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The Fe(II)- andRKG1-dependent oxygenases are a functionally
and mechanistically diverse family of enzymes that catalyze
numerous biologically important reactions.2-6 They activate oxygen
at a mononuclear non-heme Fe(II) center, which is in most cases
facially coordinated by a (His)2/(Asp/Glu) triad,7 to couple the
decarboxylation ofRKG to the oxidation of their substrates. In most
cases, substrate oxidation entails hydroxylation of an unactivated
carbon center. The key intermediate of the catalytic cycle is a Fe-
(IV)-oxo intermediate, which abstracts a hydrogen atom from the
substrate.8-10 Recently, a subclass of these enzymes capable of
halogenating aliphatic carbon centers was identified.11-13 These
reactions occur during biosynthesis of various halogenated natural
products. Amino acids thioesterified to the phosphopantetheinyl
group of the thiolation domain serve as substrates for the haloge-
nases. In addition to their catalysis of chlorination reactions,
bromination has also been observed.14 Key insight into the
mechanism of theRKG-dependent halogenases came from the
crystal structure of the halogenase SyrB2 fromPseudomonas
syringae.15 The structure of the resting enzyme revealed a halogen
(Br or Cl) ligand to the iron center at the site normally occupied
by the carboxylate ligand. This result led to the proposal that the
reaction may proceed via a variant of the canonical mechanism of
the RKG-dependent dioxygenases (Scheme 1). Key steps of the
mechanism are C-H cleavage by a halo-Fe(IV)-oxo intermediate,
followed by rebound of the halide atom to the substrate radical.
We recently studied the chlorination reaction ofL-Aba tethered to
the thiolation domain CytC2,L-Aba-S-CytC2, by the halogenase
CytC3 from Streptomyces.16 The C-H-cleaving intermediate
comprises two high-spin Fe(IV) complexes in equilibrium. Here,
we show that the analogous reaction with bromide under otherwise
identical conditions also yields an intermediate state comprising
two high-spin Fe(IV) complexes, and we use freeze-quench Fe
K-edge X-ray absorption spectroscopy to demonstrate that the
intermediate possesses a Br-Fe(IV)-oxo group, validating the
ligation of halogen to iron at this stage of the catalytic cycle.

Mössbauer spectra of a sample of the CytC3‚Fe(II)‚RKG‚L-Aba-
S-CytC2‚Br- complex that was reacted with O2 for 2 s17 are shown
in Figure 1 as hashed marks. The zero-field spectrum can be
simulated as a superposition of the experimental spectrum of the
reactant complex (12%, green) and two quadrupole doublets with
parameters typical of high-spin Fe(IV):δ ) 0.23 mm/s,|∆EQ| )
0.81 mm/s (68%, blue) andδ ) 0.31 mm/s,|∆EQ| ) 1.06 mm/s
(18%, red). These parameters are almost identical to those observed

for the two Fe(IV) intermediates of CytC3 detected in the presence
of chloride rather than bromide, in which case the two species are
present in approximately equal amounts. By contrast, the species
with smaller isomer shift predominates by∼3.7/1 in the case of
the bromo complexes.

The 8-T spectrum reveals that the Fe(IV) intermediates are in
the high-spin configuration, as was observed for all other Fe(IV)
intermediates that have thus far been detected in the mononuclear
non-heme-iron enzymes.8,10,16,18The spectrum was simulated under
the assumption of slow relaxation with the spin Hamiltonian
given in Supporting Information (SI) and the parameters given in
the legend to Figure 1. Because the hyperfine tensors of related
Fe(IV) intermediates are almost identical,A/gNâN ) (-18, -18,
-31) T,19,20 this parameter was fixed for the analysis. With this
assumption, the axial zero-field splitting parameter,D, was
determined from the spectrum as+12.5 cm-1, which is in the range
typical of high-spin Fe(IV) intermediates.10,16,19

The high edge energy of the XANES spectrum of the Fe(IV)
intermediate, shown in Figure 2, is consistent with the 86%
Fe(IV): 14% Fe(II) reaction mixture (see SI). In addition, the area
of the intermediate’s 1sf 3d transition is substantially enhanced
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Figure 1. The 4.2-K Mössbauer spectra of a sample of the CytC3‚Fe(II)‚
RKG‚L-Aba-S-CytC2‚Br- complex that was reacted with O2 for 2 s. The
left panel shows the zero-field spectrum. The contribution of the reactant
complex (12%) is shown in green. The remainder can be simulated with
two quadrupole doublets representing the Fe(IV) intermediates with
parameters given in the text. The right panel is the 8-T spectrum. The solid
line is a spin-Hamiltonian simulation that assumes two high-spin Fe(IV)
sites (S ) 2, D ) 12.5 cm-1, E/D ) 0.05) and uses the following
parameters:δ ) 0.23 mm/s,∆EQ ) -0.81 mm/s,η ) -0.5, A/gNâN )
(-18.0,-18.0,-31.0) T (62%) andδ ) 0.31 mm/s,∆EQ ) -1.06 mm/s,
η ) -0.5, A/gNâN ) (-18.0,-18.0,-31.0) T (18%).

Scheme 1 . Proposed Mechanisms for Halogenation (R )
(CH2)2COO-; X ) Halogen; R′H ) T Domain-Bound Amino Acid)
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relative to that of the anaerobic control. This enhancement is
consistent with the asymmetry of the Fe-site imposed by the oxo
ligand, as has been observed for TauD,21 horseradish peroxidase,22

and numerous model compounds.23-25

The FT of the EXAFS spectrum of the intermediate is shown in
comparison to that of the control Fe(II) reactant in Figure 2. Both
spectra have a prominent peak corresponding to the large bromine
scatterer. In the control, the feature is best modeled with a single
Fe-Br interaction at 2.53 Å, the same Fe-Br distance observed
in the crystal structure of reduced SyrB2 in the presence of
bromide.15 In the spectrum of the 2-s sample, however, the peak is
no longer resolved from the other first shell distances and is best
modeled with a shorter Fe-Br distance of 2.43 Å, matching the
Fe-Br distance found in a low-spin synthetic Br-Fe(IV)-oxo
complex.25 Fits that invoke chlorine or carbon as a scatterer instead
of bromine either do not refine or are substantially worse than the
bromine fits (see Tables S1 and S2 in SI for fitting details). The
FT of the intermediate also has a peak corresponding to a very
short first shell of ligands. Fits to both Fourier-filtered data and
unfiltered data for the intermediate require a short Fe-oxygen
interaction of 1.60-1.62 Å to best model the data. In addition, a
shell of oxygens at 1.87-1.88 Å is also required, presumably
corresponding to one or both of the oxygens in the bound succinate.
The first coordination sphere is completed with a shell of longer
Fe-O/N distances of 2.07-2.09 Å, most likely from the histidine
ligands. Removal of either the oxo or bromine shell results in a
substantially worse fit. When the coordination numbers of the
bromine and oxo shells are incremented in 0.1 unit intervals for
the best five-shell fit (which includes an outer carbon shell at 3.07-
3.10 Å), the optimal coordination number is 0.8-1.0 for both shells,
values that are consistent with the speciation determined by
Mössbauer spectroscopy. The uncertainty of the coordination
number does not allow us to address if both Fe(IV) species or only
the predominate one has these structural features.

To conclude, the enhanced pre-edge feature in the Fe K-edge
XAS spectra and the short Fe-O and Fe-Br interactions of 1.62
and 2.43 Å, respectively, support the formulation of this intermedi-
ate as a Br-Fe(IV)-oxo complex. The structural data provide
further validation of the mechanism shown in Scheme 1, notably
the direct coordination of the high-valent iron to halogen in
preparation for oxidative transfer to substrate, and highlight the

mechanistic similarities between theRKG-dependent dioxygenases
and halogenases.
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Figure 2. (A) XANES spectra of the CytC3‚Fe(II)‚RKG‚L-Aba-S-CytC2‚
Br- complex that was reacted with O2 for 2 s (solid line) and anaerobic
control (dashed line). (Inset) Pre-edge region. (B) FTs of the 2-s sample
(top) compared to the anaerobic control (bottom). The vertical lines mark
the oxo interaction and the bromo interaction. (C) A representative fit to
unfiltered EXAFS data with 1.5 O at 1.87 Å (0.0017 Å2), 2.5 O at 2.08 Å
(0.0017 Å2), 0.8 O at 1.61 Å (0.0016 Å2), 0.8 Br at 2.43 Å (0.0036 Å2) and
2 C at 3.09 Å (0.0021 Å2).
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