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ABSTRACT: Combined optical and resonance Raman studies have revealed the formation of an O2-adduct
upon exposure of 4e- chemically reduced stearoyl-acyl carrier protein∆9 desaturase to stearoyl-ACP and
1 atm O2. The observed intermediate has a broad absorption band at 700 nm and is remarkably stable at
room temperature (t1/2 ≈ 26 min). Resonance Raman studies using16O2 gas reveal vibrational features
of a bound peroxide [νs(Fe-O2), 442 cm-1; νas(Fe-O2), 490 cm-1; ν(O-O), 898 cm-1] that undergo the
expected mass-dependent shifts when prepared in16O18O or18O2. The appearance of two Fe-O2 vibrations,
each having a single peak of intermediate frequency with16O18O, proves that the peroxide is bound
symmetrically between the two iron atoms in aµ-1,2 configuration. The same results have been obtained
in the accompanying resonance Raman study of ribonucleotide reductase isoform W48F/D84E [P. Moe¨nne-
Loccoz, J. Baldwin, B. A. Ley, T. M. Loehr, and J. M. Bollinger, Jr. (1998)Biochemistry 37, 14659-
14663], thus making it likely that other members of the class II diiron enzymes form related peroxodiferric
intermediates. Study of the reactivity of peroxodiferric∆9D revealed that this intermediate underwent
2e- reduction leading to an oxidase reaction and recovery of the resting ferric homodimer. In contrast,
biological reduction of the same enzyme preparations using ferredoxin reductase and [2Fe-2S] ferredoxin
gave catalytic desaturation with a turnover number of 20-30 min-1. The profound difference in catalytic
outcome for chemically and enzymatically reduced∆9D suggests that redox-state dependent conformational
changes cause partition of reactivity between desaturase and oxidase chemistries. The∆9D oxidase reaction
represents a new type of reactivity for the acyl-ACP desaturases and provides a two-step catalytic precedent
for the “alternative oxidase” activity recently proposed for a membrane diiron enzyme in plants and
trypanosomes.

Enzymes containing oxo- or hydroxo- and carboxylato-
bridged diiron sites are a functionally and structurally diverse
group (1-3). Sequence alignments, catalytic properties,
spectroscopic studies, and crystal structures support the
division of this group into at least three, and perhaps four,
different classes (4-8). The class II diiron enzymes include
ribonucleotide reductase, RNR R21 (9), bacterial hydrocarbon
monooxygenases (10, 11), and acyl-ACP desaturases (12).
These enzymes have a similar protein fold that contains two

copies of the amino acid sequence (Asp/Glu)X∼40GluXXHis
separated by∼100 amino acids, and catalyze O2 activation
as part of their respective reaction cycles. Although the
protein folds are different, ferritins (7) and rubrerythrin (8)
also contain diiron centers that are closely related to the other
class II diiron enzymes, and catalyze O2 activation as part
of the ferroxidase reaction (13, 14).

Stearoyl-ACP∆9-desaturase (∆9D) is the best character-
ized acyl-ACP desaturase (15). This soluble, homodimeric
enzyme (Mr ≈ 84 kDa) catalyzes the NAD(P)H- and O2-
dependent introduction of a cis double bond between carbons
9 and 10 of stearoyl-ACP (18:0-ACP), yielding oleoyl-ACP
(18:1-ACP) with a turnover number of 20-30 min-1.
Optical, Mössbauer (16), RR (4), and EXAFS (17) studies
have shown that resting∆9D contains 4 mol of iron in two
oxo-bridged diferric centers, while an X-ray structure
revealed that 4e- reduced∆9D produced by photoreduction
had lost the oxo bridge (12). Furthermore, RR studies of
azido∆9D revealed aµ-1,3 bridged species and the absence
of the oxo bridge (18), which suggested that aµ-1,2 peroxy
intermediate could be formed during∆9D catalysis. The
structural variations revealed by these2 and related studies
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of other diiron enzymes (10, 11, 19) suggest substantial
flexibility in the carboxylate ligands (20).

The ability of the carboxylate ligands to permit rearrange-
ments at the metal center concomitant with changes in redox
state has emerged as a consistent feature of the proposed
catalytic mechanisms of diiron enzymes (10, 18-23).
Furthermore, reaction intermediates (24) including peroxo-
diferric (13, 25-27), bis-µ-oxo diiron(IV) (21, 27, 28), and
ferric-ferryl mixed valence (29-32) have been recently
identified. The previous paper in this issue describes the
RR characterization of a peroxodiferric intermediate of RNR
R2 isoform W48F/D84E (26). The vibrational data clearly
demonstrate that this intermediate has a symmetricµ-1,2
structure, while other work has shown that the corresponding
intermediate observed in the related RNR R2 isoform D84E
decays withk′ ≈ 0.59-0.93 s-1 to the yield the natural
product, a radical at Y122 (25).

In this work, optical, RR, and catalytic studies of both
biologically and chemically reduced∆9D are reported.
During multiple turnover, a biological electron-transfer chain
consisting of ferredoxin reductase and [2Fe-2S] ferredoxin
is required to introduce minimally 2e- to the resting ferric
enzyme. No evidence for a mixed valence [Fe(II)Fe(III)]
state has been obtained from either Mo¨ssbauer or EPR
studies, suggesting that the biological electron-transfer chain
will give 2e- reduction of one diferric center of the resting
enzyme to yield the diferrous state, while the other diiron
center will remain in the diferric state. In contrast, chemical
reduction produces an enzyme containing all ferrous sites
as shown by Mo¨ssbauer spectroscopy (16), which will herein
be called 4e- ∆9D. The present work reveals that 4e- ∆9D
can form a symmetricµ-1,2 peroxodiferric intermediate
whose structure is remarkably similar to that of RNR R2
D84E (25) and W48F/D84E (26). However, the∆9D
intermediate, which has only been detected by starting the
reaction with 4e- ∆9D, 18:0-ACP, and O2, decays via an
unanticipated 2e- reduction of the peroxodiferric center (or
a subsequent, undetected intermediate derived from this
species) to restore the resting, completely ferric enzyme. The
overall stoichiometry, O2 + 4e- + 4H+ f 2H2O, corre-
sponds to an oxidase reaction, which represents a new mode
of catalysis for the diiron desaturases.

MATERIALS AND METHODS

Sample Preparations.∆9D was obtained as previously
described (33), the protein concentration was determined by
dye binding (34), and the iron content was determined by
complexation with tripyridyl-S-triazine (35). Spinach holo-
ACP isoform I (>95% phosphopantetheinylation) was
produced by coexpressing a synthesized gene composed of
codons favored for high-level expression inEscherichia coli
with the gene forE. coli holo-ACP synthase (36). Holo-
ACP was converted to 18:0-ACP (>95%) usingE. coli acyl-
ACP synthase (37) modified to contain a C-terminal His6

tag. Holo- and acyl-ACP were quantitated by reaction of
Ellman’s reagent with the phosphopantetheine thiol group
of either holo-ACP or holo-ACP formed by treating acyl-
ACP with NH2OH. Further details of the ACP preparations
will be reported elsewhere. Reduction of anaerobic solutions
of ∆9D was accomplished by titration with concentrated
solutions of buffered sodium dithionite (16). After reduction,
anaerobic 18:0-ACP was added, and then the headspace of
the anaerobic cuvette was replaced with O2 (1 atm). Samples
for Raman spectroscopy were also prepared with16O18O (50
atom %18O, ICON, Summit, NJ) and18O2 (98 atom %18O,
ICON). Raman analysis of the16O18O gas showed the
expected distribution of 25%16O2, 50% 16O18O, and 25%
18O2. Samples were frozen in liquid nitrogen immediately
after preparation, and Raman spectra were obtained at room
temperature within 10 min.

Spectroscopic Measurements.Optical spectra were ob-
tained using a Hewlett-Packard 8452 diode array spectrom-
eter at 20°C. The rate of decay of peroxodiferric∆9D was
determined by nonlinear least-squares fitting using the
equationA(t) ) A(0)exp(-kappt) + A∞. A∞ was determined
by Kedzy-Swinbourne analysis (38). RR spectra were
obtained using a custom McPherson 2061 spectrograph (0.67
m, 1800 groove grating) using a Kaiser Optical holographic
super-notch filter with a Princeton Instruments liquid N2-
cooled (LN-1100PB) CCD detector with 3 cm-1 spectral
resolution. Excitation at 647.1 nm (40 mW) was provided
by a Coherent Innova 302 Kr laser. All spectra were
collected using a 90° scattering geometry on samples in
capillaries cooled by N2 gas that had been passed through
an ice bath. Absolute frequencies were obtained by calibra-
tion with aspirin and CCl4 and are accurate to(1 cm-1.
Isotope shifts, obtained from spectra recorded under identical
experimental conditions, were evaluated by abscissa expan-
sion and curve resolution of overlapping bands and are
accurate to(0.5 cm-1.

Product Determinations.Multiple turnover desaturation
reactions were performed at 20°C in Teflon-sealed vials
containing 250µL of 50 mM HEPES buffer, pH 7.8, 50
mM NaCl, 50 nmol of 18:0-ACP, 0.5 nmol of∆9D, 2 nmol
of Anabaena7120 vegetative ferredoxin, 1.5 nmol of
ferredoxin NADPH oxidoreductase, and 600 nmol of NAD-
PH. After either multiple or single turnover reactions, acyl
thioesters were converted to acyl alcohols using sodium
borohydride (39) and extracted with chloroform. The acyl
alcohols were converted to silyl derivatives using (N,O-bis-
[trimethylsilyl]acetamide) (Alltech Associates, Deerfield, IL).
Silyl alcohols were quantitated by gas chromatography using
an Econo-Cap SE-30 column (15 m× 0.53 mm, 1.2µm
film thickness, Alltech). The column was maintained at 200
°C, the injection port at 250°C, and the flame ionization
detector at 300°C. Helium carrier gas flow was 2.9 mL/
min. For these conditions, the following elution times were
observed: stearoyl alcohol, 15.5 min; oleoyl alcohol, 14 min.
H2O2 was determined spectrophotometrically at 650 nm by
using horseradish peroxidase to oxidize the chromogenic dye
2,2′-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid).

RESULTS

Although steady-state kinetic studies have been performed
on the acyl-ACP desaturases (15), comparable studies of

2 An MCD study of 4e- ∆9D and the 18:0-ACP complex of 4e-

∆9D revealed substantial changes in the diiron center upon complex
formation that are consistent with both diiron centers containing five-
coordinate sites in 4e- ∆9D and both diiron centers containing one
four-coordinate and one five-coordinate site in the complex (Y. Yang,
J.A.B., B.G.F., and E. I. Solomon, manuscript submitted for publica-
tion).
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single turnover catalysis have not been reported. In part,
this arises from the difficulty in preparing sufficient quantities
of 18:0-ACP to support these material-intensive experiments
(40, 41). However, our recent efforts to produce recombinant
18:0-ACP (23) have permitted the present examination of
the single turnover reactivity of 4e- reduced∆9D (4e- ∆9D).

Comparison of Rates for Autoxidation and Catalytic
TurnoVer. The single turnover autoxidation of 4e- ∆9D was
determined from reappearance of the 350 nm absorption band
arising from oxo-bridged diferric centers (4). The conversion
to the ferric state was slow (Table 1,k′ < 0.002 min-1) and
was not affected by the addition of∼102-103-fold molar
excess of pantotheinate, coenzyme A, methyl stearate, apo-
ACP, or holo-ACP (Table 1), revealing that neither substrate
analogues nor the protein portion of the natural substrate was
able to influence the reactivity of 4e- ∆9D. Likewise, the
reoxidation rate was not changed in the pH range 6-9 and
was not significantly increased at 40°C. Upon completion
of the autoxidation,>95% of the intensity of the original
340 nm absorption band was observed, suggesting near-
stoichiometric recovery of diiron centers in the diferric state.

For diferrous RNR R2, Table 1 shows that the overall rate
for single turnover oxidation of the natural isoform Y122 is
42-60 min-1 (42), while in RNR R2 isoform Y122F,
representing an enzyme form lacking the residue that is the
single turnover oxidation substrate, the rate of the autoxi-
dation is∼10 min-1 (43). Thus, despite the large difference
in the stability of tyrosine and phenylalanine to oxidation,
and despite the difference in the ultimate products of the
reaction, the reoxidation rates for RNR R2 isoforms Y122
and Y122F differ by only 6-fold (Table 1). In the case of
chemically reduced MMOH, Table 1 shows that the rate of
autoxidation in the absence of the component B effector
protein and substrate is 1.3 min-1 (44), while the multiple
turnover catalytic rate is increased by only∼10-fold to 10.2

min-1 upon addition of a suitable combination of the
component B effector protein and methane (24, 44).

In the absence of substrate, 4e- ∆9D has an∼104 slower
rate for single turnover autoxidation than RNR R2, RNR
R2 Y122F, or MMOH (Table 1). Moreover, although the
rate of reoxidation observed from 4e- ∆9D in the presence
of 18:0-ACP was increased by∼10-fold (Table 1,k′ ≈ 0.027
min-1) as compared to 4e- ∆9D alone, this rate is still 103-
fold slower than that expected from the rate determined for
catalytic desaturation (Table 1,k′ ≈ 20-30 min-1). These
behaviors are remarkably distinct from RNR R2 and MMOH
and suggest unanticipated mechanisms for control of the∆9D
catalytic cycle.

Peroxodiferric Intermediate in Autoxidation.Resting∆9D
has absorption bands at 320 and 340 nm that are typical for
oxo f Fe(III) charge transfer, whereas 4e- ∆9D has no
optical absorption in the visible region (4). The dotted line
in Figure 1 shows the optical spectrum of 4e- ∆9D exposed
to O2 gas (1 atm) in the absence of 18:0-ACP. No evidence
for the formation of intermediates in the slow autoxidation
was observed. Furthermore, no changes in absorption or
autoxidation rate were observed if either apo-ACP (10-fold
molar excess, lacking the functionally essential phospho-
pantetheine group) or holo-ACP (10-fold molar excess,
lacking an acyl chain) were added to the reduced enzyme
exposed to 1 atm O2. However, when 18:0-ACP was added,
a chromophoric complex with a broad absorption band at
700 nm and a shoulder at 380 nm was formed (solid line in
Figure 1). The intensity of the 700 nm band was dependent
on the concentration of 4e- ∆9D present and could be
increased by titration of 18:0-ACP into the reaction cuvette
(see below). Other experiments revealed that the same
optical spectrum was formed regardless of whether 18:0-
ACP was added before or after reduction or before or after
addition of O2.

Figure 2 shows RR spectra obtained by 647.1 nm
excitation of∆9D samples prepared with16O2, 16O18O (50%
isotopic enrichment), and18O2. When the O2 adduct of the
complex of 4e- ∆9D and 18:0-ACP was formed in16O2,
two features were observed at low frequency (442 and 490
cm-1) that have the expected energy forνs and νas of an
Fe-O2 bond, while another feature was observed at high
frequency (898 cm-1) that has the expected energy forν-
(O-O) of a metal-coordinated peroxide (26, 45, 46). Each
of the three vibrational bands observed in the16O2 samples

Table 1: Rates of Reoxidation for Diiron Enzymes in the Presence
of Various Substances

enzyme and substance product rate (min-1)

autoxidationa

4e- reduced∆9D aloneb <0.002
+ pantotheinate, CoA <0.002
+ methyl stearate <0.002
+ apo-ACP, holo-ACP <0.002
+ 18:0-ACP 18:0-ACP, 2 H2O 0.027

RNR R2 Y122Fc ∼10
MMOH aloned 1.3

+ component B 3.0
catalytic oxidatione

∆9D + 18:0-ACPf 18:1-ACP, 2 H2O 20-30
RNR R2 Y122c Y122• 42-60
MMOH + component B, CH4d CH3OH 10.2

a Rate for reappearance of the resting enzyme in the absence of a
natural substrate.b Autoxidation monitored by the appearance of the
µ-oxo charge transfer band at 350 nm after addition of the appropriate
compound to chemically reduced∆9D exposed to 1 atm O2. c Rate for
conversion of the indicated RNR R2 isoforms to the diferric state (42,
43). d Rate for conversion of reduced MMOH to diferric MMOH in
the absence or presence of component B and methane (24). e Rate of
catalytic oxidation leading to the formation of the standard product:
for ∆9D, 18:1-ACP; for RNR R2, Y122•; for MMOH, CH3OH.
f Turnover number calculated from∆9D multiple turnover atVmax in
the presence of NADPH, ferredoxin reductase,Anabaena[2Fe-2S]
ferredoxin, and 18:0-ACP.

FIGURE 1: Optical spectra of 4e- reduced stearoyl-ACP∆9

desaturase exposed to 1 atm of O2 gas in the presence (solid line)
or absence (dotted line) of 18:0-ACP.
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were symmetric, single peaks. In a sample prepared with
18O2, the low-frequency vibrational bands were shifted by
-17 and-19 cm-1 to 425 and 471 cm-1, respectively, while
the high-frequency band was shifted by-54 to 845 cm-1.
The magnitudes of the observed frequency shifts were
consistent with the change in mass expected for substitution
of isotopically labeled O2 into the chromophore. The low-
frequency peaks in the18O2 sample were also clearly
symmetric, single peaks, whereas theν(O-O) band appeared
to be a doublet. However, sinceν(O-O) for the16O2-adduct
was a single peak (898 cm-1), the doublet centered at 845
cm-1 in the 18O2 sample most likely arose from Fermi
resonance with an unidentified mode not normally enhanced
at this excitation wavelength. Fermi resonance has been
previously observed in the RR spectra of other peroxodiferric
model complexes (47) and in the17O2 complex of RNR R2
W48F/D84E, reported in the previous paper in this issue (26).

In the ∆9D sample prepared with16O18O, containing a
1:2:1 mixture of16O2, 16O18O, and18O2, the center of the
low-frequency vibrational bands appeared at 433 and 483
cm-1, respectively, while the center of the high-frequency
band appeared at 874 cm-1. For each vibrational band, the
frequency was nearly halfway between the frequencies
observed in the16O2 and18O2 samples, which was consistent
with partial change in mass. Furthermore, the use of16O18O
resulted in the resolution of all three vibrational bands [νs-
(Fe-O), νas(Fe-O), ν(O-O)] into triplet vibrational peaks.
Thus, for example, theν(O-O) peak in the mixed isotope
sample had a central component at 874 cm-1 and side
components at 845 and 898 cm-1 whose intensities cor-

responded to the fractions of16O18O (50%),18O2 (25%), and
16O2 (25%) present in the gas, respectively. The presence
of this triplet effectively ruled out asymmetric binding modes
such asη1 or µ-1,1, where two sets of triplets with vibrational
frequencies characteristic of either16O- or 18O-coordination
to the metal center would be expected. Furthermore, the
observedν(O-O) was considerably higher than that observed
for µ-η2:η2 peroxodicopper(II) complexes or oxyhemocyanin
[∼750 cm-1 (45, 48)]. Therefore, the vibrational spectra of
Figure 2 are most consistent with a symmetricµ-1,2 peroxy
structure in∆9D,3 which also establishes the fundamental
structural similarity of the peroxy level intermediates in the
two closely related diiron enzymes,∆9D and RNR R2
W48F/D84E.

Decay of Peroxodiferric∆9D. Figure 3A shows optical
spectra obtained during the decay of peroxodiferric∆9D,
while Figure 3B shows the time course of the change in
optical absorbance at 700 nm. During the decay, the loss
of the 700 nm band corresponding to peroxodiferric∆9D
and the reappearance of the oxof Fe(III) charge-transfer

3 The cis-µ-1,2 and gauche-µ-1,2 configurations cannot be distin-
guished by vibrational data at present.

FIGURE 2: RR spectra of peroxodiferric∆9D generated with (A)
16O2, (B) 16O18O (50 atom %18O), and (C)18O2 (98 atom %18O).
Each spectrum was obtained within 10 min after thawing and was
corrected for protein peaks by subtracting the 10 min spectrum
obtained 50 min after thawing. The peroxo intermediate essentially
disappeared after the first 10 min due to photodecomposition in
the laser beam.

FIGURE 3: Decomposition of peroxodiferric∆9D formed from∆9D
(43 µM holoprotein) and 18:0-ACP (140µM). (A) Optical spectra
obtained at 40 min intervals. The decrease in absorption at 700 nm
and the increase in absorption at 340 nm are as indicated. (B) The
time course of the absorbance change at 700 nm. The solid line is
a nonlinear least-squares fit assuming single-exponential decay of
peroxodiferric∆9D.
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bands were associated with a reasonably tight isosbestic point
at ∼420 nm. After accounting for a nonzeroA∞ using
Kedzy-Swinbourne analysis, plots of ln[(A(t) - A∞/A(0) -
A∞)] versus time were linear for the complete decay process.
Thus, the decrease in absorption at 700 nm was well fit with
a single exponential, and nonlinear least-squares fitting of
the experimental data gavekapp) 0.027 min-1. The stability
of peroxodiferric∆9D was not dependent on the presence
of O2 as replacement of the headspace in the optical cuvette
by repeated cycles of flushing with O2-free Ar caused no
change in the decay rate. Furthermore, the rate was
independent of∆9D concentration over a 4-fold range (20-
80 µM), suggesting that intramolecular 2e- transfer was
associated with the loss of the 700 nm absorption and return
of the enzyme to the resting state.

Gas chromatographic analysis revealed that 18:1-ACP was
not produced by the decay of peroxodiferric∆9D, while the
stearoyl chain was quantitatively recovered from total 18:
0-ACP (>90%). For these catalytic assays, the detection
limit for an oleoyl product relative to∆9D active sites present
was less than 0.5%. Likewise, a spectrophotometric assay
for H2O2 release based on horseradish peroxidase-catalyzed
dye oxidation revealed that no H2O2 was released during
decay of peroxodiferric∆9D. In similar assays, exogenously
added H2O2 was quantitatively recovered at less than 5% of
the molar amount of∆9D active sites present. After the
reoxidation was complete, an optical spectrum with nearly
identical intensity to that of the original resting∆9D
preparation was obtained. This reoxidation cycle was
repeated for three cycles with no loss in the ability to reform
peroxodiferric∆9D and with no decrease in the intensity of
the resting oxof Fe(III) charge-transfer band. Furthermore,
redox-cycled∆9D had multiple turnover activity (k′ ≈ 20-
30 min-1 for 18:1-ACP production, Table 1) indistinguish-
able from the activity of aliquots of the same∆9D
preparation not subjected to the single turnover reoxidation
cycle.

Stoichiometry of 18:0-ACP in the Peroxo Intermediate.
Figure 4A shows a titration of 18:0-ACP into a solution of
4e- ∆9D equilibrated with 1 atm O2. Due to the stability
of 4e- ∆9D in the presence of O2, and due to the relative
stability of peroxodiferric∆9D once formed, this titration
was performed at 20°C over ∼6 min. Addition of 18:0-
ACP aliquots caused the progressive appearance of the 700
and 380 nm absorption bands assigned to peroxodiferric
∆9D. The formation of this product was maximized after
the addition of∼2 mol of 18:0-ACP/mol of∆9D (Figure
4B), suggesting that one 18:0-ACP was bound per subunit
of 4e- ∆9D. Other experiments performed by rapid addition
of up to a 10-fold excess of 18:0-ACP revealed that no
additional intensity of the 700 nm band could be formed.
On the basis of the linear increase in absorption observed
during the titration, a molar absorptivity of 1200( 50 M-1

cm-1 was determined relative to the concentration of 18:0-
ACP added. While this value is similar to those determined
for other peroxodiferric intermediates, RNR R2 D84E
[∼1500 M-1 cm-1 (25)], MMOH [∼1500 M-1 cm-1 (27)],
and crystallographically characterized synthetic model com-
plexes [∼1500-3540 M-1 cm-1 (46, 49)], it does not
conclusively reveal whether one or two peroxo moieties are
present.

DISCUSSION

Many new insights into biological O2 activation have been
provided by study of RNR R2, MMOH, and synthetic active-
site mimics (50). Since RNR R2, MMOH, and∆9D have
similar protein folds, ligation environments, and hydrophobic
active sites, it is generally assumed that many aspects of their
catalytic cycles will be closely related (2, 50, 51). This
assumption has been validated by the similar Mo¨ssbauer
properties of the peroxodiferric intermediates of RNR R2
D84E (25), MMOH compound P (Hperoxo) (27), and ferritin
(13) and the similar Mo¨ssbauer properties of intermediate
X of RNR R2 (52) and 1e- reduced MMOH compound Q
(31). In combination with the previous study of RNR R2
W48F/D84E (26), this overall structural similarity has been
refined to include symmetricµ-1,2 peroxodiferric intermedi-
ates in two of the three members of the class II diiron
enzymes by use of vibrational spectroscopy.4 However, these
studies also reveal an unanticipated reactivity of 4e- ∆9D.

Structural EVidence for Peroxodiferric∆9D. The addition
of O2 to the complex of 18:0-ACP and 4e- ∆9D results in
the formation of a quasi-stable intermediate with a broad

4 A resonance Raman feature initially ascribed to the putative
peroxodiferric intermediate in MMOH (53) was later reported (54) to
be an artifact arising, in part, from difficulties in the subtraction of the
spectrum of 2-methylbutane cryosolvent used to prepare the freeze-
quenched samples.

FIGURE 4: Formation of peroxodiferric∆9D during titration with
18:0-ACP. (A) optical spectra obtained from successive addition
of 5 µL aliquots of 1.23 mM 18:0-ACP to 4e- ∆9D (40 µM
holoprotein). (B) The increase in absorbance at 700 nm plotted as
a function of moles of 18:0-ACP added per mole of∆9D dimer.
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absorption maximum at 700 nm. When compared to
oxyhemerythrin [ν(O-O) ) 844 cm-1 for η1 coordination
(55)] or oxyhemocyanin [ν(O-O) ) ∼750 cm-1 for µ-η2:
η2 coordination (45, 48)], the relatively highν(O-O) value
of 898 cm-1 observed for peroxodiferric∆9D is indicative
of a bridging peroxide structure (56), as is the observation
of two ν(Fe-O2) modes at 442 and 490 cm-1. Furthermore,
the accompanying paper on the peroxodiferric intermediate
of RNR R2 W48F/D84E reveals a remarkably similar RR
spectrum withν(O-O) at 870 cm-1, νs(Fe-O2) at 458 cm-1,
and νas(Fe-O2) at 499 cm-1 (26). For both enzymes, the
observation that the16O18O mixed isotope produces single
vibrational peaks split in a 1:2:1 pattern arising from the
isotopic composition of the gas strongly supports our
proposal that peroxide is coordinated to the class II diiron
enzymes in a symmetric fashion, such as aµ-1,2 structure.
This proposal is also consistent with the ability of azide to
coordinate to resting∆9D to form a µ-1,3 azidodiferric
structure (18).

Functional Properties of Peroxodiferric∆9D. Despite the
structural similarities of the peroxodiferric intermediates
detected in∆9D and RNR R2, the functional properties of
these two species differ significantly. For example, peroxo-
diferric RNR R2 D84E accumulates in air-saturated buffer
and then decays witht1/2 of ∼6 s to give the expected
oxidation product Y122• (25), while peroxodiferric RNR R2
W48F/D84E is more stable by∼4-fold and decays to
generate a small amount of Y122• (26). In contrast,
peroxodiferric∆9D accumulates to high levels, but only
when 4e- ∆9D, 18:0-ACP, and 1 atm O2 are present:
omission of 18:0-ACP or the substitution of air-saturated
buffer does not support formation of this peroxy intermediate.
The titration data of Figure 4 indicate that 18:0-ACP binds
tightly to 4e- ∆9D, that 18:0-ACP binding linearly correlates
with formation of the peroxy intermediate, and that each
subunit of the∆9D dimer can bind a substrate molecule.
Peroxodiferric∆9D then decays by a first-order process with
t1/2 of ∼26 min without detectable desaturation of 18:0-ACP,
but likewise without detectable release of H2O2. This decay
yields resting∆9D in essentially quantitative recovery with
respect to diferric centers as judged by optical spectroscopy
and with respect to catalytic activity as judged by subsequent
18:1-ACP production using the enzymatic electron-transfer
chain.

It is generally concluded that flexibility of the diiron center
ligation environment has a major impact on catalysis (10,
18-23). In this regard, the stability of the peroxodiferric
intermediate described here may arise from only relatively
minor alterations in conformation associated with inappropri-
ate redox state, ligation pattern, or Fe-Fe distance. The
elucidation of how, or if, these alterations permit stable
intermediates to be converted into more reactive states will
likely provide further insight into O2 activation by diiron
centers.

Oxidase Chemistry of 4e- ∆9D. Chemically reduced∆9D
(containing 4e- in two diferrous sites) has a 104-fold lower
reactivity with O2 than either RNR R2 or MMOH, suggesting
that ∆9D has a unique mechanism to prevent autoxidation.
Moreover, 4e- ∆9D has∼103-fold lower reactivity with O2

in the presence of 18:0-ACP than enzymatically reduced∆9D
(possibly containing one diferrous cluster and one diferric
cluster within the same dimeric protein, since a mixed

valence state has not been observed). These observations
suggest that the overall redox state of∆9D may be an
important determinant of the outcome of catalysis. Figure
5 shows proposed models accounting for the differences in
catalytic properties of chemically reduced and enzymatically
reduced∆9D. We propose that 4e- chemical reduction of
∆9D produces a conformation that enforces oxidase chem-
istry (Figure 5A). The oxidase reaction occurs via the
formation of an enzyme-bound peroxodiferric species and
ultimately leads to recovery of resting∆9D. In these
experiments, diferrous centers are the only likely source of
reducing equivalents.5 Thus, the in vitro oxidase reaction may
involve an intramolecular electron transfer between diferrous
and peroxodiferric centers in different subunits of the enzyme
(60). In principle, the 2e- reduction of either a peroxodiferric
center or a high valent intermediate produced by homolysis

5 The 700 nm band was quickly lost upon addition of either sodium
dithionite or reduced [2Fe-2S] ferredoxin, and resulted in the reap-
pearance of the oxof Fe(III) charge-transfer band of resting∆9D
(J.A.B. and B.G.F., unpublished results). Therefore, an alternative
electron-transfer pathway related to that proposed for residue W48 of
RNR R2 (9, 57-59) may also be present in∆9D, which has a
structurally analogous tryptophan, W62.

FIGURE 5: Oxidase and desaturase pathways of∆9D differentiated
by the overall redox state. (A) oxidase pathway initiated by 4e-

chemical reduction. The origin of the oxo bridge (O2 or solvent) in
the resting enzyme produced after the oxidase reaction is not
specified. (B) multiple turnover desaturation pathway initiated by
2e- enzymatic reduction of one diiron center of the dimeric resting
enzyme. The use of alternating active sites is hypothesized to
coordinate the transfer of reducing equivalents, substrate binding
(18:0-ACP and O2), and product release (18:1-ACP). The kinetic
order of addition of reducing equivalents and substrates is not
known.
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of the O-O bond in the peroxodiferric center are possible
mechanisms to restore resting∆9D. These options cannot
be distinguished at present.

Mechanistic Implications of OxidaseVersus Desaturase
Reactions.The observation that the oxidase reaction occurs
on 4e- ∆9D, but that acyl-ACP desaturation does not, implies
that multiple turnover catalysis may normally proceed via a
“half-site” reactivity (Figure 5B), which has also been
described for RNR R2 (61). Presently, the kinetic order for
addition of reducing equivalents, O2 and 18:0-ACP, and for
the release of 18:1-ACP is not known for∆9D. Likewise,
a peroxodiferric intermediate has not been established for
desaturase catalysis, but remains an attractive possibility. One
possible advantage of the redox-cycle gated process sum-
marized in Figure 5B would be that 18:0-ACP binding to
the unreacted subunit could be coordinated with 18:1-ACP
release from the other subunit. Furthermore, these confor-
mational changes may be associated with activation of
various O2 adducts during the catalytic cycle. We postulate
that a complete loading of electrons and 18:0-ACP onto the
∆9D dimer by chemical reduction may disrupt this cycle,
thus allowing for the observed oxidase chemistry.

Biological Implications of the Oxidase Reaction.Although
the autoxidation of 4e- ∆9D in the presence of 18:0-ACP is
∼103-fold slower than the desaturation of 18:0-ACP by
biologically reduced∆9D, this autoxidation chemistry
provides a route to restore resting∆9D without yielding
deleterious products such as H2O2. Since∆9D is found in
long-lived organelles such as the chloroplast and plastid,
which also contain substantial levels of reducing equivalents,
evolutionary selection may have provided∆9D a control of
diiron center reactivity that has not been necessary in RNR
R2 and MMOH, which are both from more rapidly growing
bacteria.

∆9D appears to be able to perform oxidase chemistry using
4e- entirely from diiron centers without oxidation of active-
site amino acids. In contrast, RNR R2 performs an oxidase
reaction using 2e- from a diferrous center, 1e- from Y122,
and 1e- from an exogenous source. MMOH fromMethy-
lococcus capsulatus(Bath) has also been proposed to convert
between hydroxylase and oxidase activities as a function of
component B (62). This process is of obvious relevance to
the oxidase reactivity reported here, however, no enzyme
intermediates were detected during these previous studies.

The 4e- reduction of O2 to 2H2O without acyl desaturation
and without H2O2 release described here represents a new
mode of catalysis for∆9D that is further supported by the
identification of a key intermediate in the reaction. This
demonstration of oxidase catalysis is consistent with the rapid
increase in the number of functions reported for diiron
enzymes in the past few years (51, 63). In this regard, the
“alternative oxidase” from fungi, plants, and trypanosomes
has recently been proposed to be a diiron enzyme having
repeats of the sequence motif GluXXHis (6, 64-66).
Although further studies, including confirmation of the metal
binding motif and the verification of a spin-coupled iron
environment, are required, the catalytic and spectroscopic
properties reported here for single turnover preparations of
4e- ∆9D may indeed provide a mechanistic framework for
further investigation of the “alternative oxidase” reaction by
the putative membrane diiron centers.
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