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Hypothesis

The active site of the cyanide-resistant oxidase from plant mitochondria
contains a binuclear iron center
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Abstract The cyanide-resistant, alternative oxidase of plant mi-
tochondria catalyzes the four-electron reduction of oxygen to
water, but the nature of the catalytic center associated with this
oxidase has yet to be elucidated. We have identified conserved
amino acids, including two copies of the iron-binding motif Glu-
X-X-His, in the carboxy-terminal hydrophilic domain of the alter-
native oxidase that suggest the presence of a hydroxo-bridged
binuclear iron center, analogous to that found in the enzyme
methane monooxygenase. Using the known three-dimensional
structures of other binuclear iron proteins, we have developed a
structural model for the proposed catalytic site of the alternative
oxidase based on these amino acid sequence similarities.
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1. Introduction

A major characteristic of plant mitochondria is the presence
of a cyanide- and antimycin-resistant ‘alternative’ oxidase in
addition to the conventional cytochrome ¢ oxidase [1]. This
terminal oxidase branches from the main respiratory chain at
the level of the ubiquinone pool, is not energy conserving,
reduces O, to H,O and is inhibited by primary benzohy-
droxamic acids such as salicylhydroxamic acid [1,2].

c¢DNA clones encoding the alternative oxidase protein have
been reported from several plant species, including Sauroma-
tum guttatum, Arabidopsis, soybean and tobacco [3-6], as well
as the yeast Hansenula anomala [7). Hydropathy analysis of the
deduced amino acid sequences of all alternative oxidase cDNAs
sequenced to date predicts that two regions, located roughly in
the center of the protein, are hydrophobic, strongly a-helical
and of sufficient length to be membrane spanning [1,3,7]. The
remainder of the protein is quite hydrophilic, with charged
residues distributed over much of its mass. The current model
for the structure of the alternative oxidase protein postulates
two large hydrophilic domains, on either side of the two mem-
brane-anchoring helices [1]. This model has both hydrophilic
domains located on the matrix side of the inner mitochondrial
membrane [8,9].

The ability of the alternative oxidase to reduce oxygen to
water suggests that the active site of the oxidase contains a
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coupled transition metal center, by analogy with other known
water-forming oxidases [10]. Previous metal analyses of par-
tially purified alternative oxidase preparations have been incon-
clusive; Fe, Cu and Mn have each been reported in varying
amounts [11-13]. Among the alternative oxidase amino acid
sequences, no motifs common to metal binding sites reported
for other proteins have been identified to date [1,3,7]. The best
evidence that iron is associated with the alternative oxidase
active site comes from the results of Minagawa et al. [14] who
found that induction of the alternative pathway in H. anomala
in the presence of antimycin and the Fe(II) chelator o-phenan-
throline led to the synthesis of the 36 kDa alternative oxidase
protein, but no measurable alternative pathway activity. The
subsequent addition of Fe(II} to the cells led to the rapid ap-
pearance of alternative pathway activity.

Analyses of isolated plant mitochondria using electron par-
amagnetic resonance (EPR) spectroscopy indicated neither any
resonances unique to plant mitochondria nor any whose redox
behavior were indicative of a specific association with the alter-
native pathway [15,16]. A partially purified alternative oxidase
preparation from Symplocarpus foetidus spadices also showed
no EPR resonances in either the oxidized or the dithionite-
reduced states and had no optical absorbance above 350 nm
[17]. Preliminary analysis of one S. foetidus preparation using
atomic absorption spectroscopy has indicated the presence of
iron (A.L. Umbach, unpublished observation).

The soluble form of the enzyme methane monooxygenase
catalyzes the hydroxylation of methane to methanol [18]. The
enzyme consists of three subunits in an a,f,y, arrangement,
with the a subunit containing the catalytic site at which the
hydroxylation reaction takes place. Based on physical proper-
ties and conserved amino acid sequence motifs, the active site
of the hydroxylase subunit contains a bridged binuclear iron
center having structural features analogous to other Fe-O-Fe
metalloproteins, such as hemerythrin, the R2 subunit of ribo-
nucleotide reductase and soluble eukaryotic fatty acyl desatu-
rases [19-21]. In all of these enzymes, the oxidized protein
contains antiferromagnetically coupled high-spin Fe(II1) atoms
[19,22]. In the fully reduced state, both iron atoms are Fe(II)
and remain coupled, although probably ferromagnetically [19].
As a result, these binuclear iron proteins show no standard
EPR signal in either the oxidized or fully reduced states. How-
ever, fully reduced [Fe(II)Fe(II)] methane monooxygenase does
display an integer spin EPR signal at g = 16 {23]. Unique to
methane monooxygenase among these binuclear iron proteins
is the absence of any optical absorbance above 300 nm in the
oxidized state [19,22].
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Fig. 1. Diagrammatic representation of the liganding pattern for the coupled binuclear iron center of the Methylococcus capsulatus methane
monooxygenase and the proposed center of the alternative oxidase. (A) The iron center of methane monooxygenase is coordinated by two histidines,
four glutamates, a bridging hydroxide, one water molecule and a bridging acetate [26]. All residues shown are conserved among methane monoox-
ygenases and within a wide range of other binuclear iron proteins [20,21]. (B) In the proposed active site of the cyanide-resistant, alternative oxidase,
conserved residues are arranged as outlined in the text to best accommodate the coupled binuclear iron center. The residue numbers refer to the amino

acid sequence for the unprocessed polypeptide from S. guttatum [3].

The three-dimensional structures of three binuclear iron pro-
teins (hemerythrin, the R2 subunit of ribonucleotide reductase
and the a subunit of methane monooxygenase) are currently
known [24-26]. The exact liganding side chains vary among the
different proteins but in every case, the iron center is buried
within a scaffold of four long (3035 residues) « helices organ-
ized in a four-helical bundle. In methane monooxygenase and
ribonucleotide reductase, two of the four helices in the bundle
each contain the sequence Glu-X-X-His, which is a recurring
motif in many oxo-bridged diiron proteins [20-22]. Both of the
histidines and one of the two carboxylates serve as monoden-
tate ligands to the iron atoms in the binuclear cluster, while the
second carboxylate acts as a bidentate ligand, bridging the two
iron atoms (Fig. 1A). The remaining protein ligands to the iron
atoms are provided by carboxylate residues, one in each of the
other two helices of the four-helical bundle. In methane
monooxygenase, the liganding histidines are further stabilized
within the structure by hydrogen bonding to the side chain of
a conserved carboxylate residue immediately N-terminal to the
glutamate residue within each opposing Glu-X-X-His se-
quence. Methane monooxygenase also differs from the R2 pro-
tein of ribonucleotide reductase by having a hydroxo species as
the bridging oxygen instead of a u-oxo group. The absorbance
in the 300400 nm region of ribonucleotide reductase has been
assigned to an oxo — Fe’* charge transfer band [27] which is
shifted to lower wavelengths when the oxygen is protonated

[28], accounting for the lack of electronic absorption above
300 nm in methane monooxygenase. An additional feature of
both the methane monooxygenase and ribonucleotide reduc-
tase active sites is the presence of a hydrophobic cavity formed
adjacent to the iron center by a series of conserved residues
within the four-helical bundle (Fig. 1A).

2. Results and discussion

The lack of any standard EPR signals as well as any absorb-
ance above 350 nm by the oxidized and fully reduced forms of
methane monooxygenase, unusual properties for a metallopro-
tein, was reminiscent of the partially purified alternative oxi-
dase [17] and led us to ascertain whether there were any amino
acid sequence similarities between these two proteins. Among
the four reported plant alternative oxidase sequences [3—6] and
an unpublished sequence from potato (L. McIntosh, personal
communication), each contains two conserved regions, Glu-
Glu-A-I-His and Asp-Glu-A-H-His, in the carboxy-terminal
hydrophilic domain of the protein (Fig. 2), beginning just be-
yond the second membrane-spanning region. These two motifs
correspond to those involved in ligating the binuclear iron
cluster of methane monooxygenase [26], with the single conser-
vative substitution of a glutamate for an aspartate residue next
to the liganding glutamate in the more N-terminal of the two
sequences (Fig. 2).
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Using this putative iron-binding motif in the alternative oxi-
dase, a model of a binuclear iron center in the protein was
developed. The four-helical bundle that forms the metal bind-
ing site in the well-characterized binuclear iron proteins con-
tains 30 to 35 residues per helical region [24-26], with two of
the four helices each containing one of the two Glu-X-X-His
motifs in the R2 protein and methane monooxygenase [25,26].
The total span from the first through the second Glu-X-X-His
motif in the alternative oxidase is just under 60 residues, neces-
sitating shorter helical spans than those present in the known
binuclear iron proteins.

Using the numbering for the unprocessed S. guttarum amino
acid sequence [3], and starting at Glu-268, we developed a
model containing four successive helices of 10 to 11 residues
each (Fig. 2). In this model, the two Glu-X-X-His iron-binding
motifs are located on helices 1 and 4, which are oriented anti-
parallel (Fig. 3), analogous to helices C and F in methane
monooxygenase. Helix 2 in this model contains a conserved
aspartate residue (Asp-283) located toward the amino terminus
which positions it to act as a ligand to iron atom Fel (analogous
to Glu-114 in Helix B of methane monooxygenase [26]) (Fig.
1A). Missing from this model is a conserved aspartate or gluta-
mate residue in Helix 3 that serves as the analogue to Glu-209
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Fig. 2. Comparison of the alternative oxidase deduced amino acid
sequences within the region of the proposed binuclear iron center. All
alternative oxidase sequences are aligned relative to the conserved glu-
tamate residue (Glu-270) of S. guttatum [3). The sequences represented
are for the unprocessed alternative oxidase proteins from soybean
(G.m.) [5), Arabidopsis (A.1.) [4], tobacco (N.1.) [6}, S. guttatum (S.g.)
[3] and H. anomala (H.a.) [7]. Bold residues represent amino acids that
are involved directly in the formation of the coupled binuclear iron
center, as outlined in the text. Dashes (=) denote residues identical to
those found in the soybean sequence, and dots (.) are used to indicate
breaks in the plant amino acid sequences needed to maximize the
alignment of conserved residues in the H. anomala sequence. Also
shown are the amino acid sequences of the iron-binding regions of other
binuclear iron proteins: M. capsulatus methane monooxygenase
(MMO) [20], E. coli ribonucleotide reductase R2 protein (R2) [20] and
castor bean stearoyl-ACP desaturase (Desat) [21].
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Fig. 3. Diagrammatic representation of the four a-helical bundle that
provides the iron-coordinating ligands in the proposed active site of the
alternative oxidase. The helices shown contain the amino acids from the
S. guttatum sequence (Fig. 2) and begin with the most amino terminal
of the four proposed helices (Helix 1). The triangular end on each
helical stretch is associated with the carboxy terminus of the helix.
Helices 1, 2, 3 and 4 of the alternative oxidase correspond to Helices
C, B, E and F of methane monooxygenase {20,26], respectively, which
conserves the topological orientation of the two iron-binding motifs
within the four helical scaffold.

in Helix E of methane monooxygenase and, hence, the final
carboxylate ligand to iron atom Fe2 [19]. Interestingly, the
soluble fatty acyl desaturases, which clearly contain a binuclear
iron center, also lack a conserved carboxylate in Helix B [21].
In addition, in the R2 protein of E. coli ribonucleotide reduc-
tase, Asp-84 in Helix B, the analogue to Glu-114 in methane
monooxygenase, acts as a bidentate ligand to Fel [25]. If Glu-
319 in Helix 4 were to doubly coordinate iron atom Fe2 in the
alternative oxidase active site in a fashion analogous to that of
Asp-84 binding to Fel in ribonucleotide reductase, the need for
the additional carboxylate ligand in Helix 3 would be elimi-
nated. Like methane monooxygenase, the conserved carboxyl-
ate residue adjacent to each Glu-X-X-His sequence is posi-
tioned to hydrogen bond to the liganding histidine of the
alternate Glu-X-X-His (Fig. 1B). Finally, a bridging hydroxo
atom is incorporated into the alternative oxidase active site
model (Fig. 1B) to account for the lack of absorbance above
300 nm, analogous to methane monooxygenase [19,22].

The four-helical bundle shown in Fig. 3 requires tight turns
containing three residues each at the Helices 1/2 and 2/3 junc-
tions. Analogous tight turns have been found previously in
proteins having a four helix-bundle motif [24,29]. The align-
ment of the two Glu-X-X-His iron-binding motifs on Helices
1 and 4 can be arranged exactly as found in methane monoox-
ygenase Helices C and F, respectively [26]. Helix 4 also contains
a conserved valine at position 315, three residues to the amino-
terminal side of Asp-318. This puts Val-315 in a position anal-
ogous to that of 1le-239 in methane monooxygenase (Fig. 1),
a residue that lines the hydrophobic pocket in the active site [26]
and is conserved as either an isoleucine or a valine among all
methane monooxygenases, ribonucleotide reductases and the
soluble fatty acyl desaturases (Fig. 2) [20,21]. In Helix 3 of the
proposed alternative oxidase active site, the conserved residue,
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Tyr-299, can be aligned within the hydrophobic pocket in the
position occupied by Ile-217 and Phe-212 in Helix E of methane
monooxygenase and the R2 protein of ribonucleotide reduc-
tase, respectively (Figs. 2 and 3). In ribonucleotide reductase,
Phe-212 combines with Phe-208 (equivalent to Thr-213 in meth-
ane monooxygenase) to line the hydrophobic pocket. In the
alternative oxidase, Ile-295 in Helix 3 occupies the position
analogous to Phe-208 of ribonucleotide reductase and is con-
served among all sequences. To summarize, using conserved
residues within the plant alternative oxidase amino acid se-
quence, a structural model incorporating a hydroxo-bridged
binuclear iron center held within a four-helix bundle, analogous
to the iron center in methane monooxygenase, can readily be
developed (Fig. 1B).

When the amino acid sequence reported for the yeast
H. anomala [7] is adapted to the model shown in Fig. 1B, the
degree of residue conservation within the proposed active site
between the yeast and the plant sequences is striking (Fig. 2).
Neglecting the conservative substitution of an isoleucine for
Val-315 in the hydrophobic pocket, the only modification is the
lack of a histidine in the Glu-X-X-His motif in Helix 1; this
residue is a serine in Hansenula (Fig. 2).

While serine could substitute for histidine as a ligand to Fel
in the active site, this is not an insignificant change, and it could
modify the physical properties of the Hansenula active site,
relative to that of the oxidase from plants. However, other
possibilities exist. A unique histidine occurs at position 241 in
the Hansenula sequence, at the carboxy-terminal end of Helix
1 (Fig. 3). His-241 would be located on the same face of Helix
1 as the other Fel ligands, but displaced laterally roughly 3.5
A and vertically along the helical axis about 6.0 A from the
position of the liganding His-273 in S. guttatum. His-241 could
be in a position to substitute for the missing histidine residue
of the Helix 1 Glu-X-X-His motif in Hansenula. There is some
precedent for this sort of substitution. Mutation of a cysteine
ligand (Cys-20) in the 4Fe-4S cluster of Azotobacter vinelandii
ferredoxin I to alanine resulted in a structural change that
allowed another cysteine, Cys-24, to supply the missing ligand
to the cluster [30]. On the other hand, the binuclear iron center
in hemerythrin differs from those found in methane monooxy-
genase and ribonucleotide reductase by the substitution of
three liganding carboxylate residues in the latter two proteins
with three histidines in hemerythrin. In spite of these marked
differences in ligands, which undoubtedly contribute to the
functional difference between the oxygen-binding hemerythrin
and the two oxygen-activating enzymes, many of the physical
properties between the two types of proteins are remarkably
similar [21,22].

Although no salicylhydroxamate-sensitive, cyanide-resistant
oxidase activity, analogous to the plant oxidase, has been re-
ported in any prokaryotic organism, Kumar and Soll [4] were
able to rescue a cytochrome ¢ oxidase-deficient mutant strain
of E. coli by expressing a plasmid-borne cDNA for the Arabi-
dopsis alternative oxidase in the bacterium. If the active site of
the alternative oxidase contains a binuclear iron center, it could
be assembled in the prokaryotic E. coli because the latter organ-
ism has the metabolic machinery needed to synthesize the binu-
clear iron center of ribonucleotide reductase.

The presence of a single binuclear iron center in the active
site of the alternative oxidase leads to an obvious complication
vis-a-vis the four-electron reduction of molecular oxygen to
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water. There is only enough capacity to accommodate two
electrons within the center between the fully oxidized and fully
reduced states. Steady-state kinetic analysis suggests that the
oxidase reacts with two molecules of reduced ubiquinone be-
fore binding and subsequently reducing molecular oxygen
[31,32]. An additional two-electron center in the oxidase seems
unlikely, given the lack of distinct spectroscopic signatures.
One possibility is that the four-electron reduced oxidase sug-
gested by the steady-state kinetic data actually represents the
two-electron reduced enzyme plus a bound molecule of reduced
ubiquinone. Clearly additional studies are needed to ascertain
whether the model presented here can account fully for the
catalytic activity of the alternative oxidase.
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