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A cytochrome ¢ oxidase model that consists of a cobalt(ll) porphyrin with a copper(l)
triazacyclononane macrocycle fastened on the distal face and an imidazole covalently
attached to the proximal face has been synthesized and characterized. Redox titrations
with molecular oxygen (O,) and cobaltocene were carried out, and O, was found to bind
irreversibly in a 1:1 ratio to the model compound. This O, adduct (a bridged peroxide)
can be fully reduced to the deoxygenated form with four equivalents of cobaltocene. The
model compound was adsorbed on an edge-plane graphite electrode, and rotating
ring-disk voltammetry was used to monitor the electrocatalytic reduction of O,. Four-
electron reduction of O, was observed at physiological pH.

Oxidative phosphorylation, a process re-
quired by all respiring organisms, involves
four-electron (4e ™) reduction of O, to H,O

duction of H,O, to water (0.8 V) at physio-
logical pH is exergonic and provides energy
for the formation of adenosine triphosphate

by the cytochrome c oxidase enzyme family
(1-4). The active site of cytochrome ¢ ox-
idase has recently been structurally defined
by x-ray diffraction (5). These structures
demonstrate that, as previously surmised
from indirect evidence, the O, binding-
activating site in cytochrome c oxidase is
composed of a myoglobin-like heme (heme
a;) and a copper atom (Cup) coordinated to
three imidazoles from histidine residues on
the “distal” side.

Many issues still remain controversial,
however, namely the role of Cu in O, binding
and the nature of the O,-bound intermediates
that may be present during the catalytic cycle.
The mechanism by which cytochrome ¢ oxi-
dase effects the 4e™ reduction of O, is not
fully understood. Most investigators have pro-
posed that the cycle passes through a peroxide
intermediate—the result of two sequential
le™ reductions of O, as it binds to Fe (2, 3).
There is disagreement concerning whether
peroxide is bound only to Fe or bridges both
Fe and Cu. Time-resolved resonance Raman
spectroscopy has failed to identify bound per-
oxide during catalytic turnover (6). It is es-
sential that neither superoxide nor peroxide
leak during catalytic reduction; these partially
reduced O, species are toxic. The limiting
reduction potential of the biological system,
0.3 V versus the normal hydrogen electrode
(NHE), is controlled by the reductant, cyto-
chrome c, and this potential is near the ther-
modynamic potential connecting O, with
H,0, at pH 7. If the two metal centers have
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and the generation of heat, which are the
primary functions of this enzyme (7).

These unresolved issues are the focus of
our study of synthetic models that mimic O,
activation and the catalytic overall 4e~, 4H™*
reduction performed by cytochrome ¢ oxidase
(8-11). We have developed a Co(Il) porphy-
rin with a Cu(I) triazacyclononane macro-
cycle fastened on the distal face and an imid-
azole covalently attached to the proximal
face. This model compound has structural and
functional features similar to those of the O,
binding site of enzymes in the naturally oc-
curring oxidase family. In our complex, both
metals are redox-active and can bind O,. We
describe here the synthesis of this synthetic
model (4, Scheme 1), characterize its O, ad-
duct, and demonstrate a stoichiometric cycle
that reduces O, by 4e™. We also report a
catalytic 4e ™ reduction of O, to H,O at phys-
iological pH when 4 is adsorbed on an edge-
plane graphite (EPG) electrode.

This cytochrome ¢ oxidase model com-
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an affinity for peroxide similar to that of S NH S NH
protons, the enzyme would waste little energy

getting to the peroxide stage. Subsequent re- 4 5
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Scheme 1. Scheme for the synthesis of the oxy cytochrome ¢ oxidase model (5) from the Michael
acceptor (1). Cobalt acetate [Co(OAC),] is added before the triaza cap to place cobalt(ll) selectively into
the porphyrin. Only then is copper inserted in the cap to form the bimetallic deoxy cytochrome ¢ oxidase
model (4). This is oxygenated to form 5, irreversibly.
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pound was synthesized by the “congruent mul-
tiple Michael addition” method (12) accord-
ing to Scheme 1. The Michael acceptor, 1,
was metallated with Co and then combined
with 1,4,7-triazacyclononane to form 2,
which was isolated by chromatography and
then allowed to react with 1-(3-aminopropyl)
imidazole to form a covalently linked imida-
zole-tailed compound, 3. The model com-
pound, 4, was then obtained by the metalla-
tion of 3 with CuBr. The method of synthesis
and the chemistry exhibited by 4 are com-
pletely consistent with the proposed structure
(13).

The Co(II)-Cu(I) complex, 4, strongly
binds O, in a precise 1:1 stoichiometry (Fig.
1). We believe that this very stable oxygen-
ated adduct, 5, contains a bridging peroxide
on the basis of three lines of evidence. First,
this very stable adduct, 5, exhibits a single
spot on thin-layer chromatography (TLC); its
mass spectrum shows a single parent ion 32
mass units above that of the deoxygenated
complex, 4. Second, the oxygenated adduct,
5, exhibits a peroxide-like 10, infrared (IR)
band at 804 cm ™! (180, 756 cm™!). Third,
quantitative reduction with four equivalents
of the le” reducing agent cobaltocene
(Cp,Co) cleanly regenerates the deoxygenat-
ed Co(II)-Cu(I) complex, 4.

The ease of binding of O, to 4 was
demonstrated by the lack of displacement of
bound O, under a continuous purge with
pure Ar. This reactivity differs dramatically
from that of the Cu-free compound (3),

L L e Bt s B e B

Absorbance (arbitrary units)

480

460
Wavelength (nm)

420 440

Fig. 1. Titration of O,. In the titration, measured
quantities of pure O, were added by syringe to a
sealed flask containing 3 X 1076 M 4 in toluene.
Curve a, No O, added; curve b, total of 1/4 equiv-
alent of O, added; curve ¢, total of 1/2 equivalent
of O, added; curve d, total of 3/4 equivalent of O,
added; curve e, total of 1 equivalent of O, added.
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which shows reversible O, binding that re-
sults in a Co-myoglobin-O,-like adduct.
The difference in reactivity between 3 and
4 demonstrates that the Cu plays a crucial
role in O, binding to 4.

It is notable that the Cp,Co spectral titra-
tion exhibits an isosbestic point between the
band maxima for 4 (at 418 nm) and 5 (at 444
nm). Apparently the first electron reduction
is rate-limiting because no intermediate redox
states were observed. This titration also sug-
gests that the intermediates are both kineti-
cally and thermodynamically unstable with
respect to the bridged peroxide 5 and the
deoxy complex 4. We repeated the quantita-
tive titration sequence (i) 1 O, and (ii) 4
Cp,Co four times, and each time the se-
quence showed the identical spectral peaks
and isosbestic point.

When adsorbed on an EPG electrode, the
bimetallic complex 4 catalyzes the 4e™ reduc-
tion of O, in aqueous solution at pH 7.3. We
demonstrated this overall catalytic 4e ™ reduc-
tion by using rotating ring-disk voltammetry
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Fig. 2. The 4e~ reduction of O, in a pH 7.3 buffer
solution. Buffer solution, 0.1 MNaCIO, + 0.025 M
phosphate buffer; disk area, 0.46 cm?; scan rate,
100 mV/s; collection efficiency, 0.12; ring poten-
tial, +1.1 V versus NHE. The disk potential where
limiting currents were measured was 0.15 V ver-
sus NHE. The ring and disk current scales are
different. In the Koutecky-Levich plot, w refers to
the rotation rate of the EPG electode, / is the
limiting current at a disk potential of 0.15V, and n
is the number of electrons involved in the reduc-
tion of O,.

(14). Between 0.3 and 0.16 V versus NHE, at
pH 7.3 O, is catalytically reduced at the
graphite disk; the Pt ring shows no evidence
of H,0, as a by-product. The intermediacy of
free H,O, in a two-step process was also ruled
out by an experiment that demonstrated that
the adsorbed catalyst does not reduce H,0O,
under N,. The 4e™ reduction was further
confirmed by the slope of a Koutecky-Levich
plot (15) (Fig. 2). These results are consistent
with the Cp,Co titration described above.

Whereas a direct 4e ~ reduction pathway
is followed at pH 7.3, a 2¢~ pathway occurs
in acidic solution below pH 1. This differ-
ence is probably due to the protonation of
the imidazole tail at low pH. In our exper-
iments with 4 on EPG at lower, more re-
ducing potentials, some H,O, was pro-
duced; our earlier 4e~ catalysts exhibited a
similar phenomenon (9).

Both the redox-active Cu complex and
an internal axial ligand are required by the
4e” reduction of O,; separate experi-
ments—one in which we used the Cu-free
complex 3 and another in which we used a
Co-Cu complex lacking the appended imid-
azole ligand— exhibited only 2e~ reduction
of O, to H,0,. This result strongly suggests
that Cu and a bridging peroxide intermedi-
ate are directly involved in the catalytic
4e” reduction of O, by compound 4 (16).

There are striking parallels between cyto-
chrome c oxidase and the functional model 4.
Both natural and synthetic systems effect 4e™
reduction of O, at physiological pH; neither
leaks H,0O, during catalytic O, reduction.
Each has two, different, redox-active, neigh-
boring metal centers that can collectively
bind and reduce O, by 2e™. Both the natural
Fe and synthetic Co porphyrins are fitted with
a “proximal” imidazole, which directs O,
binding to the “proximal,” intermetallic face.
It has been proposed that the enzyme passes
through a peroxide stage, although the obser-
vation of a peroxide intermediate in natural
systems is controversial (2, 3). The model 4
forms a bridged peroxide complex, 5, which is
undoubtedly a catalytic intermediate. In the
enzyme, addition of the third electron is
thought to induce peroxide O-O bond cleav-
age; similarly, the model-bridging peroxide is
decomposed on addition of le™. In neither
case is the rate-limiting step during catalysis
known. The model complex 4 has Co rather
than Fe, but the behavior of Co is known to
be similar to that of Fe in binding and acti-
vating O,. The present study is an important
first step in developing models from which the
catalytic function of cytochrome c oxidase
may be inferred.
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Enantiomeric Excesses in Meteoritic
Amino Acids

John R. Cronin and Sandra Pizzarello

Gas chromatographic—-mass spectral analyses of the four stereoisomers of 2-amino-
2,3-dimethylpentanoic acid (DL-a-methylisoleucine and DL-a-methylalloisoleucine) ob-
tained from the Murchison meteorite show that the L enantiomer occurs in excess (7.0
and 9.1%, respectively) in both of the enantiomeric pairs. Similar results were obtained
for two other a-methyl amino acids, isovaline and a-methylnorvaline, although the «
hydrogen analogs of these amino acids, a-amino-n-butyric acid and norvaline, were
found to be racemates. With the exception of a-amino-n-butyric acid, these amino acids
are either unknown or of limited occurrence in the biosphere. Because carbonaceous
chondrites formed 4.5 billion years ago, the results are indicative of an asymmetric
influence on organic chemical evolution before the origin of life.

The origin of homochirality, that is, the
almost exclusive one-handedness of the
chiral molecules found in terrestrial organ-
isms, is a key problem of the origin of life.
Both biotic and abiotic theories of homo-
chirality have been proposed (I). Accord-
ing to the former, life was initially based on
achiral molecules or racemates, and the use
of specific enantiomers came about through
evolution. In the latter, a tendency toward
homochirality is presumed to have been
inherent in chemical evolution, and thus
the asymmetry preceded the origin of life.
Meteorites, specifically the carbonaceous
chondrites, carry a record of the organic
chemical evolution of the early solar system
(2). It is reasonable to suppose that if some
asymmetric process influenced the formation
or degradation of organic compounds in the
parent molecular cloud, the solar nebula, or
the prebiotic solar system, then enantiomeric
excesses would have resulted and might still
be observable in the organic compounds of
carbonaceous chondrites. Evidence for such
an effect has been sought in the form of net
optical rotation by meteorite extracts (3), as
well as by directly measuring enantiomer ra-
tios of specific chiral compounds (4—6). The
results have been either negative or uncon-
vincing, the latter largely because of the sus-
picion of terrestrial contamination when
small excesses of the L enantiomers have been
reported in meteoritic amino acids that are
also common in the biosphere (7). Collective-
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ly, these results have given rise to the widely
held view that the chiral compounds of me-
teorites occur as racemic mixtures. In con-
trast, we report here the detection of enantio-
meric excesses in four amino acids indigenous
to the Murchison meteorite.

We initially targeted for study 2-amino-
2,3-dimethylpentanoic acid (2-a-2,3-dmpa),
an amino acid with two chiral centers and,
consequently, four stereoisomers (8) (Fig. 1).
This amino acid meets two important crite-
ria: (i) It is present in the Murchison mete-
orite (9) but has not been reported to occur
in terrestrial matter, and (ii) its two chiral
centers are resistant to epimerization because
one (C-2) lacks a hydrogen atom and the
other (C-3) has a methine hydrogen atom of
low acidity. Consequently, it is likely that
the chiral centers retained their original con-
figurations through the aqueous and mild
thermal processing experienced by the mete-
orite parent body (10) and that the original
enantiomer ratios have not been compro-
mised by contamination.

We synthesized 2-a-2,3-dmpa in the labo-
ratory as a mixture of the four stereoisomers
(9) and analyzed them individually by gas
chromatography-mass  spectrometry (GC-
MS) of their N-fluoroacyl isopropyl esters on
Chirasil-L-Val and Chirasil-D-Val capillary
columns. The four stereoisomers are well re-
solved on both phases (Fig. 2), although this
requires the use of N-pentafluoropropionyl
(PFP) isopropyl esters with the L phase and
N-trifluoroacetyl (TFA) isopropyl esters with
the D phase. The two diastereomeric pairs
were separated on Chirasil-L-Val but overlap
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