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ABSTRACT. The molecular mechanism by which proton pumping is coupled to electron transfer in
cytochromec oxidase has not yet been determined. However, several models of this process have been
proposed which are based on changes occurring in the vicinity of the redox centers of the enzyme. Recently,
a model was described in which a well-conserved tyrosine residue in subunit | (Y422) was proposed to
undergo ligand exchange with the histidine ligand (H419) of the high-spin feerdering the catalytic

cycle, allowing both residues to serve as part of a proton transporting system. Site-directed mutants of
Y422 have been constructed in thes-type cytochromes oxidase ofRhodobacter sphaeroidde test

this hypothesis (Y422A, Y422F). The results demonstrate that Y422 is not an essential residue in the
electron transfer and proton pumping mechanisms of cytochoomm@lase. However, the results support

the predicted proximity of Y422 to heme, as now confirmed by crystal structure. In addition, it is
shown that the pH-dependent reversed electron transfer betweenahantehemess is normal in the

Y422F mutant. Hence, these data also demonstrate that Y422 is not the residue previously postulated to
interact electrostatically with hereg, nor is it responsible for the unique EPR characteristics of h@me

in this bacterial oxidase.

The mechanism of energy transduction by cytochr@me proton transfer by undergoing ligand exchange during its
oxidase has been the subject of intense speculation and debatedox cycle, accompanied by changes in protonation state
ever since Mitchell proposed that its only contribution to of the ligands. Although the original hypothesis predicted
generation of the membrane potential in mitochondria was changes in Culigation, more recent ideas have focused on
through asymmetric usage of matrix protons in the formation hemeas (Rousseau et al., 1993; Woodruff, 1993) andCu
of water. In 1977, Wikstim reported evidence of vectorial  (Wikstrom et al., 1994). Rapid kinetic analysis by Woodruff
transport of protons by cytochrome oxidase in intact mito- and colleagues (Woodruff et al., 1991) indicates the possible
chondria, a finding that was confirmed with purified oxidase loss of the histidine ligand to henag upon flash photolysis
in reconstituted vesicles (Wikstrg 1977, Wikstion & Krab, of CO. The hemess proximal ligand has been identified
1979), ultimately leading to concurrence in the field that by mutational analysis as H419 (usiggcherichia coliand
cytochrome oxidase is a proton pump. Nevertheless, theRhodobacter sphaeroidesimbering). (Calhoun et al., 1993;
mechanism of this process remains obscure. A number ofHosler et al., 1993.) Rousseau et al. (1993) developed this
recent hypotheses have built on the original suggestion byidea by proposing a substitution of H419 by Y422 during
Chan and co-workers (Chan & Li, 1990; Gelles et al., 1987) normal redox cycling of the enzyme. This would allow H419
that a redox active metal center could accomplish vectorial to undergo a protonatierdeprotonation cycle that could
drive a proton pump. Mutants of Y422, Y422F, and Y422A
have been constructed in thes-type cytochrome oxidase
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10 '[_0 9 upon OX|d6_‘t'on of hene. POtent'a”y’ Y422 V\{OL{Id Table 1: Summary of CytochromzOxidase Activity and Proton

be in the appropriate range oKpand structural proximity Pumping in Wild-Type and Mutant Enzymes

to play this role; the current work tests this hypothesis.
In this paper, we report the characterization of two mutants,

Y422A and Y422F, designed to test the involvement of Y422 Xiggi ggg g gg'g

in the electron transfer and proton pumping activity of the ig-type 1200 0.6-0.7

enzyme. The results are incompatible with an essential role

for Y422 in proton pumping or in pH-dependent electron

transfer, but support its predicted proximity to hemag

(Rousseau et al., 1993).

mutant activity (turnover) () proton pumping (H/e™)

(Coherent 599 dye laser) with multiline ultraviolet light from
an argon ion laser (2W). Cytochroneeoxidase samples
(30 uM) were reduced with sodium dithionite undes fiow
MATERIALS AND METHODS and placed in capillary tubes for spectra acquisition. The
spectrum was taken with 14.3 mW of power on the sample,
Construction of Site-Directed MutantsSite-directed and the average of 8 scans is shown. Temperature was
mutants were constructed using a two-step polymerase chaifmaintained between 1 and°C with a stream of cold N
reaction (PCR)method in which a single mutagenic oligo- gas.
nucleotide primer was used in conjunction with two flanking — Fourier-Transform Infrared Spectroscopgamples were
universal primers, as described by Landt et al. (1990). Vent yrepared as previously described (Shapleigh et al., 1992a),
(exo) polymerase (New England Biolabs) was used for the yith minor modifications. Residual water was extracted
PCR. All oligonucleotides were synthesized by the Uni- from g dithionite-reduced, CO-saturated cytoplasmic mem-
versity of lllinois Biotechnology Center, Urbana, IL. The prane preparation for a minimum of 12 h by overlaying with

mutagenic primer sequences were as follows: Y422A, 5 co-saturated glycerol. A portion of the dehydrated sample
GTT GCG CAC TTC CATGCT GTG ATG-3; Y422F, 8- was placed between two Caindows and pressed to the

GTT GCG CAC TTC CAT TIT GTG ATG-3. (The desired thickness. Infrared spectra were obtained with a

mismatched base pairs are shown in boldface type.) A singlepattson Sirius 100 FTIR interferometer at a resolution of
Fspl restriction site, TGCGCA, was added along with each o 5 cnrt, Temperatures were maintained with a Lake Shore
mutation in order to facilitate screening of mutants. Intro- cryotronics closed-cycle helium refrigerator. Spectra were
duction of this site did not affect the final amino acid qptained with a liquid brcooled indium antimonide detector.
sequence. The first PCR product was obtained by extensiongpectra are presented as difference spectra, in which the
of the mutagenic primer with a single universal primer. In gpectrum before photolysis (dark) is subtracted from the
the second step, the first PCR product was extended in thespectrum obtained after photolysis (light). Photodissociation
opposite direction with a second universal primer. The final \y55 achieved by using continuous radiation from a focused
PCR product was cleaned and cut at restriction sites flanking ggg.yy tungsten bulb. Heat and UV radiation from the lamp
the mutationKpnl and Sph, and cloned into the plasmid  yere attenuated by passage through water and glass. Light
pJS3 (Shapleigh et al., 1992b), a plasmid containing the entirespectra were begun after 5 min of sample illumination. Light
ctaD gene coding for subunit | of cytochroneoxidase. and dark spectra are the averages of 512 scans.
The mutations were verified by DNA sequencing, using the  inetics of Internal Electron TransfersMixed-valence
Sequenase Version 2.0 DNA sequencing kit (United States 5yiqase was prepared as previously described (Brzezinski
Biochemical). The mutants were expressed on the p_Iasmld& Malmstrom, 1987), by an extended anaerobic incubation
PRK (Keen et al., 1988). The mutants were grown in the ¢ oyidized enzyme in the presence of CO. The fully reduced
R. sphaeroidesstrain JS100 (Shapleigh & Gennis, 1992), & enzyme was prepared anaerobically by adding a small excess
strain in which thectaD gene has been deleted. of dithionite to the mixed-valence CO-bound enzyme. The
Enzyme Purification The purification of Y422F was  gxcitation laser and observation equipment have been
facilitated by the genetic fusion of a six-histidine affinity qescribed in detail earlier (Hahe& Brzezinski, 1994).
tag to the C-terminus of subunit |, as previously described inetic traces were analyzed using a nonlinear least-squares
(Mitchell & Gennis, 1995). This allows the single-step algorithm on a personal computer.
purification of this mutant using a nitrilotriacetic aetd EPR SpectroscopyEPR spectra were recorded with a
agarose affinity column. This modification has been shown Bruker ER200D-SRC X-band spectrometer equipped with
previously to have no observable affect on enzyme structure, siandard TE102 rectangular cavity and an Oxford Instru-
of function (Mitchell & Gennis, 1995). ments ESR-9 helium-flow cryostat. Experimental condi-
Activity Assays and Spectral MeasuremerfBieady-state i temperature, 10 K; microwave power, 2 m\W; micro-

electron transfer activity, proton pumping measurements, ,\oa frequency, 9.45 GHz; modulation amplitude, 2 mT;
UV —visible spectroscopy, CO binding, and resonance Ra- time constant. 200 ms: recording time, 100 s.

man spectroscopy were all performed as previously described

(Fetter et al., 1995; Hosler et al., 1992b, 1994). For these RESULTS

measurements, wild-type enzyme and the Y422 mutants were

purified as described (Hosler et al., 1992b). Both of the mutants, Y422F and Y422A, demonstrate
Resonance Raman SpectroscoResonance Raman spec- Substantial cytochrome oxidase activity in the purified state

tra were obtained using a Spex 1401 spectrometer equipped45-60% of wild-type rate), and when reconstituted into

with a photon-counting photomultiplier detector. Excitation 2rtificial lipid vesicles, pump protons with efficiency similar

at 441.6 nm was provided by pumping Stilbene 420 0 that of wild-type (Table 1). There are minor spectroscopic
shifts in thea band of the visible spectrum<L nm) (not

. o . - . shown). The resonance Raman spectra of the mutants also
Abbreviations: PCR, polymerase chain reaction; DNA, deoxyri- - . .
bonucleic acid; C-terminus, carboxyl-terminus; UV, ultraviolet; FTIR, Show only minor effects on the heme environments (Figure
Fourier-transform infrared. 1). Most notably, the hemea; Fe—histidine stretch (214
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Ficure 1. Resonance Raman spectra (low-frequency region) of
the purifiedaas-type oxidase fronR. sphaeroides The wild-type

(wt) spectrum is shown along with those from two mutants, Y422F
and Y422A. The indicated bands at 214 and 365 trare
associated with the Fehistidine bond. The spectra in the high-
frequency region (13001700 cnT?) were essentially identical for

all three samples (not shown).

cm™1) of Y422A has an increase in intensity compared to
wild-type. This increased intensity of the 214 chmode
makes the low-frequency region of the Y422A RR spectrum
more similar to that of bovine cytochroneeoxidase than to
the wild-type bacterial enzyme (Babcock, 1988; Ching et
al., 1985; Hosler et al., 1992b).

Low-temperature Fourier-transform (FTIR) difference
spectroscopy of the reduced €@nzyme adduct was used
to probe the structure of the binuclear center in the Y422

mutants. In this method, the frequency of the CO stretch is

first monitored while CO is bound to the high-spin heae
(“dark” spectrum). After photolysis of the F&CO bond,
CO bhinds to Cy, and the frequency of the CO stretch is
again monitored (“light” spectrum). The “light’-minus-
“dark” difference spectrum is a sensitive probe of the state

Mitchell et al.
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Ficure 2: Low-temperature (30 K) FTIR difference spectra of
membranes containing the wild-types-type oxidase, the Y422A
mutant, and the Y422F mutant. Note that Y422F favorgtiierm.

In order to evaluate the effect of the Y422 mutations on
electron transfers within in enzyme as well as the CO
recombination kinetics, absorbance changes following CO
dissociation from the mixed-valence and fully reduced
enzyme were followed on a microsecond to second time
scale. In this method of analysis, the enzyme is in a two-

of the binuclear center. The positive and negative peaks electron reduced state with hemgand Cy of the binuclear

represent stretching frequencies of CO when bound t9 Cu
and hemeag, respectively.

The FTIR difference spectra of the Y422 mutants and
wild-type cytochromec oxidase are shown in Figure 2. In

center reduced (mixed-valence form), with CO bound to
heme a; as the distal axial ligand, causing an apparent
increase in the reduction potential of herag Upon
photolysis of the FeCO bond, the electron is no longer

the wild-type spectrum, two distinct frequencies are present stabilized on hemeg and will equilibrate with hema and

in both the Fe-CO and Cu-CO states. Although the precise
structural basis is uncertain, the two formasandj, appear

to result from two distinct conformations of the active site
of the enzyme (Fiamingo et al., 1982, 1986). The Y422A
mutation, in which the bulky phenol group of tyrosine has
been removed, shows only minor frequency shifts from wild-
type (1 cnt! shifts in the Fe-CO frequencies), which rules
out significant hydrogen bonding or polarization interactions
between Y422 and hens. On the other hand, Y422F, in
which only the hydroxyl group of the tyrosine has been
removed, shows that thform is favored over the-form,
implying some conformational change in the vicinity of the
binuclear center.

Cua, i.e., be transferred backward (opposite to the physi-
ological direction) through the enzyme. This is observed
as three phases in the absorbance changes following CO
dissociation, where the first and second phases have been
interpreted as representing transfer from hem® hemea
(time constant 3s) and from hemato Cu, (time constant
35 us), respectively. A slower third phase (time constant
around 1 ms at neutral pH) is associated with an additional
transfer from hemeg to hemea, and has been found to be
pH-dependent (delroth et al., 1995; Halle et al., 1994).
The results of this analysis are presented in Table 2.

The rates and extents of electron transfers within the
Y422F mutant are essentially the same as those observed in

EPR spectroscopy was also performed on the Y422F the wild-type enzyme, except for a 20% increase in the extent

mutant (data not shown). No significant differences in

of the 3us phase for the mutant (Figure 3). The rate of CO

spectrum of the Y422F mutant and the wild-type oxidase recombination in the mixed-valence enzyme, however, is
were observed (Hosler et al., 1992b). After incubation at about 8 times slower in the Y422F mutant compared to the
low pH, a g12 signal was detectable, indicating that, despite wild-type enzyme (Figure 4). The slow third phase corre-
its effects on the binuclear center environment, this mutant sponding to electron transfer from heragto hemea was

is able to form the self-induced slow form of the enzyme measured at pH 8.8, because the extent of the reaction is
(not shown). close to zero at neutral pH. Both the extent and rate of this
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Table 2: Internal Electron Transfer and CO Recombination ' ' ' ’
Kinetics for Wild-Type and Y422F Mutant Enzymes, Measured in a 06 | WT |
Buffer Containing 0.1 M HepeskKOH, pH 7.2, with 0.1% Dodecyl :
Maltoside I )
0.4 mixed valence R
wild-type Y422F [
(A) mixed-valence enzyme 0.2 fully reduced
(1) hemeas to hemea
observelltime constantys) 2.7 15 © 0.0 .
extent of heme reduced (%) 45 55 3 L L L L L
(2) hemeato Cuy < ' ! ' ' '
observeBltime constantus) 40 80 < Y422F
extent of Cy reduced (%) <10 <10 06 mixed valence |
(3) CO recombination
time constarit(ms) 60 450 7
(B) fully reduced enzyme
(1) CO recombination
time constant (ms) 20 16
aThe enzyme and CO concentrations wereuld and 1 mM, ) . . ‘ )

respectively? The observed time constant is the inverse of the sum of
the forward and backward rate constafit§he value is for the major )
phase of the reaction. In both the wild-type and Y422F mutant enzyme, time (ms)

there is also a small slower phase of CO recombination whose origin g - oc - Comparison of the CO recombination kinetics in mixed-
i not fully understood at this moment. valence and fully reduced wild-type (wt) and Y422F mutant
cytochromec oxidase measured at 445 nm. The experimental

—
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WT
0.6 [ . — .
o 0.15 WT 4
0.4 T T A
AL
0.10 1
0.2 8
1
© 00 o 0.05 - 8
< | | L " o
< T T O
0.00 - .
< Y422F = M
! w _ g B o | Y422F
©_ 015f 1
0.4 8 <
| < i
02| | 0.10 1
0.0 . 0.05 - / ]
n 1 J’
0 50 100 0.00 |- |
time (us) 0 5 10
Ficure 3: The 3us electron transfer from henag to hemea in time (ms)
the wild-type and in the Y422F mutant cytochroroeoxidase,
measured at 445 nm. Conditions: Al cytochromec oxidase, Ficure 5: The millisecond (third phase) electron transfer from
100 mM Hepes at pH 7.0, 0.1% dodeayimaltoside, and 1 mM hemeas to hemea in wild-type and Y422F mutant cytochronte
CO. The temperature was 24 1 °C. oxidase, measured at598 nm (isosbestic point for the CO

dissociation). A small remaining CO dissociation absorbance

reaction were found to be the same as those with wild-type change has been truncated in the lower trace for easier comparison
: of the two traces. Conditions were the same as in Figure 3 except
enzyme at the same pH (Figure 5). that the buffer was 100 mM Tris at pH 8.8.

DISCUSSION hemea; as proposed (Rousseau et al., 1993). (3) Y422 is
The residue at position 422 is one helix turn below H419, not the residue responsible for the pH dependence of the
the hemeag proximal ligand (Calhoun et al., 1993; Hosler electron equilibration between heraeand hemes (Hallén
etal., 1993), and next to H421, one of the two henligands et al., 1994). However, as discussed below, the data do
(Lemieux et al., 1992; Shapleigh et al., 1992b). This central reveal some interesting spectral and kinetic characteristics
location and its moderately high degree of conservation makeof mutants at this position, and confirm the location near
it potentially interesting from a structural and functional hemeas.
perspective. Y422 has been proposed to facilitate electron Visible and resonance Raman analysis of Y422F suggests
transfer between hensgeand hemeas (Brown et al., 1993).  that the aromatic character of phenylalanine at position 422
The idea of direct participation of Y422 in a proton pump is sufficient to maintain normal structure around each of the
was a provocative suggestion (Rousseau et al., 1993), ancheme centers. However, low-temperature FTIR reveals a
inspired the work described in the current investigation. The shift toward the3-forms of the CO adducts of henag and
data definitively demonstrate the following: (1) Y422 is not Cugin Y422F. TheS-forms may result from a more relaxed
required for oxidase electron transfer or proton pumping conformer of the hemas;—Cug pocket (Wang et al., 1995).
functions. (2) Y422 cannot be a substitute axial ligand to Both the FTIR result and the fact that CO recombination in
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Y422F is slowed (see below) suggest a subtle effect of the Babcock, G. T. (1988) inBiological Applications of Raman
Y422F mutation on the binuclear center. SpectroscopySpiro, T. G., Ed.) J. Wiley and Sons, New York.
The rates and extents of electron transfers in the Y422F Brown, S., Moody, A. J., Mitchell, R., & Rich, P. R. (199BEBS

" . Lett 316 216—223.
mutant are similar to those of the wild-type enzyme, except Brzezinski, P., & Malmstim, B. G. (1987)Biochim Biophys Acta

for a 20% increase in the extent of the /& phase, 894, 29-38.

presumably due to a somewhat smaller difference betweencaihoun, M. W., Thomas, J. W., Hill, J. J., Hosler, J. P., Shapleigh,
the reduction potentials of heragand heme in the mutant J. P., Tecklenburg, M. M. J., Ferguson-Miller, S., Babcock, G.
enzyme (Table 2). T., Alben, J. O., & Gennis, R. B. (1993iochemistry 32

The most surprising feature in the flash-photolysis study 10905-10911. . _
is the very slow CO recombination in the mixed-valence form €han. S. 1., & Li, P. M. (1990Biochemistry 291~12.

of Y422F (450 ms) compared to the wild-type enzyme (60 Chzizghgéiﬁfﬁjé' P. V., & Rousseau, D. L. (1988pchemistry

ms). In the fully reduced enzyme, the CO recombination Fetter, J. R., Qian, J., Shapleigh, J., Thomas, J. W., Garcia-Horsman,

time constants are essentially the same (about 20 ms). A., Schmidt, E., Hosler, J., Babcock, G. T., Gennis, R. B., &
The CO recombination rate in the mixed-valence enzyme  Ferguson-Miller, S. (1995Proc. Natl. Acad Sci U.SA. 92,

is dependent on the extent of reduction of hemgesince 1604-1608.

CO binds only to the fraction of enzyme molecules with Fie,l]mg]ig?'('::hgﬁi g‘gicg‘égéfigb'mh' P.P., &Alben, J. O. (1982)
hemeas reduced: ' . ’ .

Fiamingo, F. G., Altschuld, R. A., & Alben, J. O. (1988)Biol.
Chem 261, 12976-12987.

_ +Co
X a§+—.d»xa§+ I—’Xa§+-CO Gelles, J., Blair, D. F., & Chan, S. I. (198Bjiochim Biophys
rap! siow Acta 853 205-236.
Hallén, S., & Brzezinski, P. (1994Biochim Biophys Acta 1184
207—-218.

Assuming the simplest model possible, the observed CO Hallén, S., Brzezinski, P., & Malmstro, B. G. (1994 Biochemistry

recombination rate is given by 33 1467-1472.
o4 Hosler, J., Fetter, J., Shapleigh, J., Espe, M., Thomas, J., Kim, Y.,
[a57] Gennis, R., Babcock, G., & Ferguson-Miller, S. (199E8EC
Kobs = Koo 312 1) 7, 38.
[3-3 ] + [as ] Hosler, J. P., Fetter, J., Tecklenberg, M. M. J., Espe, M., Lerma,

C., & Ferguson-Miller, S. (1992h). Biol. Chem 267, 24264~
wherek, is the CO recombination rate for the fully reduced ~ 24272. .
enzyme. The large difference in CO recombination rate for Hosler, J. P., Ferguson-Miller, S., Calhoun, M. W., Thomas, J. W.,
the mixed-valence enzyme (45660 ms for the wild-type) Hill, J., Lemieux, L., Ma, J., Georgiou, C., Fetter, J., S.haplelgh,
’ ‘ . . : J., Tecklenburg, M. M. J., Babcock, G. T., & Gennis, R. B.
cannot be explained in terms of the slight increase in the (1993)J. Bioenerg Biomembr 25, 121-136.
extent of the electron backflow for the Y422F mutant (55% Hosler, J. P., Shapleigh, J. P., Tecklenburg, M. M. J., Thomas, J.
vs45% for the wild-type). If the extent of reduction of heme  W., Kim, Y., Espe, M., Fetter, J., Babcock, G. T., Alben, J. O.,
as were limiting, this would imply that hemas is oxidized Gennis, R. B., & Ferguson-Miller, S. (199&jochemistry 33
to 96% following CO dissociation, which is not observed. 1194-1201. . .
. . Iwata, S., Ostermeier, C., Ludwig, B., & Michel, H. (1998ature
Hence, the simple model above cannot explain the very slow 376 660-660.
CO recombination observed with the Y422F mixed-valence yeen N. T., Tamaki, S., Kobayashi, D., & Trollinger, D. (1988)
enzyme. Instead the data suggest that the Y422F mutation Gene 70191-197.
specifically affects reactions following CO dissociation in Landt, O., Grunert, H.-P., & Hahn, U. (199Gene 96 125-128.
the mixed-valence enzyme, e.g., if £becomes (partly)  Lemieux, L. J., Calhoun, M. W., Thomas, J. W., Ingledew, W. J.,
oxidized or structural changes occur upon oxidation of heme & Gennis, R. B. (1992)). Biol. Chem 267, 2105-2113.
a limiting the rate of CO recombination (Woodruff, 1993). Mitchell, D. M., & Gennis, R. B. (1995FEBS Lett 368 148~
When the enzyme is fully reduced, the FTI.R spectrum Rousseau, D. L., Ching, Y., & Wang, J. (1993) Bioenerg
(Figure 2) der.nonstrates.that the Y422F mutation dogs alter Biomembr 25, 165176,
the conformation at the binuclear center. However, this does shapleigh, J. P., & Gennis, R. B. (1992pl. Microbiol. 6, 635—
not result in any alteration of the CO recombination rate with  642.
the fully reduced enzyme. Shapleigh, J. P., Hill, J. J., Alben, J. O., & Gennis, R. B. (1992a)
Overall the data confirm that Y422 is in proximity to the ~_ J. Bacteriol 174 2338-2343. _
binuclear center, completely consistent with the recently Shapleigh, J. P., Hosler, J. P., Tecklenburg, M. M. J., Kim, Y.,
published crystal structure of the homologd®aracoccus Babcock, G. T., Gennis, R. B., & Ferguson-Miller, S. (1992b)

o . Proc. Natl. Acad Sci U.SA. 89, 4786-4790.
denitrificanscytochrome oxidase (Ilwata et al., 1995). The Wang, J., Takahashi, S., Rousseau, D. L., Hosler, J. P., Ferguson-

possibility that this tyrosine serves as the proton-donating miller, S., Mitchell, D. M., & Gennis, R. B. (1995Biochemistry
ligand proposed to play a role in the slowest pH-dependent 34, 9819-9825.

electron transfer reaction (Hafleet al., 1994) is ruled out ~ Wikstrom, M. (1977)Nature 266 271-273.

since this phase is the same in the mutant as in the wild- Wikstrom, M., & Krab, K. (1979)Biochim Biophys Acta 549
type enzyme. Similarly, Y422 cannot function as an alternate _177T222- ) )
axial ligand to hemeas and is not essential for proton Wikstrom, M., Bogachev, A., Finel, M., Morgan, J. E., Puustinen,

. . A., Raitio, M., Verkhovskaya, M., & Verkhovsky, M. I. (1949
pumping (Rousseau et al., 1993). Itis concluded that Y422 BiOChailtl‘T{OBiOphygrACl(L)éllilaEiy?alOG—lll.er oSy (1949)

does not have a specific role in oxidase function. Woodruff, W. H. (1993)J. Bioenerg Biomembr 25, 177—188.
Woodruff, W. H., Einarsdottir, O., Dyer, R. B., Bagley, K. A,
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