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ABSTRACT: The diiron center in stearoyl-acyl carrier protein (ACP) desaturase (DS) from castor plant
Ricinus communiscatalyzes the dioxygen- and NADPH-dependent introduction of a cis double bond
between C9 and C10 of stearoyl-ACP. Radiolytic reduction of diferric DS at 77 K produces an electron
paramagnetic resonance (EPR)-detectable mixed-valence center (or [DSox]mv) that is trapped in the
conformation of the diferric precursor and thus provides a sensitive EPR/electron nuclear double resonance
(ENDOR) probe of the structure of the diamagnetic diiron(III) state. The cryoreduced DS shows two
distinct EPR signals, suggesting the presence of two diiron(III) states: theµ-oxo (major)- andµ-hydroxo
(minor)-bridged diiron centers. ENDOR studies show that in the dominant oxo-bridged diferric state each
iron(III) coordinates a histidine and a water along with other ligands. Samples containing stoichiometric
amounts of stearoyl-ACP show pronounced changes in the EPR and1H ENDOR spectra of cryoreduced
DS. EPR spectra of the cryoreduced DS-substrate complex reveal two distinct substates of the parent.
EPR and ENDOR studies show that both major conformers of the diferric cluster have aµ-oxo bridge.
ENDOR shows that the major conformer has a histidine and a water bound to both Fe ions. In the minor
conformer, one of the irons has lost the terminal water ligand. The structure of the trapped [DSox]mv state
relaxes upon annealing to 170 K: theµ-oxo bridge in the major cryoreduced DS species protonates on
annealing to 170 K; this does not occur for the major DS-substrate complex, even upon annealing to 230
K. The relaxed Fe(II)Fe(III) center in cryoreduced DS and DS-substrate show much less intense and
resolved 14N ENDOR spectra than those of the structurally similar cryoreduced diiron center in
ribonucleotide reductase (RNR) protein R2. This difference may reflect some differences in His-Fe bonds.
The alterations in the diferric site of DS induced by substrate are suggested to be mediated by conformational
changes in the polypeptide chain produced by substrate binding. These structural alterations may provide
DS with an additional mechanism for tuning the redox potential of the diferric site. The mixed-valence
states of DS are unstable at temperatures above 230 K.

The plant fatty acid desaturases catalyze the O2- and
NADPH-dependent insertion of a cis double bond in fatty
acyl chains (1-3). For soluble forms of these enzymes, the
substrate is covalently attached to acyl carrier protein (ACP)1

via a phosphopantetheine thioester linkage (4). The best
characterized ACP desaturase is the recombinant stearoyl-
ACP ∆9-desaturase (DS) from castor-oil plantRicinus
communis(1). This enzyme catalyzes the insertion of a cis
double bond between carbons C9 and C10 of stearoyl-ACP
(1-ACP) to generate oleoyl-ACP, which is a key intermediate
in the biosynthesis of unsaturated cellular lipids. This enzyme
is a homodimer of∼42 kD subunits with each subunit having
one binuclear iron site. Sequence alignment of the diiron
cluster binding motif of the desaturase is similar to that in
other class II diiron proteins such as R2 subunits of RNR
and MMO (5-7).

Both the resting (diferric; DSox) and reduced (deferrous;
DSred) forms of DS have been studied. Optical and RR
spectroscopy of the resting form provided compelling
evidence for the presence of aµ-oxo bridge (6, 7). According
to RR spectroscopy, the Fe-O-Fe unit has an angle of
∼123° corresponding to a (µ-oxo)bis(µ-carboxylato)diiron-
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(III) center, and the (µ-oxo) ligand is exchangeable with
solvent (6, 7). The presence of the Fe(III)-O-Fe(III) center
in DSox was corroborated by high-field and variable-
temperature Mossbauer measurements that showed antifer-
romagnetic coupling between high-spin iron(III) ions with
-J > 30 cm-1 (H ) -2JS1S2 ) (6). Mossbauer studies of
the resting DSox revealed a disribution of spectroscopically
distinguishable diiron(III) centers with∆EQ ) 1.53 (∼70%),
0.72 (∼21%), and 2.2 mm/s (∼7%) (8). The majority species
contain diferric clusters of which the two iron sites are
indistinguishable by Mossbauer spectroscopy. Further char-
acterization of the DSox by EXAFS spectroscopy suggested
the presence of distinct diiron clusters with Fe-Fe distances
of either 3.12 or 3.41 Å, the former distance corresponding
to the majority species (8). The center with the short Fe-Fe
separation exhibits a 1.8 Å Fe-O bond and was proposed
to represent a (µ-oxo)bis(µ-carboxylato)diiron(III) center,
while the species with longer Fe-Fe separation contains no
short Fe-O bonds and was suggested to represent a
µ-hydroxo diiron(III) center.

Three-dimensional structures with resolution of 2.4 Å have
been determined for DSred (9) and recently for its azide and
acetate complexes (3). The active-site structure shows two
Fe(II) ions bound in a highly symmetric environment
reminiscent of the dinuclear core in RNR R2: one iron is
coordinated by Glu196 and His232, while the other iron is
coordinated by Glu105 and His146 with both Glu196 and
Glu105 binding in a bidentate mode. Twoµ-1,3-carboxylate
bridges, Glu229 and Glu143, span iron ions separated by
4.2 Å.

The diiron center is buried within polypeptide chains, and
a prominent channel is proposed to be the substrate binding
site. It starts at the surface of each subunit, bends at the diiron
center, and then continues almost to the other end of the
subunit (2). The bottom of this channel consists of mainly
hydrophobic residues. Close to the surface at the narrow
entrance of the substrate binding site, the channel is lined
with Tyr292, Met265, Phe279, and Ser283. Overall, the
substrate channel is boomerang shaped with a bend at the
position of the iron cluster, placing the C9 carbon atom of
stearoyl-ACP, where the double bond forms, at about 5.3 Å
from the diiron center; a water molecule, which is in the
second ligand sphere of the two iron ions, is between the
diiron center and the C9 atom (2).

Recent CD and MCD studies showed that an addition of
1-ACP to DSred in molar ratio 1:1 significantly alters the
geometric structure of both the Fe(II) ions, one becoming
four-coordinate (10). The availability of an additional open
coordination position on the four-coordinate center correlates
with the observed enhancement of dioxygen reactivity in the
presence of stearoyl-ACP (11). A recent RR study showed
that stoichiometric addition of1-ACP to DSox caused small
changes in the RR spectra of the Fe(III)-O-Fe(III) unit (7).

Diferric clusters in proteins and model compounds that
are one-electron cryoreduced byγ-irradiation at 77 K
produce an EPR-active mixed valence species, denoted
[DSox]mv for the desaturase, that retains the conformation of
the diamagnetic diferric precursor. EPR and ENDOR studies
of such a state thus provide a sensitive structural probe of
the EPR-silent diiron(III) center (12-15). In the present
study, DSox, its substrate-bound form, and a substrate analog-
bound form were cryoreduced and investigated with EPR

and ENDOR spectroscopy. For comparison, analogous
studies were carried out with RNR protein R2 the three-
dimensional structure of which was determined and the diiron
site of which is believed to be similar to that in DS (5-7).
The mixed-valent species in such a nonequilibrium state
relaxes to the corresponding equilibrium state upon annealing
at higher temperatures (12-15), and we also report measure-
ments on the relaxed desaturase, denoted DSmv.

MATERIALS AND METHODS

Reagents and Proteins.All commercial reagents were used
as obtained: HEPES buffer (Sigma), NaCl (Sigma), glycerol
(Aldrich), D2O (99.9 at. % D, Aldrich), glycerol-d3 (Aldrich).

RecombinantEscherichia colicastor∆9-desaturase was
expressed inE. coli strain BL21 gold (Novagen, Madison,
WI) and purified as previously described (16). Stearoyl-ACP
was prepared as previously described (16, 17); 9-thiastearoyl-
ACP was synthesized according to Behrouzian et al. (18).
The protein-substrate complex was made by mixing either
0.5:1 or 1:1 of substrate/desaturase active site followed by
concentration of the sample to 2.5 mM desaturase (active
site). For samples in deuterated buffer, buffer exchange was
effected by dialysis in two changes of deuterated buffer in a
10 kDa cutoff dialysis membrane (Spectrum Laboratories,
Rancho Dominguez, CA) followed by concentration by
ultrafiltration; substrates were then added, when appropriate.
Protein samples were prepared in buffer, 0.02 M HEPES,
pH 7, 60 mM NaCl, 16 vol % glycerol. The final concentra-
tion of DS was 2-2.5 mM (active site).E. coli RNR protein
R2 was prepared as previously described (19).

The protein R2 samples were prepared in 0.1 M Tris/HCl,
pH 7.4, buffer containing 16% glycerol. Protein R2 concen-
tration was 2 mM (diiron site).

Methods.The procedures for radiolytic reduction of DS
and RNR protein R2 at 77 K byγ-irradiation with 60Co
Gammacell 220 and for the subsequent annealing at different
temperatures have been described elsewhere (12-15, 20).
Analysis of desatarase activity before and after irradiation
showed no significant changes in specific activity, indicating
that the treatment is not destructive. Likewise, the spectrom-
eter for collecting 35 GHz EPR and ENDOR at 2 K has
been described (21). X-band EPR spectra at 77 K were
recorded on a modified Varian E 104 spectrometer.

The first-order ENDOR spectrum of nucleus withI ) 1/2
in a single paramagnetic center consists of a doublet centered
at the Larmor frequency features with frequencies given by
Abragam and Bleaney (22), ν( ) |νN ( A/2|, whereνN is
the nuclear Larmor frequency andA is the orientation-
dependent hyperfine coupling constant. For14N (I ) 1), a
single orientation gives a four-line pattern

in which both theν+ andν- branches described by eq 1 are
further split into two lines by the quadrupole splitting, 3P.
A full hyperfine tensor is determined from analysis of a 2D
field-frequency plot comprised of spectra collected across
the EPR envelope (23).

RESULTS

EPR of Cryoreduced Resting DSsEffect of Substrate.
Figure 1 presents the 2 K Q-band EPR spectrum of [DSox]mv

ν( ) |νN ( A/2 ( 3P/2| (1)
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prepared by radiolytic reduction of DSox at 77 K. [DSox]mv

shows a rhombic EPR signal,S1, with g values of 1.945,
1.926, and 1.898 (Table 1) that also is detectable at 77 K
(Figure S1). The structurally similar diiron(III) center of
radical-free RNR protein R2 shows a comparable EPR signal
with g tensor [1.936, 1.936, and 1.821] (Table 1). As shown
previously (12-15, 24, 25), such ag tensor, as well as the
slow spin relaxation, permits EPR detection at 77 K and is
characteristic of the strong antiferromagnetic coupling pro-
vided by a µ-oxo bridge in a mixed-valent diiron(II,III)
cluster. In contrast,µ-hydroxo-bridged diiron(II,III) clusters
have relatively weak antiferromagnetic coupling and give
more anisotropic EPR signals detectable only at helium
temperatures (13-15, 24, 26). The EPR properties of the
[DSox]mv S1species thus indicate the presence of theµ-oxo
bridge in this majority fraction of the parent DSox. In Figure
1, one can also see weak higher-field resonances with greater
g-anisotropy; these likely are due to cryoreduction minority
substates of DSox that have hydroxo-bridged diferric sites.
The low intensity prevents characterization of this signal(s).

The addition of ACP (lacking the stearoyl group attached
to the phosphopanteiene sulfhydryl) caused no changes in
the EPR properties of the corresponding [DSox]mv (not
shown). Cryoreduction of DSox in the presence of 0.5 and 1
M equivalents of1-ACP per iron center generated EPR
spectra that contain new signals the intensity of which
increases with the substrate/diiron site molar ratio. With the
1-ACP/diiron site ratio of 1:1,∼85% of the intensity is
associated with these [DSox-1-ACP]mv species. [DSox-1-
ACP]mv (1:1) exhibits two distinct EPR signals: one axial
(S3), g⊥ ) 1.938,g| ) 1.727, and one rhombic (S4), g )
[∼1.945, 1.84, and 1.765] (Figure 2, Table 1), which,
respectively, account for∼60% and 25% of the total
cryoreduced DS in the presence of1-ACP 1:1. In spectra
taken at 77 K, the axial signal is seen without any broadening
(Figure S2, Supporting Information), whereas the rhombic
signalS4 broadens at 77 K.

These observations imply that (a)1-ACP forms a tight
complex with DSox at molar substrate/iron site ratio of 1:1,
(b) substrate binding induces conformational changes in DSox,
which are reflected in the EPR properties of the mixed-valent
[DSox]mv form generated at 77 K, and (c) the two spectro-
scopically distinct [DSox-1-ACP]mv signals imply the pres-
ence of two different conformers of the substrate complex
of the oxidized enzyme. The EPR properties of the species
S3 suggest that it contains aµ-oxo-bridged diferric center.
The rhombic signalS4 is noticeably broadened at 77 K,
consistent with a diferric conformation having either aµ-oxo
or µ-hydroxo bridge; as shown below,1H ENDOR data are
consistent with the presence ofµ-oxo bridge in the diiron-
(III,II) center of this conformer and thus in the DSox parent.

Titration of DSox with 9-thiastearoyl-ACP (2-ACP), a
structural analogue of the substrate, also shows the formation
of a 1:1 complex. Its EPR spectrum is a superposition of
four distinct EPR signals (Table 1) (18): a major axial signal
S5with g-tensor [1.937, 1937, 1.754] and three less-intense
rhombic signalsS1, S6, and S7 (Table 1, Figure S3A,
Supporting Information).

The signalS1results from cryoreduced resting DS ([DSox]
mv). The signalsS5 andS7 are similar but not identical to
these S3 and S4 for [DSox-1-ACP]mv (Table 1). The
population ofS5in cryoreduced [DSox-2-ACP]mv is less than

FIGURE 1: EPR spectra of resting desaturase radiolytically reduced
at 77 K (A) and after its annealing at 170 K (B) for 1 min.
Instrument conditions were as follows:T ) 2 K; MW frequency
) 35 GHz; 100 kHz modulation amplitude) 1.5 G; MW power
) 30 dB.

Table 1: g Tensors for Cryoreduced Desaturase and RNR Protein
R2

protein Tannealing(K) species g1 g2 g3

R2 77 a 1.936 1.936 1.821
DS 77 S1a 1.945 1.926 1.898

170 S2b 1.905 1.850 1.784
DS-1-ACP 77 S3a 1.938 1.938 1.727

77 S4c ∼1.945 1.840 1.765
174 S4c ∼1.945 1.840 1.765

DS-2-ACP 77 S5a 1.937 1.937 1.754
S6c ∼1.94 1.860 1.797
S7c ∼1.94 1.836 1.757

a Observable at 77 K.b Only observed below∼30 K. c Observable
at 77 K, but broadened.

FIGURE 2: EPR spectra of cryoreduced 1 mM desaturase in the
presence of 2 mM1-ACP: (A) irradiated at 77 K; (B) annealed at
175 K for 1 min. Instrument conditions were the same as those in
Figure 1.
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the correspondingS3species in [DSox-1-ACP]mv. The EPR
data thus demonstrate that even the relatively small structural
changes in the substrate associated with replacement of C9
for sulfur influence the substrate affinity for DS and the
structure of the bound complex.

The [DSox]mv state and the [DSox-substrate]mv complexes
with 1-ACP and2-ACP relax to the equilibrium mixed-
valence state at temperatures above 77 K. In the case of
[DSox]mv, the primary mixed-valence signal disappears and
there appears a new, more anisotropic EPR signalS2with g
) [1.905, 1.85, 1.79], detectable only at helium temperatures
(Figure 1; Table 1). Such an EPR signal is likely due to an
Fe(II)Fe(III) cluster with aµ-OH- bridge (15-18, 20-22,
24). This signal gets slightly more heterogeneous after
annealing at 230 K, and the sample shows no EPR signal
after annealing at 240 K.

Annealing of [DSox-1-ACP]mv to 175 K causes the loss
of the axial signalS3and the parallel growth of the rhombic
signal S4 (Figure 2), indicating that primary speciesS3
converts intoS4. The latter disappears after annealing at
∼230 K (not shown), and no new mixed-valent EPR signal
was detected. A similar annealing pattern is shown by
[DSox-2-ACP]mv. Possible reasons of the instability of the
mixed-valence forms of DS will be considered below.

Taken together, these data demonstrate that two equilib-
rium conformers coexist in solution of DS complexes with
1-ACP and its thia analogue. Relaxation of the [DSox]mv

structure to a thermally equilibrated mixed-valence structure
shifts this equilibrium toward the conformer giving the more
anisotropic rhombic EPR signals,S4 andS7, respectively.

1H ENDOR Spectroscopy.We employed 35 GHz1H
ENDOR spectroscopy to characterize the diiron sites of
[DSox]mv and [DSox-1-ACP]mv in greater detail. Figure 3
shows1H ENDOR spectra taken atg2 ) 1.926 of the major
[DSox]mv conformer in H2O and D2O buffers. Comparison
of the spectra shows that proton resonances with hyperfine
coupling valuesA e 5 MHz belong mostly to nonexchange-
able, constitutive protons (27). The resonances with larger
hyperfine coupling values belong to protons exchangeable
in D2O. Both a terminal H2O ligand to the Fe(III) ion and a
hydroxo-bridge base can give rise to an exchangeable1H
doublet withAmax ≈ 16-17 MHz (27, 28). However, the
low g-anisotropy of the EPR signal indicates that an oxo,
not a hydroxo, bridge is present, and the1H ENDOR
spectrum can be well simulated by assuming that two
equivalent protons reside on terminal water bound to Fe-
(III) (Figure 3 and Figure S4, Supporting Information).

Comparison of the experimental and simulated spectra
presented in Figure 3 also suggests the presence of another
exchangeable proton the signal of which is strongly over-
lapped with that of the water ligand coordinated to Fe(III).
This signal has a hyperfine couplingAobs ≈ 6-8 MHz that
changes little with field (Figure S4, Supporting Information).
A similar signal was observed for the mixed-valent form of
MMO and was assigned to terminal water ligated to Fe(II)
of the cryoreduced cluster (27).

This assignment also is consistent with1H ENDOR data
for cryoreducedE. coli RNR protein R2. Diferric R2 is
known to have terminal water ligands on bothµ-oxo-bridged
Fe ions (29), and thus one expects that1H ENDOR spectra
of cryoreduced protein R2 should show proton signals from
terminal water ligands bound to both iron(III) and iron(II)

of the mixed-valence cluster. The1H ENDOR spectrum of
[R2ox]mv presented in Figure 3 reveals a strongly coupled
exchangeable proton doublet,Amax ≈ 20 MHz, which is
assigned to water coordinated to Fe(III). The 2-D field-
frequency1H ENDOR pattern for this water is well simulated
under the assumption of the presence of two nonequivalent
protons (Figure S5). Figure 3 also shows a more isotropic
exchangeable proton signal withA ≈ 6-8 MHz that is better
resolved than those for [DSox]mv and that is assigned to a
water coordinated to the Fe(II). Taken together, these results
thus indicate that each iron ion of the DSox active site
coordinates a water ligand, in agreement with current views
(5-7).

The 1H ENDOR spectrum for the dominant primary
mixed-valence speciesS3of the [DSox-1-ACP]mv complex
(Figure 4) also shows an exchangeable1H ENDOR signal
from a terminal water coordinated to Fe(III). The hyperfine
coupling, Amax ≈ 21.5 MHz (Figure 4, Figure S6A in
Supporting Information), is slightly greater than the corre-
sponding value for the water ligand of [DSox]mv; as shown
in the Supporting Information (Figure S6B), the1H ENDOR
pattern for this water ligand is simulated by assuming two
nonequivalent protons (Figure S6). This simulation further
suggests the presence of another exchangeable1H ENDOR
signal, A ≈ 8 MHz, that may be identified as water
coordinated to iron(II) (27). The [DSox-2-ACP]mv complex
shows1H ENDOR spectra that are very similar to these for
cryoreduced DS-1-ACP complex (Figure 4) and are inter-
preted similarly.

As discussed above, the minority speciesS4 in the [DSox-
substrate]mv complex (Table 1) becomes dominant after

FIGURE 3: CW 1 H ENDOR spectra of cryoreduced DSox and met-
RNR protein R2 in H2O (s) and D2O buffers (‚‚‚) taken atg2. The
simulated spectra are shown by thin lines. Simulation parameters
were as follows: for DS,A ) [-9, -9, 18] MHz, γ ) 60°, â )
75° ; for R2 proteinA ) [11, -11, 22],γ ) 0°, â ) 40° andγ )
70°, â ) 70°. Instrument conditions were as follows:T ) 2 K;
MW frequency) 35 GHz; modulation amplitude) 1.3 G; MW
power) 30 dB; RF power) 10 W; scan speed) 0.5 MHz/s; 60
kHz broadening of rf excitation.
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annealing to 170-200 K. The1H ENDOR spectra for this
species, presented in Figure 5, has a maximum breadth of
less than 9 MHz, noticeably less than the breadth for the
majority species (Figure 4). The diiron cluster that yields
this S4 mixed-valence species thus has neither a terminal
water coordinated to Fe(III) nor aµ-OH- bridge, as either
of these would give signals from strongly coupled exchange-
able protons withAmax > 16 MHz. The S4 1H ENDOR
spectra of Figure 5 reveal nearly an isotropic proton signal
with A ≈ 8 MHz; the sample in D2O shows a2H ENDOR
signal withA ≈ 1.2 MHz that matches well, showing that
this proton is exchangeable. Such proton(s) may be assigned
to terminal water coordinated to Fe(II) on the basis of the
A-value. Thus, in the relaxed mixed-valentS4andS7species
formed by annealing [DSox-1-ACP]mv and [DSox-2-ACP]mv

complexes, the Fe of the diiron cluster that doesnot accept
the electron loses a terminal water ligand and theµ-oxo
bridge remains unprotonated.

14N ENDOR of [DSox]mV and Its Complexes with1-ACP
and 2-ACP. The histidines bound to the diiron center of
[DSox]mv have been examined through CW Q-band14N
ENDOR studies (Figure 6); for comparison, CW Q-band14N
ENDOR spectra are presented for the mixed-valent cluster
of cryoreduced R2 protein. Each14N ENDOR spectrum of
Figure 6 is assigned asν+ transitions of two histidine nitrogen
nuclei, one bound to the Fe(III) and one to the Fe(II); as
described elsewhere (27), in Q-band ENDOR it is not
uncommon to observe only theν+ branch. The maximum
hyperfine coupling and quadrupole splitting for the
Fe(II)Fe(III) cluster of the cryoreduced R2 protein are
observed atg⊥ ) 1.82: for the histidine nitrogen coordinated
to the ferrous ion,Amax ) 3.16 MHz and 3Pzz ) 2.4 MHz;
for the histidine coordinated to Fe(III),Amax ) 7.31 MHz
and 3Pzz ) 2.3 MHz. The14N ENDOR spectra of cryore-
duced RNR R2 are much sharper than those of cryoreduced
DS and its complexes; however, the histidine nitrogen
coordinated to Fe(II) of cryoreduced DS hasAmax ) 3.34

MHz and 3Pzz ) 2.1 MHz, and the histidine nitrogen
coordinated to Fe(III) hasAmax ) 9.1 MHz and 3Pzz ) 2.9
MHz, which are close to the values for cryoreduced protein
R2.

14N ENDOR spectra of the cryoreduced DS-1-ACP and
DS-2-ACP complexes, both primary cryoreduction product
and annealed centers, are qualitatively similar to those for
[DSox]mv (Figure 6). However, the intensities of these spectra
are a factor of 2-3 lower than those for cryoreduced DS.
Indeed, all the mixed-valent forms of DS and its complexes
studied show much broader and less intense14N ENDOR
spectra than those for the structurally similar diiron cluster
in the cryoreduced R2 protein. It is likely that these
spectroscopic differences indicate that the geometry of Fe-
N(His) bonds in DS are much less sharply defined than those
in R2.

DISCUSSION

The EPR and ENDOR data presented here for the
cryoreduced DSox show that the diiron cluster of dominant
[DSox]mv conformer contains aµ-oxo bridge and thus the
diiron site in the DSox precursor also has such a bridge, in
agreement with other studies (5-8). The weak broad mixed-
valent signal(s) seen in the EPR spectrum of cryoreduced
DS arise from cryoreduction of minority DSox conformers,
which have been detected by Mossbauer and EXAFS

FIGURE 4: CW 1 H ENDOR spectra of cryoreduced DSox-1-ACP
and DSox-1-ACP complexes in H2O (s) and D2O buffers (‚‚‚)
taken at g ) 1.924. (Below) Simulation for one proton with
parameters as follows:A ) [-11.5,-11.5, 23] MHz;γ ) 60°, â
) 65° andγ ) 60°, â ) 55°. Instrument conditions were the same
as those in Figure 3.

FIGURE 5: Panel A shows CW1 H ENDOR spectra atg1 ≈ 1.895,
g2 ) 1.835,g3 ) 1.765 of cryoreduced DSox-1-ACP complexes
in H2O annealed at 175 K for 1 min. Instrument conditions were
the same as those in Figure 3. Panel B shows2H 35 GHz MIMS
pulse ENDOR of the sample atg2 ) 1.835. Instrument conditions
were as follows: MIMS sequence with aπ/2 microwave pulse)
50 ns, 60µs rf pulse,τ ) 452 ns, 34.711 GHz,g ) 1.835; pulse
sequence repetition time) 25 ms; 40 averaged data shots per point;
20 scans.
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spectroscopy in DSox (∼28-30% of the total DS), which
suggested that they containµ-hydroxo-bridged diferric
cluster(s) (8); their low EPR intensity makes it impossible
to characterize them by EPR. The weakness of the EPR
signal(s) from these cryoreduced conformers is in large part
caused by their low population and in part by the fact that a
µ-hydroxo-bridged diiron cluster is characterized by highly
anisotropicg tensor(s) with a broad signal and a correspond-
ingly low amplitude; it might also reflect a lower cryore-
duction yield.

The 1,2H and 14N ENDOR data show that DSox is like
diferric RNR protein R2 in that each iron of theµ-oxo
bridged Fe(III,III) cluster is coordinated by terminal water
and histidine ligands, in agreement with existing views (5-
7). In cryoreduced DS, theµ-oxo-bridge gets protonated upon
annealing to 170 K, and the EPR signal disappears upon
annealing to temperatures above 230 K. Similar annealing
behavior was reported for cryoreducedE. coli RNR protein
R2 (12). The R2 protein does not form a stable mixed-
valence form at ambient temperatures (30), and we have not
succeeded in generating an EPR-active mixed-valence form
of DS or its 1-ACP complex with chemical reductants
(dithionate and methylviolgen). It seems most likely that in
such cases the mixed-valence species disproportionates to
form diferric and diferrous states.

The EPR spectra of DSox cryoreduced in the presence of
stoichiometric amounts of1-ACP or 2-ACP are consistent
with other studies, which indicate that substrate has high
affinity for resting DSox(31), just as seen for binding1-ACP
to DSred (10). Binding 1-ACP or2-ACP significantly alters
theg tensors of the cryoreduced diiron site. For the binding
of noncoordinating substrates/analogues to cause such changes
in parameters, they must be inducing conformational changes
in the DSox active site upon binding. Two distinct EPR
signals for both [DSox-substrate]mv complexes reflect the

presence in solution of two types of equilibrium DSox-
substrate conformers. The ENDOR data show that the
dominant substrate-bound DS conformer(s) (giving rise to
the axial EPR signalS3or S5) still contain aµ-oxo-bridged
diferric center in which each iron ion has one histidine and
one water in its coordination sphere. However, ENDOR
parameters for these terminal ligands are distinct from these
in resting [DSox]mv, suggesting that substrate binding affects
the coordination geometry of these terminal ligands. The
mixed-valence forms, [DSox]mv, contain a high-spin ferric (S
) 5/2) and high-spin ferrous (S ) 2) ion produced by the
reduction, and these are antiferromagnetically coupled to give
a ground spin state ofS) 1/2. For strong antiferromagnetic
coupling, theg tensor of theS ) 1/2 diiron cluster can be
described to a good approximation as

where symbols have their usual meaning (32). The ferric-
ion g tensor is largely invariant upon changes to its
coordination geometry, while theg tensor of the ferrous ion
is not. Thus, the changes in theg tensor of the spin-coupled
center upon substrate/inhibitor binding disclose perturbations
at the Fe(II) site but do not rule out effects at Fe(III). On
assuming an isotropicg value for Fe(III) S ) 2.03, the
g-values for DS (Table 1) and eq 2 lead to the calculated
result,gFe(II) ) [2.093, 2.109, 2.129]. Substrate perturbations
of theg tensor (Table 1) primarily changeg3 (Table 1) as a
consequence of changes ing3 for the uncoupled Fe(II), as
expected (32); DS-1-ACP has the biggest shift ing3, caused
by a change to (gFe(II))3 ) 2.257. It is interesting that binding
of 1-ACP and2-ACP produces slightly different effects on
the spectroscopic properties of the cryoreduced diferric site.
This means that even a slight modification to the stearoyl
group exerts a noticeable effect on the geometry and
consequently the electronic structure of the diiron center.

It is interesting to note that theµ-oxo bridge of the [DSox-
substrate]mv complex remains unprotonated during annealing
to 230 K. In the majority of cryoreducedµ-oxo-bridged
diiron clusters that we have studied, which includes those
in various proteins as well as model compounds, including
DSox, the µ-oxo ligand protonates on annealing to temper-
atures below 190 K (12, 13, 24). The influence of the bound
substrate of DS in inhibiting this protonation suggests that
the µ-oxo bridge has become kinetically less accessible to
receipt of a proton from the active-site pocket. As in the
case of of DSmv, the disappearance of the signal for [DS-
substrate]mv above 230 K is likely preceded by protonation
of the µ-oxo bridge.

Taken together, these observations show that substrate
binding results in protein-mediated changes of the diiron site
geometry at the ferric ion that becomes reduced during
cryoreduction and possibly at both and that these changes
are sensitive to the chemical structure of substrate. Further-
more the data show that the structure of the one-electron
reduced active site of DS-substrate complex does not bind
water and presumably is five-coordinate suggests that this
state probably is closer to that in diferrous state, which has
the same characteristics (10), that is, binding substrate likely
preorganizes the active site in such a way as to favor its
reduction and reactivity toward dioxygen.

FIGURE 6: Panel A shows CW14N 35 GHz ENDOR spectra of
cryoreduced DS and DS-1-ACP (1:2) taken atg ) 1.894 and
1.924, respectively. Panel B shows14N 35 GHz ENDOR spectrum
of cryoreducedE. coli RNR protein R2 taken atg ) 1.82.
Instrument conditions were as follows:T ) 2 K; modulation
amplitude) 1.5 G; RF power) 20 W, scan speed) 0.5 MHz/s;
100 kHz broadening of rf excitation.

g ) 7/3gFe(III) - 4/3gFe(II) (2)
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