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Fe"-0,°~ intermediates are well known in heme enzymes, but
none have been characterized in the nonheme mononuclear Fe'
enzyme family. Many steps in the O, activation and reaction cycle
of Fe''-containing homoprotocatechuate 2,3-dioxygenase are made
detectable by using the alternative substrate 4-nitrocatechol (4NC)
and mutation of the active site His200 to Asn (H200N). Here, the
first intermediate (Int-1) observed after adding O, to the H200N-
4ANC complex is trapped and characterized using EPR and Moss-
bauer (MB) spectroscopies. Int-1 is a high-spin (§; = 5/2) Fe'' anti-
ferromagnetically (AF) coupled to an S, = 1/2 radical (J ~6 cm~" in
H = JS,S,). It exhibits parallel-mode EPR signals at g = 8.17 from
the S = 2 multiplet, and g = 8.8 and 11.6 from the S = 3 multiplet.
These signals are broadened significantly by 70, hyperfine inter-
actions (A ~ 180 MHz). Thus, Int-1is an AF-coupled Fe''-0,°~ spe-
cies. The experimental observations are supported by density
functional theory calculations that show nearly complete transfer
of spin density to the bound O,. Int-1 decays to form a second
intermediate (Int-2). MB spectra show that it is also an AF-coupled
Fe'"-radical complex. Int-2 exhibits an EPR signal at g = 8.05 arising
from an S = 2 state. The signal is only slightly broadened by 70,
(<3% spin delocalization), suggesting that Int-2 is a peroxo-
Fe''-4NC semiquinone radical species. Our results demonstrate
facile electron transfer between Fe', O,, and the organic ligand,
thereby supporting the proposed wild-type enzyme mechanism.
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Most mononuclear nonheme iron-containing oxidases and
oxygenases are proposed to initiate their oxygen activation
cycles by binding O, to an active site Fe' (1-8). Internal electron
transfer to form an Fe'-superoxo species converts the kinetically
inert triplet ground state of O, to a doublet that can participate in
the many types of chemistry characteristic of this mechanistically
diverse group of enzymes. The same strategy is usually employed
by heme-containing oxygenases and oxidases, leading in some
cases to comparatively stable Fel'-superoxo intermediates that
have been structurally and spectroscopically characterized (9-
12). Instability of the putative superoxo intermediate in all
mononuclear nonheme iron-containing enzymes has prevented
similar characterization, although a superoxide level species
has been reported for the dinuclear iron site of myo-inositol oxy-
genase (13).

In recent studies of the nonheme Fe!l-containing homoproto-
catechuate 2,3-dioxygenase (2,3-HPCD), we have shown that
three intermediates of the catalytic cycle can be trapped in
one crystal for structural analysis (14). One of these intermediates
has been proposed to be an Fell-superoxo species based on the
long Fe-O bond distances and an unexpected lack of planarity of
the aromatic ring of the alternative substrate 4-nitrocatechol
(4NC), which chelates the iron in ligand sites adjacent to that
of the O,. In accord with the mechanism postulated for this
enzyme class as illustrated in Scheme 1 (1, 8, 15-21), we have
proposed that net electron transfer from 4NC through the Fell
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Scheme 1. Proposed mechanism for extradiol dioxygenases. In the case of

2,3-HPCD, R is —CH,COO~ and B is His200. When R is ~NO, and His200 is chan-
ged to Asn, the reaction stalls before reaching intermediate C. Peroxide is
slowly released and the product is 4NC quinone.

to O, forms adjacent substrate and oxygen radicals (Scheme 1B).
Recombination of the radicals would begin the ring cleavage and
oxygen insertion reactions of this enzyme that eventually yield a
muconic semialdehyde adduct as the product. A localized radical
on the 4NC semiquinone at the incipient position of oxygen at-
tack would account for the lack of ring planarity. Although this is
the only structurally characterized nonheme Fe-superoxo species,
the iron oxidation state differs from all of the other postulated
Fe-superoxo intermediates.

The mechanism that emerges from the structural and kinetic
studies does not require a change in metal oxidation state to form
a reactive intermediate (22). However, our studies of 2,3-HPCD
in which Fe'l is replaced with Mn'" suggest that transient forma-
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tion of an oxidized metal center may occur (23). The Mn-re-
placed enzyme is fully active and has no detectable change in
structure. Our studies showed that, upon addition of O, to the
enzyme complexed with the normal substrate [homoprotocatech-
uate or 3,4 dihydroxyphenylacetate (HPCA)], an intermediate is
formed with a lifetime of a few milliseconds. The EPR character-
istics of this intermediate are consistent with a Mn-superoxo
formulation. This observation suggests that a similar intermediate
might exist in the native enzyme as a transient Fe'-superoxo
species (Scheme 14).

Ongoing rapid freeze quench (RFQ) studies of the WT 2,3-
HPCD with HPCA as a substrate and the native Fe!! in the active
site have not revealed accumulation of an Fe''-superoxo species
that can be detected by EPR or Mdossbauer experiments. These
results suggest that if such a species is formed, it is very short-
lived, so a strategy to slow the reaction is required to detect
the putative ferric-superoxo intermediate. Two methods have
been described to slow the oxygen activation and substrate attack
portions of the reaction cycle. The first is to use an alternative
substrate with electron withdrawing substituents, such as 4NC
(17). The second is to change the key active site acid-base catalyst
and hydrogen bonding residue His200 to an Asn residue (2,3-
HPCD variant H200N) (19). Using either one of these strategies
results in a slow reaction that gives the expected ring-cleaved
product at the end of the cycle. When both strategies are used
simultaneously, the reaction slows further and the 4NC aromatic
ring is not opened; rather, it is converted to 4NC quinone and
H,0, is released (19). Independent of whether ring cleavage
(with HPCA) or ring oxidation (with 4NC) is catalyzed by
H200N, a common blue intermediate (4,,,x = 610 nm) is formed.
The rate constant for the formation of this intermediate depends
linearly on the O, concentration (19). We speculate that this
species is the initial oxy intermediate, potentially the elusive
Fel_superoxo species of the mononuclear nonheme iron oxi-
dase/oxygenase family. The transient kinetic, EPR, and Mdss-
bauer studies reported here show this to be the case.

Results

Absorption Spectra Show That an Intermediate Precedes Substrate
oxidation. The stoichiometric H200N-4NC complex exhibits an
absorption spectrum characteristic of the dianionic form of
4NC at 518 nm. Mixing this complex with O, causes a shift to
506 nm within 25 ms at 4 °C showing that an intermediate (Int-1)
is formed (Fig. S1) (17, 19). The small magnitude of the shift
suggests that 4NC is still in the aromatic, dianion form. Int-1
decays over a period of >200 s, to form an intermediate with an
absorption spectrum maximizing at 405 nm (Int-2) (Fig. S1). This
spectrum is characteristic of bound 4NC quinone product complex
(19). 4ANC quinone is more tightly bound than the ring-cleaved pro-
duct derived from the reaction of 4NC with the WT enzyme such
that complete dissociation to form the resting enzyme requires
hours. The released quinone product has a 4,,,,, at 380 nm, suggest-
ing that an alternative form of the quinone is bound in Int-2.

Int-1 and Int-2 Exhibit EPR Signals Originating from S; = 5/2 Fe!' Anti-
ferromagnetically Coupled to Different S, = 1/2 Species. The anae-
robic Fel! H200N-4NC complex shows EPR signals from minor
S = 5/2 contaminants of Fe!' and Mn!! with g values near 4.27
(0.05 spins/subunit) and 2 (<0.07 spins/subunit), respectively
(Fig. S2). Fig. 1 A and B show EPR spectra recorded in parallel
mode for a sample frozen 10 s after the anaerobic H200N-4NC
complex was rapidly mixed with 1 eq of O, at 4 °C. This sample
exhibits a pronounced new spectrum (Int-1) with integer-spin
resonances at g = 8.17, 8.8, and 11.6, which are observed in max-
imum yield in RFQ experiments at the earliest time point col-
lected (32 ms) (Fig. 2). Int-1 decays very slowly (k = 0.015 s7,
Fig. 2, Inset) to yield a long-lived intermediate (Int-2), which
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Fig. 1. Parallel-mode EPR spectra (colored lines) and simulations (thin black
lines). (A) 2 K spectrum 10 s after mixing H200N-4NC complex with O, satu-
rated buffer at 4 °C. (B) Sample of A at 9 K. (C) Spectrum at 10 K for a sample
prepared as in A but with 70% enriched '70,. (D) Sample from A at 9 K after
10 min incubation at 4 °C. Conditions prior to mixing: 1.64 mM H200N-4NC,
200 mM MOPS buffer pH 7.5. Simulation parameters: B, S; =5/2, S, =1/2,
J=+6 cm™", Dy = -0.48 cm™', E/D; = 0.20, g4 = 2.01, g, = (2.02,1.98,2.04),
r=0.29 nm, r, = 90°, and r, = 55°% C, same as B but with Ao~ 180 MHz
(I=5/2); D, Sy=5/2, S;=1/2, J=+40cm™", D;=+05cm",
E/D; =0.13, g, =201, and g, =2.00. EPR conditions: frequency,
9.24 GHz; power, 20 m\W; and modulation amplitude, 10 G.

exhibits, also in parallel mode, a new EPR signal at g = 8.05
(Figs. 1D and 2).

The EPR spectra of Int-1 over a range of temperatures (spec-
tra at 2 and 9 K are shown in Fig. 1 4 and B) show that the
g = 8.17 resonance originates from a ground doublet, and the
g = 8.8 and 11.6 resonances from excited states. The Mossbauer
spectra, shown below, reveal that the iron in both Int-1 and Int-2
is high-spin (S; = 5/2) Fel. Fig. 1B shows a simulation of the
Int-1 spectrum for an §; =5/2 center antiferromagnetically
(AF) coupled to an S, = 1/2 center, using the spin Hamiltonian
of Eq. 1 for the parameters given in the caption and Table 1.

He=JS1°S; + D[S, = 35/12+ (E/D),($* ), = §%,)]
+B(S1°g1 +S:°8,) * B
+ 0P/ (4mr)][(81°S1) (82 S2)
—3(g1*Si°r)(g°S,°1)/ ()] (1]

The exchange, zero-field splitting, Zeeman, and dipole—dipole
terms have their common definitions. The simulation is quantita-
tive, i.e., the signal intensities are correctly predicted by simulation
for the protein concentration. The agreement unambiguously
established the spin centers of Int-1 as §; =5/2 and S, = 1/2
and determines J = +6 cm™!. The energy of the exchange inter-
action is larger than the zero-field splitting energy, and conse-
quently the spin system approximates isolated S =2 and 3
multiplets (see energy diagram, Fig. S3). The EPR resonances
are from the transitions indicated in the diagram. Subtle shifts
from the expected positions of these transitions (g = 8 and 12)
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Fig. 2. Time dependence of Int-1 EPR signal decay. Parallel-mode EPR spec-
tra of the g = 8 region for samples frozen at the indicated times after mixing
anaerobic 1.7 mM stoichiometric H200N-4NC complex 1:1 with buffer con-
taining 1 eq of O, at 4 °Cin MOPS buffer pH 7.5. The bottom trace is the result
of including 2 eq of 4NC and incubating anaerobically for 1.5 h at 25 °C. (In-
set) Exponential fit to the decay of the g = 8.17 EPR signal. EPR conditions:
frequency 9.35 GHz; microwave power, 1 mW; modulation amplitude, 10 G;
and temperature, 2 K.

require the introduction of dipole—dipole interaction between the
two spin centers with a distance of ~0.3 nm.

The parallel-mode EPR spectrum of Int-2 is distinctly different
from that of Int-1. Specifically, the g = 11.6 and 8.8 features are
not present, the main signal is shifted to g = 8.05, and its tem-
perature dependence indicates that it arises from an excited
doublet (Fig. S44). The simulation displayed in Fig. 1D is for
an S; = 5/2 center AF coupled to an S, = 1/2 center with para-
meters given in the figure caption. From the temperature depen-
dence of the signal, we obtained J ~ +40 cm~!. The simulation is
also quantitative, showing that the spin concentration approxi-
mately matches the concentration of the protein.

Mossbauer Spectroscopy Shows That the S=2 Int-1 is an
S; = 5/2 Fe'" AF Coupled to an S, = 1/2 Radical. MOssbauer spectra
of resting H200N recorded at 4.2 K in zero applied field (B = 0)
exhibit a doublet with quadrupole splitting AE, = 3.01 mm/s
and isomer shift § = 1.24 mm/s, consistent with six-coordinate
high-spin Fe! with N/O coordination (24, 25). The crystal struc-
ture of 2,3-HPCD has shown that substrate binding converts
the Fell site from a six-coordinate octahedral geometry to a
five-coordinate square pyramidal geometry through release of
solvent (26). Accordingly, after anaerobic addition of 1 eq of
4NC to H200N, the parameters of the Fe!l site changed to AE, =
3.57 mm/s and 6 = 1.12 mm/s (Fig. 34). The decreased & is
consistent with conversion of the metal site to five-coordinate
or a six-coordinate site with one loosely bound solvent (5, 24).

Table 1. Electronic and nuclear parameters of Int-1 and Int-2
obtained from EPR (italics) and Mdéssbauer spectroscopy

Species J, cm™" Dy, cm™ (E/D); Ao/Gnfn. T AEg, mm/s n 3, mm/s

Int-1 -059 020 -21.4(2) -0.33(2) -3 0.50(1)
+6(2)* -048 0.20

Int-2 +0.67 0.11 -21.5(2) 0.87(2) -7.2 0.49(1)
+40(10) +0.50  0.13

*Numbers in parentheses give estimate of uncertainty.
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Fig. 3. Mossbauer spectra of H200N variant recorded at 4.2 K for B=0.
(A) Anaerobic H200N-4NC complex. (B) Int-1 prepared by freezing the sample
from A 10 s after mixing with 1 eq of O,. The sample contains a small amount
of Int-2 (blue, ~20% of Fe). (C) Sample of Int-2 frozen 10 min after mixing
with O,. (D) Endpoint complex in the presence of one additional equivalent
of 4NC but stoichiometric O,. This sample was prepared as described in
Materials and Methods. The black, red, or blue lines are fits using parameters
of Table 1. Concentrations before mixing: 1.62 mM H200N-4NC (except in D,
where an additional equivalent of 4NC is added), 50 mM MOPS pH 7.5 at
4°C. The *’Fe enrichment of H200N was approximately 95%.

Fig. 3 B and C shows spectra of samples from the single turn-
over reaction in which preformed H200N-4NC complex was
mixed rapidly with 1 eq of O, at 4°C. The sample of Fig. 3B,
frozen 10 s after mixing, exhibits at 4.2 K a doublet (representing
80% of Fe) with AE; = 0.33 mm/s and § = 0.50 mm/s assigned
to Int-1; the remainder of the Fe belongs to Int-2. The observa-
tion of a quadrupole doublet for B = 0, rather than a magneti-
cally split spectrum, implies a species with integer (or zero)
electronic spin. A 8§ value of 0.50 mm/s, on the other hand,
unambiguously shows that the iron of Int-1 is high-spin Felll,
rather than Fell.

The spectra recorded in strong applied magnetic fields (be-
tween 0.6 and 8 T), see Fig. 4 A and B, have features typical
of high-spin Fell sites. We have analyzed these spectra with
the spin Hamiltonian % = %, + % (omitting the dipole—di-
pole term in ,) where %, describes the >TFe hyperfine inter-
actions.

T = AoS1°L + (eQV . /12)[31 |, = 15/4 + (I, = I*))]
_gnﬂnB.I' [2]

In Eq. 2 all symbols have their conventional meanings. The
high-field Méssbauer spectra are associated with the lowest spin
doublet (roughly the Mg = +2 doublet); the g =8.17 EPR
feature originates from this doublet. The observed magnetic
hyperfine field is along z, which is also the direction for which
the g = 8.17 feature is observed. For the >’ Fe magnetic hyperfine
coupling constant of the ferric ion, we obtained A,/g,p, =
—21.4(2) T, which compares well with 4, values reported for
sites with octahedral Fe with N/O coordination (27). The
parameters obtained from the Mdssbauer analysis are listed in
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Fig. 4. Moéssbauer spectra of H200N intermediates Int-1 and Int-2 recorded
at 4.2 K in parallel applied magnetic fields indicated. (A and B) Spectrum of
Int-1. The 20% contribution of Int-2 has been subtracted from the spectra.
Red solid lines are simulations based on Egs. 1 and 2 using the parameters
listed in Table 1. (C) Spectrum of Int-2. Red line is a spectral simulation using
the parameters of Table 1.

Table 1; the D and E/D values obtained from EPR and Mdss-
bauer spectroscopy agree within the uncertainties.

170-Hyperfine Coupling Shows That an Oxygen Radical is Present in
Int-1. Fig. 1C shows parallel-mode EPR spectra for a sample
of Int-1 prepared with 70% enriched 70, (I = 5/2). It is evident
that 17O broadens the spectrum considerably. Fig. 1C also shows
a simulation of the spectrum of the "O-enriched sample using
the same set of electronic parameters as that shown in Fig. 1B,
with the inclusion of a term for the hyperfine interaction with '7O.
For the 70% enrichment of this sample, the fit to the data gives
A ~ 180 MHz. The simulations show that at least one 7O
A-tensor component for Int-1 must be as large as 180 MHz. This
large hyperfine constant is therefore indicative of >80% radical
electron density on the oxygen, identifying Int-1 as an Fe-O, -
radical species.

Int-2 May Contain a Bound Peroxo and a Product Radical. The zero-
field Mossbauer spectrum of Int-2, shown in Fig. 3C, consists of a
doublet with AE, = 0.87 mm/s and § = 0.49 mm/s. As for Int-1,
the system reflects a high-spin Fe'™ ion that is exchange coupled
to some § = 1/2 radical. Analysis of the Mdossbauer spectra
recorded in strong applied fields (a 1.0 T spectrum is shown
in Fig. 4C), demonstrates AF coupling with a J > 6 cm™'.

In contrast to Int-1, formation of Int-2 using 70% enriched
170, resulted in only a slight hyperfine broadening of the EPR
signal in the g = 8 region (Fig. S4B). Simulations for Int-2 indi-
cate Ang ~ 5 MHz. This small 4 value indicates little spin density
(<3%) on the oxygen, showing that the quantitative radical must
be localized elsewhere. Because the absorption spectra show that
the quinone product of the reaction is present in the active site of
Int-2, it is possible that this is the site of the radical, which was
indirectly tested by displacing the quinone product with 4NC. The
reaction was started with 1 eq of O, and 2 eq of 4NC relative to
the active site Fell. The samples from the reaction time course
were aged and frozen anaerobically in order to limit O, to 1 eq.
The samples progressed normally through Int-1 (Fig. S54) and
Int-2, but at 80 s (Fig. S5B), the spectrum of the Fe! H200N-
4NC substrate complex began to reappear, representing 20%
of the total iron. These results suggest slow replacement of

Mbughuni et al.

the quinone product by the excess 4NC. After 30 min (anaerobi-
cally) at room temperature (Fig. 3D and Fig. S5C), the reaction
mixture contained 20% Int-2, whereas 80% of the sample was
the Fell H200N-4NC complex. It is notable that in this complete
cycle, the active site iron returns to the Fell state without the
introduction of external reducing equivalents. This observation
suggests Int-2 is formally a peroxo-Fe"-4NC quinone complex
but internal electron transfer forms the quasi-stable peroxo-
Fe-4NC quinone radical species actually observed. The pre-
sence of the peroxo would account for the slight broadening
of the EPR spectrum due to '7O. As the peroxide and quinone
dissociate, the electron from the quinone radical is retained
by the iron to restore the resting Fe!l state (Fig. 3D) ready for
another turnover cycle.

Discussion

Past studies from our laboratories and several others have shown
that O, activation at nonheme iron centers in oxidases and oxy-
genases is usually a highly regulated process designed to produce
a reactive form of oxygen only when it can react rapidly with a
substrate (1, 5, 8, 13, 18, 28-30). This type of regulation promotes
regiospecificity and prevents adventitious reactions with other
biological components, but often leads to fleeting intermediates
that can be detected only after the development of strategies to
slow the reaction (31, 32). The study described here employs both
mutagenesis of a key active site acid/base catalyst and the use of
a slow substrate to kinetically resolve the half reactions of what
we believe are very fast processes in the catalytic cycle of the
WT enzyme. The first intermediate in this process is an active
site Fe"'-O, "~ a species that has not been stabilized in the large
nonheme mononuclear iron oxygenase enzyme class. Below, the
characteristics of this species and its relevance to catalysis are
discussed.

Electronic Structure of Int-1. The above spectroscopic data clearly
indicate that Int-1 is well described as a high-spin Fe'l' ion
exchanged coupled to a superoxo radical (Fe™-O,~). The >'Fe
hyperfine interaction (A4,/g,p, = —21.4 T) compares well with
that of the mononuclear Felll site (=21.2 T) of protocatechuate
3,4 dioxygenase from Brevibacterium fuscum (27), and the isomer
shift (§ = 0.50 mm/s) falls squarely into the range of high-spin
Fell (25). The 70 hyperfine interaction of the superoxide radical
is large (Arng = 180 MHz) as in superoxide adsorbed onto
various surfaces (33, 34) and oxycobaltomyoglobin (35).

The electronic structure of Int-1 developed from spectroscopy
is supported by density functional theory (DFT) calculations for a
truncated system, consisting of the Fe, its coordinated ligands,
and residues of the second coordination sphere in 2,3-HPCD
(see SI Text and Fig. S64). The calculations yield an Fe-O,*~
ground state with a superoxo radical bound end-on to a high-spin
Fe!' (Fe-O-O = 117°) (Fig. 5 and Fig. S64). The calculated
values for & and AE, are typical for high-spin Fe'l' and agree
well with the experiment (Table S1). The calculated A values
for the distal 70, A,,3 = (=226, + 59, + 81) MHz, are quite
similar to those observed in matrix-isolated O, ~ (33, 34), with
the largest component perpendicular to the O-O axis in the plane
of the n* orbital containing the unpaired electron (note that
because the largest 7O splitting is observed along the z axis of
Eq. 1, it follows that this axis is in the plane of the n* orbital and
perpendicular to O-O bond). The calculated O-O bond length
(1.38 A) is close to that calculated for O,"~ (1.41 A), and quite
different from that for O, (1.26 A). The computations show
nearly complete transfer of the electron to the dioxygen with
some polarization such that the distal oxygen has a higher spin
population (Table S2). This oxygen points toward the catechol
carbon para to the nitro group, whereas structural studies
show that the side-on bound Fe'l-superoxo species of the WT
2,3-HPCD-4NC complex points the adjacent hydroxyl bearing
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Fig. 5. DFT geometry optimization of Int-1. Dashed lines indicate hydrogen
bonds. Blue numbers indicate distance in Angstroms or angle in degrees.
All possible orientations of Asn200 are beyond hydrogen bonding range
to the O,.

carbon (14). The calculated J value is small (J = —5.8 cm™}), as
observed experimentally (/ = +6 cm™'), but ferromagnetic.
Preliminary calculations suggest that the orientation of the radi-
cal-containing n* orbital (Fig. S6B) and the exchange-coupling
constant are sensitive to hydrogen bonding interactions between
O, "~ and the protein residues, and that minor changes in protein
conformation may change the J value by as much as 100 cm™!.
The nature of these correlations is currently under investigation.

Comparison of Int-1 with Fe''-0,°~ Species from Heme-Containing
Enzymes. As in the case of the nonheme iron-containing oxidases
and oxygenases, the reaction of O, with heme-containing systems
usually involves a reaction with iron in a five-coordinate § = 2
state. An electron is transferred to O, in both the heme and
nonheme systems. However, the reactions diverge at this point
because the iron in the heme system generally becomes a low-spin
Fell-O,"~ system, with a DFT-calculated singlet—triplet gap of
~1200 cm™! for P-450 (36). The Fe-O,"~ species of hemes is
rarely proposed as a reactive species in oxygenase reactions
unless the substrate is highly activated as, for example, in the final
step of the nitric oxide synthase cycle (37). It is generally thought
that the heme Fe''-O,~ state is first converted to a peroxo,
hydroperoxo, or high-valent oxo intermediate. Whereas similar
conversions are postulated for many nonheme systems, others
are thought to use the superoxo state directly as described below.

Significance for Nonheme Mononuclear Iron-Containing Enzymes.
Fell-O, "~ intermediates have been proposed to serve important
roles in the reaction cycles of nonheme mononuclear iron-con-
taining enzymes. For example, it has been proposed that this type
of intermediate abstracts a hydrogen atom from the beta carbon
of iron-bound cysteinyl moiety of the tripeptide &-(La-aminoadi-
poyl)-L-cysteinyl-D-valine during the isopenicillin N-synthase
catalyzed formation of the p-lactam ring of penicillin N (38).
In the reaction cycle of the myriad of a-ketoglutarate linked
dioxygenases, an Fe-O,"~ intermediate is proposed to attack
the alpha carbon of the iron-bound a-keto glutarate to form
an alkylperoxo intermediate prior to the release CO, and the

16792 | www.pnas.org/cgi/doi/10.1073/pnas.1010015107

formation of a high-valent intermediate that ultimately hydroxy-
lates the substrate (5). In these and all other examples, the
putative iron-superoxo species has not been directly detected.
Int-1, on the other hand, is detectable at 4 °C for several minutes
and is shown here to contain oxygen from O,, presenting an
opportunity to characterize this intermediate.

Electronic Structure of Int-2. Based on the small hyperfine interac-
tion from !7O, the loss of the g = 8.05 EPR signal upon displace-
ment of the quinone product, and observation of an Fell by
Mossbauer spectroscopy, it seems likely that Int-2 is a peroxo-
Fell-4NC semiquinone complex. Small molecule transition metal
ligand complexes with quinones are well studied (39, 40). Experi-
ments have shown that charge distribution between a transition
metal and the noninnocent quinone ligand depends largely on
relative energy levels between the quinone frontier and metal
orbitals (39). This insight has been used to explain the rich redox
chemistry commonly observed when a quinone interacts with a
divalent metal ion such as Fe(II), Mn(II), and Co(II) (41). In
most cases, these complexes exhibit a resultant spin state consis-
tent with electron transfer from the metal to the quinone, with
AF coupling between the metal and the quinone radical as we
propose for Int-2.

Implications for the Mechanism of Extradiol Dioxygenases. We show
here that the turnover of 4NC by H200N leads initially to gen-
eration of an Fe-O,"~ complex that cannot rapidly attack
the substrate, which raises the question of whether Int-1 is
relevant to normal ring-cleaving catalysis. Note that the transient
absorption feature at 610 nm that we associate with Int-1 is
observed when H200N catalyzes either ring cleavage of HPCA
or quinone formation from 4NC. In the mechanistic model we
have proposed (Scheme 1), the reaction becomes committed
to ring cleavage by superoxo radical attack on the substrate semi-
quinone to form the structurally characterized alkylperoxo inter-
mediate (14). Most probably, the highly electron withdrawing
nitro substituent of 4NC greatly decreases the rate of electron
transfer to the Fe-O,"~, especially in the absence of an acid-
base catalyst and orienting residue at position 200. Consequently,
the ability to see a long-lived Int-1 in H200N with 4NC may
reflect a decrease in driving force for electron transfer from
the substrate rather than the formation of a unique species in
this enzyme variant.

Conclusion and Perspective. Most heme-containing oxidases and
oxygenases that catalyze reactions involving cleavage of strong
bonds of unactivated substrates generate Fel'-hydroperoxo or
FelV-oxo = cation radical reactive species. These are formed
by first transferring two electrons in rapid succession to O,. In
contrast, the nonheme Fe!! aromatic ring-cleaving dioxygenases
appear to follow a different strategy involving a one-electron
transfer to oxygen. The studies reported here and our previous
studies suggest that this process proceeds by initial formation
of a short-lived Fe™-O,"~. We propose that this species is very
rapidly converted in normal catalysis to a substrate radical-
Fe'l-O,"~ intermediate, which is the true reactive species from
which oxygen attack on the substrate occurs. The initial formation
of Fe'-O, "~ is likely to be a common theme throughout the re-
markably diverse mononuclear nonheme Fe!'-containing super-
family, most members of which share the 2 His, 1 Asp/Glu
Fe! binding motif (42). After formation of the Fe-O,"~ inter-
mediate, the proposed reaction mechanisms diverge such that in
some cases the Fe'-O, "~ is the reactive species, whereas in other
cases further activation steps are required. Thus, the Fe'''-O, "~
species described here is likely to be the intermediate from which
emerges an exceptionally rich range of enzyme chemistry.

Mbughuni et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1010015107/-/DCSupplemental/pnas.1010015107_SI.pdf?targetid=SF6

Materials and Methods

Overexpression of the H200 Variant, Purification, and 5’Fe Incorporation. The
H200N variant of recombinant 2,3-HPCD (EC 1.13.11.15) from Brevibacterium
fuscum was expressed and purified as previously described (43, 44). For
enrichment of 3’Fe in 2,3-HPCD, a media composed of 24 g/L casamino acids,
8 g/L yeast extract, 9.4 g/L K,HPO,4, and 2.2 g/L KH,HPO, was used. The
cultures were grown at 37 °C to an optical density of 1 at 600 nm in 1 L
shaker flasks, then supplemented with 9 mg/L ’Fe and induced with
280 pM IPTG for 4 h at 25°C.

Preparation of Fully Reduced 2,3-HPCD. Purified 2,3-HPCD was made anaerobic
by mild stirring under argon at 4°C then transferred to a Coy anaerobic
glovebox. The sample was reduced with 1.5 eq of Na,S,0,4 at 25°C for
~30 min. Excess Na, 5,0, was removed from the sample by passage through
a Sephadex G-25 PD-10 column preequilibrated with anaerobic 200 mM
MOPS buffer at pH 7.5. This procedure increased the specific activity, but
the reaction cycle rate constants were unchanged.

Rapid Freeze Quench Methods. H200N-4NC anaerobic complex was prepared
in the glovebox by mixing 1 eq of H200N with 1 or 2 eq of 4NC, as specified.

. Arciero DM, Lipscomb JD (1986) Binding of '7O-labeled substrate and inhibitors to
protocatechuate 4,5-dioxygenase-nitrosyl complex. Evidence for direct substrate
binding to the active site Fe?* of extradiol dioxygenases. J Biol Chem 261:2170-2178.

. Baldwin JE, Bradley M (1990) Isopenicillin N synthase: Mechanistic studies. Chem Rev
90:1079-1088.

. Chen VJ, et al. (1989) Spectroscopic studies of isopenicillin N synthase. A mononuclear
nonheme Fe?* oxidase with metal coordination sites for small molecules and sub-
strate. J Biol Chem 264:21677-21681.

. Rocklin AM, et al. (2004) Mechanistic studies of 1-aminocyclopropane-1-carboxylic acid
oxidase: Single turnover reaction. J Biol Inorg Chem 9:171-182.

. Price JC, et al. (2003) The first direct characterization of a high-valent iron intermedi-
ate in the reaction of an a-ketoglutarate-dependent dioxygenase: A high-spin Fe(IV)
complex in taurine alpha-ketoglutarate dioxygenase (TauD) from Escherichia coli. Bio-
chemistry 42:7497-7508.

. Proshlyakov DA, et al. (2004) Direct detection of oxygen intermediates in the
nonheme Fe enzyme taurine/alpha-ketoglutarate dioxygenase. / Am Chem Soc
126:1022-1023.

. Mukherjee A, et al. (2010) Oxygen activation at mononuclear nonheme iron centers:
A superoxo perspective. Inorg Chem 49:3618-3628.

8. Kovaleva EG, Lipscomb JD (2008) Versatility of biological nonheme Fe(ll) centers in
oxygen activation reactions. Nat Chem Biol 4:186-193.
9. Weiss JJ (1964) Nature of the iron-oxygen bond in oxyhaemoglobin. Nature 202:83-84.

10. Sharrock M, et al. (1976) Cytochrome P450.,, and its complexes. Méssbauer para-
meters of the heme iron. Biochim Biophys Acta 420:8-26.

11. Schlichting |, et al. (2000) The catalytic pathway of cytochrome P450.,,, at atomic
resolution. Science 287:1615-1622.

12. Davydov R, et al. (2001) Hydroxylation of camphor by reduced oxy-cytochrome
P450cam: Mechanistic implications of EPR and ENDOR studies of catalytic intermedi-
ates in native and mutant enzymes. J Am Chem Soc 123:1403-1415.

13. Xing G, et al. (2006) Evidence for C-H cleavage by an iron-superoxide complex in the
glycol cleavage reaction catalyzed by myo-inositol oxygenase. Proc Nat/ Acad Sci USA
103:6130-6135.

14. Kovaleva EG, Lipscomb JD (2007) Crystal structures of Fe?* dioxygenase superoxo,
alkylperoxo, and bound product intermediates. Science 316:453-457.

15. Shu L, et al. (1995) X-ray absorption spectroscopic studies of the Fe(ll) active site
of catechol 2,3-dioxygenase. Implications for the extradiol cleavage mechanism.
Biochemistry 34:6649-6659.

16. Bugg TDH, Winfield CJ (1998) Enzymic cleavage of aromatic rings: Mechanistic
aspects of the catechol dioxygenases and later enzymes of bacterial oxidative cleavage
pathways. Nat Prod Rep 15:513-530.

17. Groce SL, Miller-Rodeberg MA, Lipscomb JD (2004) Single-turnover kinetics of homo-
protocatechuate 2,3-dioxygenase. Biochemistry 43:15141-15153.

18. Vaillancourt FH, Bolin JT, Eltis LD (2006) The ins and outs of ring-cleaving dioxygenases.
Crit Rev Biochem Mol Biol 41:241-267.

19. Groce SL, Lipscomb JD (2005) Aromatic ring cleavage by homoprotocatechuate
2,3-dioxygenase: Role of His200 in the kinetics of interconversion of reaction cycle
intermediates. Biochemistry 44:7175-7188.

20. Lipscomb JD (2008) Mechanism of extradiol aromatic ring-cleaving dioxygenases. Curr

Opin Struct Biol 18:644-649.

. Siegbahn PEM, Haeffner F (2004) Mechanism for catechol ring-cleavage by nonheme
iron extradiol dioxygenases. J Am Chem Soc 126:8919-8932.

22. Emerson JP, et al. (2008) Swapping metals in Fe- and Mn-dependent dioxygenases:

Evidence for oxygen activation without a change in metal redox state. Proc Nat/ Acad
Sci USA 105:7347-7352.

23. Gunderson WA, et al. (2008) Electron paramagnetic resonance detection of inter-

mediates in the enzymatic cycle of an extradiol dioxygenase. J Am Chem Soc

130:14465-14467.

N

w

IN

S

o

~

2

Mbughuni et al.

RFQ syringes were loaded inside the anaerobic glovebox and then trans-
ferred to an Update Instrument model 1019 RFQ apparatus and allowed
to equilibrate for 30 min at 4 °C. After rapid mixing and passage through
a calibrated delay line, samples were collected by rapid freezing on counter-
rotating aluminum wheels at Liq N, temperature. For samples at times >6 s,
the mixed sample was collected directly in an EPR tube or Méssbauer cup and
frozen in a dry ice/methanol bath (EPR) or Liq N, (Mdssbauer) after the
appropriate incubation time. For anaerobic aging of Mdssbauer samples
<100 s, the sample was dispensed into a Mdssbauer cup inside of an anae-
robic vial preequilibrated at 4 °C. The vial and sample were then frozen in
Lig N, at the appropriate time.
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