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ABSTRACT: Resonance Raman spectroscopy has been used to study the effects of substrate binding (stearoyl-
acyl carrier protein, 18:0-ACP) on the diferric centers ofRicinus communis18:0-ACP∆9 desaturase.
These studies show that complex formation produces changes in the frequencies ofνs(Fe-O-Fe) and
νas(Fe-O-Fe) consistent with a decrease in the Fe-O-Fe angle from∼123° in the oxo-bridged diferric
centers of the as-isolated enzyme to∼120° in oxo-bridged diferric centers of the complex. Analysis of
the shifts inνs(Fe-O-Fe) andνas(Fe-O-Fe) as a function of 18:0-ACP concentration also suggests that
4e--reduced∆9D containing two diferrous centers has a higher affinity for 18:0-ACP than resting∆9D
containing two diferric centers. Catalytic turnover of a stoichiometric complex of 18:0-ACP and∆9D
was used to investigate whether an O-atom from O2 would be incorporated into a bridging position of the
resultantµ-oxo-bridged diferric centers during the desaturation reaction. Upon formation of∼70% yield
of 18:1-ACP product in the presence of18O2, no incorporation of an18O atom into theµ-oxo bridge
position was detected. The result with 18:0-ACP∆9 desaturase differs from that obtained during the
tyrosyl radical formation reaction of the diiron enzyme ribonucleotide reductase R2 component, which
proceeds with incorporation of an O-atom from O2 into theµ-oxo bridge of the resting diferric site. The
possible implications of these results for the O-O bond cleavage reaction and the nature of intermediates
formed during∆9D catalysis are discussed.

18:0-ACP ∆9 desaturase (∆9D)1 catalyzes the O2- and
NAD(P)H-dependent introduction of a double bond between
carbons 9 and 10 of 18:0-ACP to yield 18:1-ACP (1, 2).
This soluble homodimeric enzyme (Mr 84 000) contains a
diiron cluster in each subunit. An EXAFS and Mo¨ssbauer
study of resting∆9D revealed a distribution of spectroscopi-
cally distinguishable diiron centers, with the∆EQ values
(Table 1) and Fe-Fe distances of 3.12-3.15 and 3.41-3.43

Å consistent with the presence of both oxo- and hydroxo-
bridged centers (3).

Previous studies of∆9D have revealed several unique
aspects of reactivity relative to other diiron enzymes. MCD
studies of 4e- ∆9D revealed that both iron sites of the diiron
center have a 5-coordinate square pyramidal geometry (4),
which is consistent with the geometry observed in the
photoreduced crystals (5). However, 4e- ∆9D is relatively
stable in the presence of O2 and has an autoxidation rate of
<0.002 min-1 (6). For comparison, the autoxidation rates
of the diferrous states of the related diiron enzymes RNR
R2 Y122F (7, 8) and MMOH (9) are∼103-fold faster (10
and 1.3 min-1, respectively).

∆9D requires an acyl-ACP as the substrate for efficient
desaturation catalysis (6, 10), and the increase in reactivity
observed with increased acyl chain length arises from
utilization of hydrophobic binding energy to enhance ca-
talysis (kcat andkcat/KM) rather than binding (KM) (10). As a
physical indication of how binding energy might enhance
catalysis, MCD studies revealed that the addition of sto-
ichiometric 18:0-ACP to 4e- ∆9D changed one iron site of
the diiron center to a 4-coordinate distorted tetrahedral
geometry while the second iron site assumed a 5-coordinate
distorted trigonal bipyramidal geometry (4). This substrate-
induced rearrangement of the diiron center produced changes
in the redox-active orbitals that were postulated to enhance
the reactivity with O2 (4, 11). Correspondingly, the addition
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of O2 to the complex of 18:0-ACP and 4e- ∆9D resulted in
the stoichiometric pseudo-first-order appearance of aµ-1,2-
peroxo species (6) at a rate of 87 s-1 at 24°C (12), ∼105-
fold faster than the autoxidation observed in the absence of
18:0-ACP. This intermediate has a broad optical absorption
at ∼700 nm and exhibitsν(O-O) of 898 cm-1 in the RR
spectrum (6). Intermediates with similar optical and RR
properties have been observed in RNR R2 W48F/D84E (13)
and ferritin (14). However, unlike the peroxo intermediates
observed in these other diiron enzymes, the Mo¨ssbauer
spectrum of peroxo∆9D revealed asymmetric sites within
the peroxodiferric center (12). Furthermore, in contrast to
the reactivity of all other enzymic peroxodiferric complexes,
decay of peroxo∆9D was slow (0.027 min-1 at 25°C), and
resulted in stoichiometric formation of an asymmetric,
diamagnetic diferric state termed peroxo-cycled∆9D (12)
without formation of 18:1-ACP and without release of
H2O2 (6).

In combination, these studies suggest that the complex of
4e- ∆9D and 2 mol of 18:0-ACP assumes an arrested
configuration that is capable of forming a peroxo complex
but that is incapable of proceeding further into the normal
desaturation cycle. However, when treated with the biological
reduction system of NADPH, Fd, and FdR, the same
preparations of resting∆9D, peroxo∆9D, or peroxo-cycled
∆9D give steady-state turnover of 18:0-ACP to 18:1-ACP
with kcat of 0.3-0.5 s-1 (6, 12). To reconcile the disparate
reactivities observed for chemically reduced 4e- ∆9D and
biologically reduced∆9D, we have hypothesized that the
ordering of redox state changes, substrate binding, and
product release have important influences on the outcome
of the ∆9D reaction (6). In this regard, MCD (4) and
Mössbauer photolysis (12) studies have shown that 18:0-
ACP binding perturbs the diferrous centers, reemphasizing
the potential contributions of 18:0-ACP binding to the O2

activation step(s) required for catalysis.
Spectroscopic studies of diiron enzymes using isotopically

labeled O2 have also given insight into the coordination
geometry of the diferric and peroxodiferric states (6, 13-
16), the potential rearrangements of O-atoms upon formation
of reactive intermediates (17-20), as well as the fate of
O-atoms upon conversion of reactive intermediates back to
the resting state (15, 16). Our initial RR experiments with
4e- ∆9D revealed that an O-atom derived from O2 was not
incorporated into a bridging position in resting∆9D (16).

However, due to uncertainties introduced by a subsequently
characterized autoxidation in the absence of acyl-ACP (6),
the question of the disposition of O-atoms from O2 during a
catalytic desaturation reaction has remained unresolved.

Here we report RR studies on the effects of 18:0-ACP
binding on peroxo-cycled∆9D and resting∆9D. The
observed shifts in vibrational frequencies indicate (1) con-
formational changes affecting diferric center geometry and
(2) redox-associated changes in 18:0-ACP binding affinity.
Furthermore, high-yield single-turnover desaturation of 18:
0-ACP to 18:1-ACP does not correspond with the incorpora-
tion of an O-atom from O2 into a bridging position of the
resultantµ-oxo-bridged diferric center. These catalytic and
spectroscopic results are distinct from those provided by RR
and17O-ENDOR studies on the related diiron enzyme RNR
R2 (15, 17-19), suggesting an alternative route for the O-O
bond cleavage step during∆9D catalysis.

MATERIALS AND METHODS

Proteins and Reagents.∆9D was overexpressed in
Escherichia coliBL21 (DE3) and purified as previously
described (21). The protein concentration was determined
by optical spectroscopy (ε340 ) 8400 M-1 cm-1 per dimer).
Spinach apo-ACP isoform I was overexpressed inE. coli
BL21(DE3), converted to holo-ACP by in vitro reaction with
holo-ACP synthase, and converted to 18:0-ACP by reac-
tion with E. coli acyl-ACP synthase (22). Acyl-ACP and
holo-ACP were quantitated by use of 5,5′-dithiobis(2-
nitrobenzoic acid) (23). FdR (24) and Fd (25) were overex-
pressed inE. coli, purified by standard chromatographic
methods, and quantitated by optical spectroscopy (FdR,ε456

) 10 700 M-1 cm-1; Fd,ε278 ) 15 700 M-1 cm-1). NADPH
was from Sigma (St. Louis, MO) and quantitated by optical
spectroscopy (ε340 ) 6200 M-1 cm-1). 18:0, G6P, and
G6PDH were from Sigma. Isotopically labeled18O2 (97%
18O content) and18OH2 (97%18O content) were from ICON
(Summit, NJ).

Sample Preparations.Chemically reduced 4e- ∆9D (2-3
mM diiron centers) was produced as previously described
(6, 12). To form peroxo∆9D, O2 was flushed into the
headspace of a Teflon septum-sealed conical-bottom reaction
vial containing 4e- ∆9D. After a short equilibration time,
18:0-ACP (2-3 mM) was added and peroxo∆9D formed
rapidly. To form peroxo-cycled∆9D, peroxo∆9D was

Table 1: Resonance Raman and Mo¨ssbauer Parameters ofµ-Oxo/Hydroxo Diiron(III) Enzymes

enzyme
νs(Fe-16O-Fe)

(cm-1)
νas(Fe-16O-Fe)

(cm-1)
Fe-O(H)-Fe

angle (deg)
δ(Fe)

(mm/s)
∆EQ

(mm/s)
doublet

percentagea references

peroxo-cycled∆9D 528 733 120b 0.57 1.91 48 this work, (6, 12)
0.52 1.41 48

resting∆9D 520-521 746-747 123b, 122c 0.54 1.53 72 (16, 37)
145d 0.49 0.72 21

0.50 2.20 7
met RNR R2 493 756 108e 0.55 1.62 50 (13, 38)
resting MMOH 88, 106f 0.51 1.16 48 (39)

0.50 0.87 48
ferritin 0.62 1.06 100 (40)
rubrerythrin 514 101g 0.53 1.60 100 (41, 42)

a Percentage contribution of the indicated quadrupole doublet to the total iron content.b Fe-O-Fe angle calculated from RR data according to
reference (30). c Fe-O-Fe angle calculated from EXAFS data for an Fe-Fe distance of 3.12-3.15 Å and an Fe-O distance of 1.79 Å.d Fe-
OH-Fe angle calculated from EXAFS data for an Fe-Fe distance of 3.41-3.43 Å and an Fe-OH distance of 1.79-1.80 Å. e-g X-ray crystallography
(43-45).
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exposed to air for∼2 h at room temperature, transferred to
a RR capillary tube, and frozen in liquid nitrogen. To form
[µ-18O]peroxo-cycled∆9D, the sample was prepared as
above in18OH2 buffer.

To determine the exchange rate of theµ-oxo bridge,
samples of resting [µ-18O]-∆9D were prepared by dilution
of resting∆9D into 18OH2 buffer and reconcentrated using
a Microcon YM30 concentrator (Millipore, Danvers, MA).
Samples of resting [µ-18O]-∆9D complexed with 18:0-ACP
were prepared in microfuge tubes by the addition of
concentrated 18:0-ACP. The [µ-18O]-enriched samples were
then diluted into16OH2 buffer, incubated at 25°C, transferred
into a RR capillary tube at the appropriate time during the
exchange reaction, and frozen in liquid nitrogen. Samples
were analyzed by RR for the appearance ofνs(Fe-16O-Fe)
at ∼520 cm-1.

Catalytic Reactions.Reactions of stoichiometric mixtures
of ∆9D and 18:0-ACP were carried out in conical-bottom
reaction vials at room temperature. For reaction with16O2,
∆9D (180 nmol of diiron centers), 18:0-ACP (180 nmol),
Fd (∼1 nmol), FdR (∼1 nmol), and an NADPH regeneration
system consisting of G6PDH (70 nmol) and excess G6P were
combined in 60µL of 100 mM phosphate, pH 7.5, containing
50 mM NaCl. The reaction vial was left open to air, and an
aliquot of NADPH (10 nmol) was mixed into the solution
to initiate the reaction. For RR characterization, a portion
of the reaction mixture (15µL) was transferred to a capillary
tube and frozen by immersion in liquid nitrogen within 1.5
min. For 18:1 determination, a portion of the reaction mixture
(5 µL) was quenched into 100µL of tetrahydrofuran at the
same time.

For reaction with18O2, the enzyme mixture described
above was placed in a Teflon septum-sealed conical-bottom
reaction vial and made anaerobic by repeated flushing and
refilling with O2-free, hydrated Ar gas. A gastight syringe
was then used to introduce18O2 gas (∼4 mL at 1 atm) into
the reaction vial. The reaction was initiated by the addition
of NADPH (10 nmol), and samples for RR characterization
and 18:1 determination were prepared as described above
within 2.5 min.

Product Determinations.The 18:0 and 18:1 thioester bonds
in the tetrahydrofuran-quenched reaction mixtures were
reductively cleaved to yield 18:0 and 18:1n-alcohols by the
addition of sodium borohydride (26). The fattyn-alcohols
were extracted with chloroform and derivatized withN-
methyl-N-trimethylsilyl trifluoroacetamide. The silyl ether
products were analyzed (10) using a Hewlett-Packard 6890
GC equipped with a Hewlett-Packard 7683 auto injector and
5MS column (30 m× 0.25 mm, 0.25µm film thickness)
connected to either a flame ionization detector or a Hewlett-
Packard 5973 mass sensitive detector. Under the conditions
utilized, the 18:1- and 18:0-silyl ethers eluted at 15.9 and
16.5 min, respectively. The fractional desaturation was
calculated by dividing the 18:1 peak area by the sum of the
18:0 plus 18:1 peak areas, and the total nanomoles of
18:1-ACP formed during the reaction was calculated by
multiplying the total nanomoles of 18:0-ACP introduced into
the reaction by the fractional conversion.

To ascertain the presence of18O2 in the appropriate
reaction vials, purified toluene 4-monooxygenase (27) and
toluene were added by a gastight syringe to the sealed
reaction vial and allowed to react. The product of this

reaction,p-cresol (27), was analyzed by tandem GC and
electron impact ionization (70 eV) mass spectrometry for
the percentage of products having either16O incorporation
(m/z ) 107, 108) or18O incorporation (m/z ) 109, 110).
Authentic standards of [16O]-p-cresol gave two mass peaks
with m/z ) 107 and 108 in a nearly equal intensity ratio. To
determine the fraction of18OH2 in isotopically enriched
buffer, aniline was converted to the azido salt by treatment
with HONO (28) and quenched with18O-containing water
from the appropriate reaction mixture to yield phenol with
the incorporated O-atom derived from water. This product
was analyzed for isotopic content as described above.

Spectroscopic Measurements.Optical absorption spectra
were obtained using a Hewlett-Packard 8452A diode array
spectrophotometer. RR spectra were obtained using a custom
McPherson 2061 spectrograph set to a focal length of 0.67
m, a 2 cm-1 spectral resolution, and a 2400 groove/mm
grating. The Rayleigh scattering was attenuated by a Kaiser
Optical holographic super-notch filter, and the Raman-
scattered light was focused onto a Princeton Instruments
liquid N2-cooled (LN-1100PB) CCD detector. A Coherent
Innova 90-6 Ar ion laser provided excitation at 350.7 nm.
Spectra were obtained in a 150°-backscattering geometry
from samples cooled to 15 K on the cold head of a Displex
(Air Products), or from samples cooled to 90 K in capillaries
inserted into a copper coldfinger in a Dewar flask filled with
liquid N2 (29). Absolute frequencies were obtained by
calibration with powdered aspirin and CCl4 and are accurate
to (1 cm-1. Isotope shifts, obtained from spectra recorded
under identical experimental conditions, were evaluated by
abscissa expansion and curve resolution of overlapping bands
and are accurate to 0.5 cm-1.

RESULTS AND DISCUSSION

Peroxo-Cycled∆9D Complex.Previous optical and Mo¨ss-
bauer titrations showed that peroxo∆9D formation was
maximized upon the addition of 1 mol of 18:0-ACP per
diiron center present in 4e- ∆9D (6, 12), implying tight,
stoichiometric binding of 18:0-ACP. Furthermore, Mo¨ssbauer
analysis revealed that decay of peroxo∆9D to peroxo-cycled
∆9D produced asymmetric diferric centers that maintained
the bound 18:0-ACP. Thus, the samples of peroxo-cycled
∆9D used to obtain the RR spectra shown in Figure 1 were
produced with a similar 1:1 stoichiometry of 18:0-ACP and
diiron centers. Table 1 contains a summary of the RR
parameters determined from this work along with compara-
tive spectroscopic data from other studies.

Figure 1A shows the RR spectrum obtained from 350.7
nm excitation of resting∆9D (16). The features at 521 and
746 cm-1 correspond toνs(Fe-O-Fe) andνas(Fe-O-Fe),
respectively. Upon the basis of earlier model studies (30,
31), these features allowed us to calculate the Fe-O-Fe
angle in resting∆9D to be∼123°, a value entirely consistent
with the 122° calculated from the distances for Fe-O and
Fe-Fe (1.78-1.80 and 3.12-3.15 Å, respectively, for the
oxo-bridged species, 72% of total iron) subsequently deter-
mined by EXAFS (3). Figure 1B shows the RR spectrum of
resting ∆9D obtained in18OH2 buffer. In this spectrum,
νs(Fe-O-Fe) andνas(Fe-O-Fe) have shifted to 504 and
712 cm-1, respectively, confirming the presence of18O in
the Fe-O-Fe moiety.
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Figure 1C shows the RR spectrum of peroxo-cycled∆9D.
In this spectrum, vibrational bands were observed at 528 and
733 cm-1, which are also in the expected frequency range
for νs(Fe-O-Fe) andνas(Fe-O-Fe) of a µ-oxo-bridged
diferric center, respectively. When peroxo-cycled∆9D was
prepared with16O2 in 18OH2 buffer, these vibrational bands
shifted to 508 and 700 cm-1, respectively, again confirming
the presence of18O in the Fe-O-Fe moiety. The isotopic
content of the buffer used to prepare the sample of Figure
3D was >80% 18O as determined by reaction with the
diazonium salt of aniline and subsequent mass spectral
analysis of the phenol product, suggesting that only a small
fraction of peroxo-cycled∆9D would contain aµ-[16O]
bridge. These values ofνs(Fe-O-Fe) andνas(Fe-O-Fe)
in peroxo-cycled∆9D are predicted to correspond to an Fe-
O-Fe angle of∼120° (30, 31) and thus to a smaller Fe-Fe
distance than in resting∆9D. Therefore, the presence of 18:
0-ACP in peroxo-cycled∆9D appears to have perturbed the
geometry of the diferric centers. This assessment is consistent
with the Mössbauer spectra of resting∆9D and peroxo-
cycled∆9D (Table 1), where multiple diiron species were
detected in resting∆9D, but only a single diiron species was
observed in peroxo-cycled∆9D formed in the presence of
stoichiometric 18:0-ACP.

Complex of Resting∆9D and 18:0-ACP.The role of the
redox state of the diiron cluster in the formation of these
complexes was also investigated in this work. In our previous
studies (6, 12), we have considered a half-of-the-sites model
for ∆9D, where alternating subunits might be used for
catalysis. As an underlying postulate of this model, a subunit
of ∆9D containing a diferrous center may have higher affinity
for 18:0-ACP than an ostensibly identical subunit containing

a diferric center. Figure 2 shows our initial RR investigation
on the effect of varying the stoichiometry of 18:0-ACP
relative to the diferric centers in resting∆9D. No redox
transformations were involved in preparing the samples for
the data shown in Figure 2. In Figure 2A,B, 0.5 and 1.0 mol
of 18:0-ACP was added per diiron center. In these two
spectra, theνas(Fe-O-Fe) band appeared only slightly
broadened relative to that observed from resting∆9D alone
(Figure 1A), suggesting that only a small amount of an 18:
0-ACP complex (if any) was formed at these two substrate
concentrations. Figure 2C shows the RR spectrum obtained
when 3 mol of 18:0-ACP was added per diiron center. In
this spectrum, theνas(Fe-O-Fe) band appears to be splitting
into components at 747 and 736 cm-1. The νs(Fe-O-Fe)
at 520 cm-1 in Figure 2C was slightly broadened toward
the high frequency side, likely associated with the spectral
change in theνas(Fe-O-Fe) region.

In all spectra of Figure 2, the changes observed were
modest relative to those shown in Figure 1, where complete
spectral conversion was obtained with a 1:1 stoichiometry
of 18:0-ACP and diiron centers. Examination of a more
complete saturation of 18:0-ACP binding was not undertaken
in the experiments of Figure 2 because the preparation of
samples suitable for spectroscopic analysis would have
required impractically high concentrations of 18:0-ACP (e.g.,
>24 mM 18:0-ACP for a 4-fold excess). Nevertheless,
comparison of the stoichiometric complex formation of
Figure 1C with the partial complex formation of Figure 2C
indicates that 4e- ∆9D produced to initiate formation of
peroxo∆9D must have a substantially higher affinity for
18:0-ACP than resting∆9D.

Disposition of O-Atoms from O2 after Single-TurnoVer
Desaturation.Our initial study of the reaction of 4e- ∆9D

FIGURE 1: RR spectra of resting∆9D and peroxo-cycled∆9D.
All samples were prepared in 100 mM phosphate, pH 7.5,
containing 50 mM NaCl. Each spectrum was obtained 10 min after
thawing as described under Materials and Methods. Samples of
resting∆9D (A, B) contained 3.0 mM diiron centers; samples of
peroxo-cycled∆9D (C, D) contained contained 3.0 mM diiron
centers and 3.0 mM 18:0-ACP. The samples for (A, C) were
prepared in16OH2 buffer; the samples for (B, D) were prepared in
18OH2 buffer.

FIGURE 2: Changes in the RR spectra of resting∆9D in the
presence of various molar amounts of 18:0-ACP. (A) 0.5 mol of
18:0-ACP/mol of diferric center. (B) 1.0 mol of 18:0-ACP/mol of
diferric center. (C) 3.0 mol of 18:0-ACP/mol of diferric center. A
comparable spectrum obtained from a sample of resting∆9D
containing no 18:0-ACP is shown in Figure 1A. Each spectrum
was obtained 10 min after thawing. Samples A and B contained 3
mM diiron centers, and sample C contained 2.6 mM diiron centers.
All samples were prepared in 100 mM phosphate, pH 7.5,
containing 50 mM NaCl.
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in the presence of apo- and holo-ACP showed that an O-atom
from O2 did not form the oxo bridge. Subsequently, we found
that purified, recombinant preparations of either apo- or holo-
ACP only permitted a slow autoxidation reaction that most
likely does not proceed by the same chemical mechanism
as the desaturation reaction (6). Therefore, we have rein-
vestigated the fate of O-atoms from O2 during single-turnover
catalytic desaturation using 18:0-ACP, the preferred natural
substrate for∆9D.

To determine the oxo-bridge exchange rate, preparations
of resting [µ-18O]-∆9D alone, resting [µ-18O]-∆9D in the
presence of equimolar 18:0-ACP relative to diiron centers,
and [µ-18O]peroxo-cycled ∆9D were diluted into16OH2

buffer, and the rate of conversion fromνs(Fe-18O-Fe) to
νs(Fe-16O-Fe) was monitored. For each of these∆9D
preparations, the observedt1/2 for the exchange reaction was
∼7 min. On the basis of thist1/2 value, a reaction mixture
that would permit complete desaturation of 18:0-ACP on a
rapid time-scale (∼0.2-0.4 half time) as compared to the
oxo bridge exchange reaction was assembled. By using the
enzymatically driven single turnover of 18:0-ACP, less than
20% exchange of theµ-oxo bridging site would be expected
at the time when the RR sample was frozen (1.5-2.5 min),
making detection of the incorporation of an18O-atom from
18O2 into a µ-oxo bridging position feasible.

As shown in Table 2, the enzymatic single-turnover
desaturation of 18:0-ACP in the presence of equimolar diiron
centers gave 95% conversion to product 18:1-ACP. Figure
3A shows that theνs(Fe-O-Fe) of 520 cm-1 obtained from
performing this reaction in air was unlike that observed from
the 18:0-ACP complex of peroxo-cycled∆9D (528 cm-1,
Figure 1C). In contrast, theνs(Fe-O-Fe) obtained from the
single-turnover desaturation reaction matched that observed
from resting∆9D in the absence of 18:0-ACP (521 cm-1,
Figure 1A).2 Thus, 18:1-ACP must not have been bound in
the RR sample after turnover, or if 18:1-ACP remained
bound, it no longer caused a perturbation of the diiron center
as monitored by the RR spectrum.

When the single-turnover desaturation was carried out
under18O2, νs(Fe-O-Fe) was again observed at 520 cm-1,
as in resting∆9D in the absence of 18:0-ACP (521 cm-1,
Figure 1A). If 18O were incorprated into the bridge, a
νs(Fe-O-Fe) of ∼500 cm-1 would have been observed
(frequency indicated by the arrow in Figure 3B). During the
18O2-dependent single-turnover reaction, 70% conversion of

18:0-ACP to 18:1-ACP was obtained (Table 2), confirming
that catalytic desaturation had taken place. Furthermore,
addition of toluene 4-monooxygenase to the sealed reaction
vial yielded∼94% incorporation of18O intop-cresol, an O2-
dependent hydroxylation product (Figure 3C), confirming the
near-exclusive availability of18O2 for the desaturation
reaction.

Mechanistic Implications.The results shown in Figure 3
suggest that both O-atoms from O2 were lost to solvent
during a single catalytic turnover where 18:0-ACP was
converted to 18:1-ACP. This result is distinct from that
observed for RNR R2, where RR studies (15) showed the
retention of18O from18O2 in theµ-oxo position of the diferric
cluster after completion of the Tyr122-O‚ formation reaction
and where ENDOR (17-19) studies showed the incorpora-
tion of two structurally distinct17O-atoms from17O2 into
intermediateX (µ-oxo and terminal hydroxo/water positions,
Figure 4A). In these previous studies of RNR R2, which
encompass a resting diferric state and a reactive intermediate,
the exchange of theµ-oxo bridge position was slow (t1/2 >
5 min), whereas the17O-ENDOR study showed that the
terminal hydroxo/water position exchanged within the life-
time of intermediateX. Since both∆9D and RNR R2 have
similar rates of exchange for theµ-oxo bridge in the diferric
state, we conclude that the source of theµ-oxo bridge found

2 In these experiments, a protein concentration sufficient for observa-
tion of νas(Fe-O-Fe) was not utilized, but this constraint does not
compromise the conclusions obtained by evaluation ofνs(Fe-O-Fe)
alone.

Table 2: O2 Source, Reaction Quench Times, and Yield from
Catalytic Turnover of Stoichiometric 18:0-ACP and∆9D

reaction componentsa
O2

source
quench

timeb (min)
% 18:1-ACP

formed

∆9D, 18:0-ACP, reductant air 1.5 95
same as above 18O2 2.5 70

a Composition of the enzyme reaction mixture described under
Materials and Methods.b Incubation time before freeze quench of the
RR capillary or chemical quench in tetrahydrofuran. Resting∆9D,
resting∆9D plus 18:0-ACP, and peroxo-cycled∆9D havet1/2 ≈ 7 min
for exchange of theµ-oxo bridge.

FIGURE 3: RR spectra of∆9D after single turnover of 18:0-ACP
to 18:1-ACP using either (A) ambient O2 (air) or (B) 97%-enriched
18O2 gas. Both samples contained 15µM Fd, 15µM FdR, 148µM
NADPH, and excess amounts of G6P and G6PDH in 100 mM
phosphate, pH 7.5, containing 50 mM NaCl. The sample for (A)
contained 3.0 mM diiron centers and 3.0 mM 18:0-ACP. The
sample for (B) contained 2.6 mM diiron centers and 2.6 mM 18:
0-ACP. The arrow in (B) shows the expected frequency forνs(Fe-
18O-Fe). Panel C shows a mass spectral analysis of thep-cresol
produced when toluene 4-monooxygenase and toluene were added
to the septum-sealed18O2-containing reaction vial after completion
of the desaturation reaction. The peaks withm/z ) 109 and 110
correspond to incorporation of an18O-atom intop-cresol, while
the mass peaks withm/z) 107 and 108 correspond to incorporation
of a 16O-atom intop-cresol.
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in resting ∆9D immediately after completion of a single
catalytic turnover must be an iron-bound water molecule or
some other active-site water not derived from O2.

For diiron hydroxylases, e.g., methane monooxygenase
(32-34), and as shown here in control experiments for
toluene 4-monooxygenase (Figure 3C), one O-atom is known
to be stoichiometrically incorporated into the substrate. While
the fate of the O-atom reduced to water is not known, one
recent mechanism postulates heterolytic O-O bond cleavage
and incorporation of one oxide-level O-atom as aµ-oxo
bridge in compound Q (11, 35). Figure 4B summarizes this
reaction sequence, which also invokes proton transfers from
a metal-bound water to maintain charge neutrality and to
presumably facilitate O-O heterolysis. The proton transfers
would also permit migration of the metal-bound water into
a µ-oxo position of the bis-µ-oxodiiron(IV) core and the
migration of the heterolyzed O-atom to a terminal position,
where it could be released from metal coordination as the
water molecule required from the reaction stoichiometry.

Figure 4C shows one mechanism for generation of a high-
valent species in∆9D that would account for the different
origin of theµ-oxo bridge during desaturation catalysis.3 This
reaction also invokes proton transfers to maintain charge
neutrality within the active site, but does not lead to O-atom-
(s) from O2 occupyingµ-oxo bridging position(s) either in
the reactive intermediates or in the diferric center produced

after desaturation catalysis. We propose that this result may
be achieved by the appropriate spatial combination of
available coordination sites for O2 and water on the diferrous
center and by the directing influence of His and carboxylate
ligands of the diiron center as the reaction cycle progresses.

In each of the three enzyme reactions shown in Figure 4,
terminal hydroxo or water groups have been produced from
breakage of the peroxo bond. In the RNR R2 reaction of
Figure 4A, this hydroxo or water group resides on the iron-
(III) site of intermediateX (19), presumably closest to
Tyr122-OH. In the hydroxo protonation state, this group
could act as a base to assist in the formation of Tyr122-O‚.
In the MMOH reaction of Figure 4B, the location of the
O-atom that would be transferred from compound Q to
substrate during the hydroxylation step is not known.
Presumably, a terminal water ligand would be rapidly
exchanged and lost, while the high fidelity observed for
isotopic O-atom transfer seemingly would require a regio-
selective approach of the substrate to oneµ-oxo position of
the oxidant. However, site-directed mutagenesis of toluene
4-monooxygenase, a related diiron hydroxylase (27, 36), has
suggested that the active site residues most important for
substrate orientation are found in the hydrophobic region
adjacent to Fea (and corresponding to residues nearest to the
location of Tyr122 in RNR R2), offering the alternative
possibility that a terminal oxo or hydroxo group could be
positioned for an O-atom transfer reaction. For the∆9D
reaction of Figure 4C, the proposed possibility for generation
of terminal hydroxide moieties on both Fea and Feb of the
diiron(IV) center introduces the question of whether the
peroxo bond will be broken by either a homolytic or a
heterolytic process. Furthermore, the identification of which
iron site may react first during desaturation, if indeed the
reaction proceeds in a stepwise manner, can also be
investigated.

CONCLUSIONS

The focus of this work has been to use RR spectroscopy
to provide information about the vibrational frequencies of
the oxo-bridged diferric centers of∆9D in the presence of
18:0-ACP. This approach has shown that 18:0-ACP binding
changes the geometry of the diferric centers and that subunits
containing different redox states of the diiron center may
have different binding affinities for substrate. In combination,
these results suggest a redox-ordered mechanism for as-
sembly of the constituents of the catalytic complex. Fur-
thermore, since the fate of18O2 consumed during a single-
turnover desaturation of 18:0-ACP by∆9D is spectroscopically
distinct from that observed during Tyr122-O‚ formation by
RNR R2 and catalytically distinct from that observed during
hydrocarbon hydroxylation by the diiron hydroxylases, the
intimate details of the O2 activation steps for these three
enzyme classes will likely differ, despite the substantial
number of otherwise similar physical properties.
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13. Möenne-Loccoz, P., Baldwin, J., Ley, B. A., Loehr, T. M.,
and Bollinger, J. M., Jr. (1998)Biochemistry 37, 14659-
14663.
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