-type)
Acetobacter aceti
(this article) 1668 reduced
1667 CO-reduced
1671 oxidized
1651 CN-reduced

aFrequencies for the CN-reduced states are indicated in boldface.

5cHS, 5-coordinated high-spin; 6¢cHS, 6-coordinated high-spin.

in the difference spectra. The larger isotopic shift of the
Fe¢t—CO stretching band updAC'®0 substitution (17 cmt)
than that of other heme proteins @25 cnt?) (Hirota et
al., 1994) suggests that the band at 525 tis overlapped
with at least two F& —CO stretching bands indicating the
presence of more than two F€O conformations for the
CO-reduced form, which is consistent with the FT-IR results
(see text below).

FT-IR SpectroscopyThe bound C-O stretching band was
investigated in the CO-reduced form (Figure 5, panel A).
For cytochromea(trace a), there were two overlapping
bands, a major band centered at 1967 tamd a minor band
at 1972 cm?. For cytochrome (trace b), there were three
bands; the major band at 1960.5¢nand two minor bands
at 1966 and 1973 cm, although no precise band deconvo-
lution was performed due to the low quality of the spectral
data. The GO stretching frequencies for various heme-

cm) (a) and cytochromeo (2146 cntt) (b). These
frequencies are quite close to that observed forEheoli
bo-type ubiquinol oxidase (2146 cri) indicating a cyanide-
bridging configuration, as reported previously (Tsubaki et
al.,, 1993, 1996). In the CN-reduced form of cytochrome
a;, we could observe a clear infrared-@l stretching band
for a ferrous heme-CN species at 2051 érnot shown).
However, we could not detect any correspondingNC
stretching band for cytochrome at the same cyanide
concentration (5 mM). Corresponding bands for Eheoli
bo-type ubiguinol oxidase was observed at 2034.5tm
(Tsubaki et al., 1993, 1996); whereas for cytochrome
oxidase it was observed at 2045 chwith a shoulder at
2058 cn1! (Tsubaki, 1993b). The effect of cyanide isotopic
substitution on these cyanide bands together with their
assignments are summarized in Table 3.

The azide stretching vibration of the azide-bound air-

copper oxidases are summarized in Table 2 together withoxidized enzyme was analyzed with both types of oxidase

the corresponding P&—CO stretching frequencies.
In Figure 5 (panel B), we present the—@l stretching
bands of the CN adducts of air-oxidized cytochrcmé2147

and the results are shown in Figure 5 (panel C). The internal
antisymmetric stretching band of the bound azide was
observed at 2042 (major) and 2056 ém(minor) for
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A Hill plot of absorptions gave a dissociation constafg)(

of 0.35 mM. This value is very close to those [0.1 mM (van
Buuren et al., 1972), 0.555 mM (Antonini et al., 1971), and
0.23 mM (Hill & Marmor, 1991)] obtained previously for
cytochromec oxidase from bovine heart. We could not
obtain a definiteKy value for cytochromeo due to a
considerable release of €at higher cyanide concentration
(>10 mM). However, assuming a similar spectral change
to occur in the CN-reduced state to that of thecoli bo
type ubiquinol oxidase, we extrapolated tgvalue to be
around 20 mM, slightly higher than the value [7 mM
(Mitchell et al., 1995)] for theE. coli botype ubiquinol
oxidase.

DISCUSSION

Implications on the Binuclear Site Structures of Cyto-
chromes a and o Based on the X-ray Structures of
Cytochrome c OxidaseAlthough there is no X-ray structure

Wavenumber (o) of ubiquinol oxidase subfamily available at this moment, their

FiGURE 3: Resonance Raman spectra of the reduced folrm of primary structures are highly homologous to those of
cytochromes, (a) and cytochrome (b) in the 156-500 cnt cytochromec oxidases, and therefore, the tertiary structure

region. Excitation wavelength, 441.6 nm; laser power at sample . imil h f h
point, 14 mW. Other conditions were the same as in Figure 2. 1S €xpected to be very similar to those of cytochrome
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oxidases. Recent X-ray crystallographic studies on cyto-
chromec oxidases [from bovine heart mitochondria (Tsuki-

A 522 381347 hara et al., 1995; Tsukihara et al., 1996) dParacoccus
‘J \M/W denitrificans(lwata et al., 1995)] in the oxidized state showed
7 e that the binuclear site structure proposed previously on the
A 508 847 basis of site-directed mutagenesis studies orEtheoli bo
‘ type ubiquinol oxidase (Calhoun et al., 1993; Minagawa et
Relle}

al., 1992; Tsubaki et al., 1994), in which high-spin hesge
is coordinated with His4Zland Cu is coordinated with three
totally conserved histidyl residues (His284, His333, and
His334), is correct. In both the bovine arfthracoccus
oxidases, the formyl group of henagis located very close
to the imidazole ring of His333 (His290 of the bovine
oxidase) (Figure 6) (Ilwata et al., 1995; Tsukihara et al.,
1995). Other two imidazole rings of the histidyl residues
[His284 (His240 of the bovine oxidase) and His334 (His291

FiGURE 4: Resonance Raman spectra of the CO-reduced form of of the bovine oxidase)] are also located near the heme plane.

cytochromea; (A) and cytochromep (B) in the 306-700 cnT?
region. The F& —CO stretching band was identified using natural
abundant?C'%0 (a) and isotopically labeledC!O (b). Difference
spectra LC10 — 13CI80) (c) are also presented. In the right panel,
the ordinate of spectrum (c) was expanded 5-fold for clarification.
Experimental conditions were excitation wavelength, 406.7 nm;
laser power at the sample point, 12 mW. Other conditions were
the same as in Figure 2.

cytochrome a;, whereas the corresponding bands were
observed at 2041 (major) and 2055 @énfminor), respec-
tively, for cytochromen. These frequencies were very close
to those observed for the corresponding vibrations ofthe
coli bo-type ubiquinol oxidase [2041 (major) and 2051 ¢m
(minor)] (Tsubaki et al., 1993) and of cytochromexidase
[2039.5 (minor) and 2051 cr4 (major)] (Tsubaki, 1993a).
Titration of Cyanide-Binding to Cytochromes and o.
Cyanide-binding to cytochromesg ando in the reduced state
was investigated by titration with neutralized potassium
cyanide solution and analyzed with visible absorption

spectroscopy. The spectral change upon binding of cyanide,

to cytochromen; (spectrum not shown) was very similar to
that of cytochromec oxidase from bovine heart (Hill &
Marmor, 1991). The extent of the spectral change in the
visible region at 596602 nm was titrated by stepwise
addition of cyanide to a dithionite-reduced sample at pH 7.0.

The distance between heme iron ands @uabout 4.5 A for

the oxidized bovine oxidase (Figure 6) (Tsukihara et al.,
1995), but it increases slightly (about 5.2 A) for the azide-
bound oxidizedParacoccusoxidase (lwata et al., 1995)
probably to accommodate an azide ion between heme iron
and Cg. Of particular interest is that electron density for
the side chain of His333 (His290 of the bovine oxidase) was
not clear in the X-ray structure of tHearacoccusoxidase.
This indicates that the binding of azide at the binuclear site
may cause a change in the coordination of His333 structure,
resulting in multiple orientations of the imidazole ring (see
later).

Close Similarities of Cytochrome and o to the E. coli
bo-Type Ubiquinol Oxidase and to Cytochrome ¢ Oxidase
in the Air-Oxidized Statesln the air-oxidized state, in the
presence or absence of various inhibitors, except fomie
could not observe any significant differences between
cytochromesa; and cytochrome in resonance Raman, FT-
IR and EPR spectra (Figures 1,2 and 5). Furthermore, the
spectra of cytochromes ando were remarkably similar to

2The numbering is based on tke coli botype ubiquinol oxidase
sequence (Chepuri et al., 1990), which is also applicable to the sequence
of A. acetiubiquinol oxidase, since these two have end-to-end similarity
in the deduced amino acid sequences (Fukaya et al., 1993).
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Table 2: Bound GO and F&"—CO Stretching Frequencies of Heme-Copper Oxidases

Vc-o (cm’l) VFe-CO (Cmil) ref
Mitochondria
cytochromec oxidase
(bovine heart) 1963.3 520 Argade et al., 1984
Yoshikawa & Caughey, 1982
516 Hirota et al., 1994
(porcine heart) 1963.7 Young et al., 1984
(rat kidney) 1965.1 Young et al., 1984
(blowfly flight muscle) 1963.2 Young et al., 1984
Bacteria
cytochromec oxidase
cytochromebag
(Thermus thermophil)s 1974 (1983) Einarsdor et al., 1989
cytochromec,aas
(Thermus thermophil)s 1947 (1953) Einarsdor et al., 1989
cytochromeaag
(Rb. sphaeroidgs 1964 Shapleigh et al., 1992a
1966 (1955) 519 (493) Wang et al., 1995b
cytochromecbhbys
(Rb. sphaeroide3S100) 1950 495 GamiHorsman et al., 1994
Wang et al., 1995a
cytochromecao
(BacillusPS3) 522 Sone et al., 1994
heme-copper quinol oxidase
cytochromebo
(Escherichia col 1959.7 523 Tsubaki et al., 1993
Uno et al., 1985
521 Hirota, et al., unpublished experiment
cytochromeay(ba)
(Acetobacter aceli 1967 (1972) 525 this article
cytochromeo (bo)
(Acetobacter aceli 1960.5 525 this article
T ‘ T T T T T l T I T | T T
B ¢
E 21‘47 F 2042
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Ficure 5: (Panel A) FT-IR spectra of the bound-© stretching band of cytochronae (a) and cytochrome (b) in the CO-reduced form
(natural abundarttC'0 was used). (Panel B) FT-IR spectra of the bridging cyanide stretching band of cytochr¢meand cytochrome

o (b) in the air-oxidized CN-inhibited formt{C*N). (Panel C) FT-IR spectra of the bound azide internal antisymmetric stretching band of
cytochromen; (a) and cytochrome (b) in the air-oxidized azide-inhibited form*{s). Experimental conditions were sample concentration,

320 uM; temperature £C; spectral data accumulation, 400 cycl
and 4.0 cm? for the CN-inhibited and azide-inhibited forms.

Table 3. Assignments of cyanide-®l stretching vibrations of the
cyanide complexes of cytochronag(ba-) and cytochrome
(bo-type) (Acetobacter aceli

Vc-N (Cmfl)
assignments 12C14N 12CN BCUN BCN
cytochromen; (ba)
Felt—C=N—-Cus?" 2147 2114.5 2102 2068
Fe2t—C=N 2051 2021 2008 1975
cytochromeo (bo)
Fe > —C=N—-Cug?" 2146 2114 2101 2067
Fe> —C=N ND? ND ND ND

aND, not detected.

those of theE. coli botype ubiquinol oxidase (Moody et

es (2 h); nominal spectral resolution, 1!famthe CO-reduced form

& Palmer, 1991). The binuclear center is probably tightly
maintained in the air-oxidized state and, therefore, the overall
architecture and even the electronic configuration are also
unaltered among the heme-copper oxidase superfamily
irrespective of the heme peripheral group at position 8.

Azide-Inhibited Air-Oxidized StateAlthough there was
no significant difference in FT-IR and EPR spectra for the
azide-inhibited, air-oxidized state between cytochromes
and o, the azide-inhibited, air-oxidized state may be an
exception to the tight nature of the binuclear center in the
air-oxidized state, as evoked by X-ray crystallography (lwata
et al., 1995). Itis not clear whether a similar coordination-
structural change occurs in the ubiquinol oxidases upon

al., 1995; Tsubaki et al., 1993; Watmough et al., 1993) and azide-binding. The presence of two azide infrared bands for

showed some resemblance to those of cytochromédase

both types of ubiquinol oxidase in the present study and for

(Cooper & Salerno, 1992; Moody et al., 1991; Schoonover the E. coli botype ubiquinol oxidase and cytochronee
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HIS376

FIGURE 6: Stereo view of the heme-copper binuclear site of oxidized cytochmoxidase (bovine heart) (Tsukihara et al., 1995, 1996).

The hemenz was coordinated with His376 (numbering for the bovine enzyme; corresponding to His421 of the ubiquinol oxidasesg) and Cu

is coordinated with His240, His290, and His291 (His284, His333, and His334, respectively, of the ubiquinol oxidases). Tyr244 (Tyr288 of
the ubiquinol oxidases) is also very close to the heme plane. The closest distances (in angstroms) from surrounding amino acid residues to
the formyl oxygen atom were indicated. The residues close to the formyl oxygen atom are His290, Thr309, Leu358, and Ala359 (His333,
Thr352, Leu401, and Ala402, respectively, of the ubiquinol oxidases). The coordinates were obtained from Brookhaven Protein Data Bank
(number, 1occ).

oxidase in the previous studies (Tsubaki, 1993a; Tsubaki etC—O stretching frequencies at 196&-form) and 1955 §-
al., 1993), but with a different ratio in intensity for cyto- form) cm?, respectively (Wang et al., 1995b). Thkbbs-
chrome ¢ oxidase (Tsubaki, 1993a), suggests that this type oxidase showed only thg-form with F&€™—CO
phenomenon is universal and that the conformational het-stretching band at 495 crhand C-O stretching band at
erogeneity exists to some extent even in the air-oxidized state.1950 cn1! (Wang et al., 1995a). Thus, the multiple-O
The appearance of tlee= 3.3 EPR signal derived from the  bands may be more or less a common feature of the binuclear
spin—spin coupling interactions at the binuclear center in site of various heme-copper oxidases in the reduced state.
all the azide-inhibited ubiquinol oxidases in the present and Caughey and co-workers first pointed out that the CO adducts
previous studies (Tsubaki et al., 1993), but not for the azide- of myoglobin and hemoglobin show several discreteGC
inhibited cytochromes oxidase (Tsubaki et al., 1993), may stretching bands (Caughey et al., 1981; Makinen et al., 1979)
be related to this nature. and have assigned them to discrete, rapidly interconverting
Variations in the Reduced Ligand-Bound Statds.the conformers (Potter et al., 1990). Later, it was found that
reduced state without any exogenous ligand, we could notthe internal stretching vibrations of heme-bound ligand are
detect any significant difference between cytochromesid sensitive to the polarity of the environments determined by
o caused by the heme peripheral substitution at position 8. orientations of the distal residues (Oldfield et al., 1991). Thus
However, when CO and CN ligated to the ferrous high-spin the heme-bound €0 stretching frequency can reflect the
heme, there appeared to be significant variations in the ligandcombined effects of the electronic character of the heme iron
internal vibrations, although the Fe-CO bond seemed to  determined by the orientation of the proximal ligang (
be perturbed little (see Table 2). largely His residue in hemoproteins) and the electrostatic
The bound G-O stretching bands for both types of the interactions of CO with the distal residues (Jewsbury et al.,
oxidase showed multiple bands and their peak frequencies1994; Li et al., 1994). A similar mechanism must be
differed by 6.5 cm!. In contrast, theE. coli botype operative for the appearance of the multiple @ stretching
ubiquinol oxidase showed a narrow-© stretching band at  bands in the heme-copper oxidases. The observed multiplic-
1959.7 cmi! (Tsubaki et al., 1993). Cytochronmeoxidase ity of the C—0O stretching band for both types of ubiquinol
showed it at 1963.3 cm with a very narrow band width  oxidase fromA. aceticould be ascribed to the electrostatic
(about 3.5 cm?'). Some members of the heme-copper effects from the surrounding amino acid residues. At the
oxidase family have extremely different<@ stretching binuclear site there are three imidazole rings and one phenol
frequencies (from 1947 to 1983 c#) and multiple C-O rings [His284, His333, His334, and Tyr288 of the ubiquinol
bands (Table 2). Even for cytochromexidase, there are  oxidases (see Figure 6)] in addition to thes@n as possible
several minor bands that become apparent at the loweffectors to control the electrostatic potential around the
temperatures ag“forms” (Fiamingo et al., 1986; Fiamingo heme-bound CO moiety. The subtle difference at position
et al., 1982). Both cytochromes and o showed only 8 of the heme periphery between cytochroragando can
a-forms, but the present result suggests that even within thebe sensed by the closest distal residue and propagated to the
o-forms there are conformational variations. The recent coordination sphere. Structural reorganization at the bi-
resonance Raman studies by Rousseau and co-workers onuclear site results in different orientations of the distal amino
aas-type (Wang et al., 1995b) arebh:-type (Wang et al., acid residues, which, then, might determine a prevailingoC
1995a) cytochrome oxidases fronRhodobacter capsulatus infrared band.
are of interest. The former showed two distincEFeCO Variations in the C-N stretching infrared band in the CN-
stretching modes (519 and 493 ¢ty and each of them gave  reduced state were more drastic (Table 3). For cytochrome
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a;, there was a clear €N stretching band at 2051 crh
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30 cn1? lowering from the air-oxidized state) compared to

but we could not detect a corresponding band for cytochromethat of the batype ubiquinol oxidase (about 20 ctn

0. For theE. coli botype ubiquinol oxidase, we observed
the C-N stretching band at 2034.5 ch(Tsubaki et al.,
1993, 1996); whereas for cytochrormeoxidase, it was at
2045 cntt with a minor band at 2058 cri (Tsubaki, 1993b).
The absence of the €N stretching infrared band for
cytochromeo is consistent with its extremely low binding
affinity for cyanide. Partial release of the £ion from
cytochromeo during the cyanide treatment in the reduced

lowering) (Table 1) may indicate a stronger hydrogen
bonding to the formyl group and, therefore, a tighter
hydrogen bond network, in the CN-reduced cytochrame
oxidase.

It is known that, in the reduced state of cytochrome
oxidase, only cyanide ion binding can cause a charge
compensation by uptake of one proton (Mitchell & Rich,
1994; Rich et al., 1996). For thm-type ubiquinol oxidase,

state may also serve as one of the reasons (M. Tsubaki, ett is also reported that a proton is bound together with a

al., unpublished experiment), since it is well established that
presence of the G&" ion is essential for the cyanide binding
(but not for CO-binding) to the reduced high-spin heme iron
due to its charge effect (Mitchell et al., 1995).
Cyanide-Binding in the Reduced State and the Formyl
C=0 Stretching Frequencyln considering the reason for
the significant difference in the €N stretching frequency
between heme A-bound cyanide (cytochrotraxidase and
cytochromea;) and heme O-bound cyanide (t&e coli bo
type ubiquinol oxidase) and the considerable lowering of the
binding-affinity of cyanide to the ferrous high-spin heme in
cytochromeo (and theE. coli botype ubiquinol oxidase),

cyanide ion (Mitchell et al., 1995). Although it is not clear
where the proton-trapping site is, it must be close enough to
the binuclear site to compensate the charged ligand. Such a
protonatable group may be also participating in the formation
of the hydrogen bond network.

We noticed further that the putative hydrogen bond
network is also important for the stabilization of thegCu
center in the fully reduced or partially reduced states. In
the partially reduced state, the £center of cytochrome
from A. aceti(M. Tsubaki, et al., unpublished experiment)
and thebo-type ubiquinol oxidase fronk. coli (Tsubaki et
al., 1996) can be easily removed by a cyanide-treatment.

we noticed interesting results from resonance Raman spec-Thus, the hydrogen bond network participated by the heme
troscopy. In the reduced or CO-reduced states, cytochromeas formyl group seems to play a very important role for

a; formyl C=0 stretching band appeared around 1670%tm
being consistent with previous results obtained for cyto-
chromec oxidase from bovine heart (Table 1). In the CN-
reduced state, however, the formy=O band appeared at
1651 cm%; that is also within the region of the previously
reported values for the CN-reduced form of cytochroene
oxidase (16441657 cm?) (Table 1). The lowering of the
formyl C=0O stretching frequency has been noticed by
previous investigators (Argade et al., 1986; Ching et al.,

1985). Although they ascribed this phenomenon as a high-

to low-spin state change upon binding of cyanide to the
ferrous high-spin heme (Ching et al., 1985), the significant
lowering of the frequency [as much as 25 ¢imcompared

maintaining the structure of the binuclear center.

As an origin of the higher €N stretching vibration in
the reduced heme A-bound cyanide than in heme O-bound
cyanide, one may propose that it is due to the intrinsic nature
of heme A caused by the presence of the electron-withdraw-
ing formyl group. However, the electron-withdrawing effect
of the formyl group, if any, should contribute to the increase
in the bound C-N stretching frequency only slightly, since
the formyl substitution at the heme periphery caused the
increase of the heme-bound-O frequency by, at most;34
cm™i, whereas, for the heme-bound NO ang, @ seems
negligible (Caughey et al., 1977; Zhao et al., 1994). A
similar argument may be made for the lower binding affinity

to those of the CO-reduced and NO-reduced states (Tableof cytochrome o toward cyanide than cytochromae;.
1)] is more reasonably ascribed to a putative hydrogen bondPresence of the electron-withdrawing formyl group at the

formation of the formyl G=O group with water molecule(s)
fixed with side-chain group(s) of nearby amino acid residue-
(s), most likely with His333 or Thr352 (Figure 8).Upon

the formation of the hydrogen bond network, the orientations
of the imidazole and phenol rings of His284, His333, His334,

and Tyr288 were reorganized. The new electrostatic poten-

tial formed by these distal residues and the' Cwenter must
be essential to render the higher-R stretching vibration
(15—20 cntt higher) than heme O-bound cyanide and the
higher affinity (~60-fold) of cyanide-binding to the binuclear
site in the reduced state.

The greater lowering of the formyl <€€0O stretching
frequency in the CN-reduced cytochromexidase (about

3 A possibility of the direct hydrogen bonding of His333 imidazole
group to the formyl oxygen atom should not be neglected. In this case,
the imidazole plane may rotate90° along the Cg—N. bond axis to
afford the closest access of; tom to the formyl O group (see
Figure 6). Thr352 (Thr309 of the bovine oxidase) may have some roles
for the formation of the hydrogen bond. Such a direct hydrogen bond
from Arg54 of theParacoccusxidase (Arg38 of the bovine oxidase)
to the formyl oxygen at the heneesite was confirmed (lwata et al.,
1995). The formyl G=O stretching frequency of henein oxidized
cytochromec oxidase was observed at 1650 ¢n20—25 cnt* lower
than the corresponding frequency of heaap (Babcock & Callahan,
1983).

heme periphery in the heme-reconstituted myoglobins re-
duced the binding affinity toward Obut increased the
affinity toward CO (Sono & Asakura, 1975; Sono et al.,
1976). However, the magnitude of the differences was only
slight in both cases (23-fold) (Sono & Asakura, 1975; Sono
etal.,, 1976). Thus, the participation of electron-withdrawing
ability of the formyl group in the lowering of the cyanide
binding affinity seems marginal.

In conclusion, comparison of the binuclear site structures
of the ba-type andbo-type of ubiquinol oxidases from.
acetiusing resonance Raman, FT-IR, and EPR spectroscopies
showed that, in the air-oxidized state, the overall architecture
and the electronic configurations of the binuclear center
seemed well conserved irrespective of the heme peripheral
group at position 8, except for the azide-inhibited state. In
contrast, we observed multiple<© stretching bands with
different peak positions and variation in the-® stretching
band caused by substituting the heme periphery in the
reduced state. These observations may be regarded as a
direct evidence of the conformational flexibility or hetero-
geneity at the binuclear site in the reduced state. In addition,
Raman data suggest that the formy=O group may make
a putative hydrogen bond network with water molecule(s)
and conserved distal amino acid residues, and this network
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may be very important for the cyanide binding at the
binuclear site in the reduced state.
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