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a  b  s  t  r  a  c  t

Metalloenzymes  that  utilize  molecular  oxygen  as  a co-substrate  catalyze  a  wide  variety  of  chemically
difficult  oxidation  reactions.  Significant  insight  into  the  reaction  mechanisms  of  these  enzymes  can  be
obtained  by  the  application  of  a  combination  of rapid  kinetic  and  spectroscopic  methods  to  the  direct
structural  characterization  of  intermediate  states.  A  key  limitation  of  this  approach  is  the  low  aqueous
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KIE,  deuterium kinetic isotope effect; d4-taurine, 1,1,2,2-[2H4]-2-aminoethane-1-sulfonic acid; d6-MI, 1,2,3,4,5,6-[2H6]-cyclohexan-(1,2,3,5/4,6)-hexa-ol; Ec,  Escherichia coli;
ENDOR, electron nuclear double resonance; EPR, electron paramagnetic resonance; ESEEM, electron spin echo envelope modulation; EXAFS, extended X-ray absorption
fine  structure; ferryl, Fe(IV)-oxo; FQ, freeze-quench; kD, rate constant for C D cleavage; kH, rate constant for C H cleavage; MCD, magnetic circular dichroism; MI,  myo-
inositol or cyclohexan-(1,2,3,5/4,6)-hexa-ol; MIOX, myo-inositol oxygenase; NIR, near infrared; NRPS, non-ribosomal peptide synthetase; NRVS, nuclear resonance vibrational
spectroscopy; PheH, phenylalanine hydroxylase; PPant, phosphopantetheine; RNR, ribonucleotide reductase; SF, stopped-flow; ST, substrate triggering; TauD, taurine:!-
ketoglutarate dioxygenase; t1/2, half life.

∗ Corresponding author at: Department of Chemistry, 336 Chemistry Building, University Park, PA 16802, United States. Tel.: +1 814 863 5707; fax: +1 814 865 2927.
∗∗ Corresponding author at: Department of Chemistry, 332 Chemistry Building, University Park, PA 16802, United States. Tel.: +1 814 865 6089; fax: +1 814 865 2927.

E-mail  addresses: ckrebs@psu.edu (C. Krebs), jmb21@psu.edu (J.M. Bollinger Jr.).
1 Present address: Department of Chemical Physiology, Scripps Research Institute, La Jolla, CA 92037, United States.
2 Present address: Department of Biological Chemistry and Molecular Pharmacology, Harvard Medical School, Cambridge, MA 02115, United States.
3 Present address: Kinemed, Emeryville, CA 94608, United States.
4 Present address: University of North Carolina, Eshelman School of Pharmacy, Chapel Hill, NC 27599, United States.

0010-8545/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.ccr.2012.06.020



C. Krebs et al. / Coordination Chemistry Reviews 257 (2013) 234– 243 235

Keywords:
Oxygen
Intermediate
Ferryl
Superoxo
Peroxo
Iron
Non-heme

solubility  (<2  mM)  of  the  co-substrate,  O2, which  undergoes  further  dilution  (typically  by one-third  or
one-half)  upon  initiation  of reactions  by  rapid-mixing.  This  situation  imposes  a  practical  upper  limit  on
[O2] (and  therefore  on  the  concentration  of  reactive  intermediate(s)  that  can  be  rapidly  accumulated)  of
∼1–1.3  mM  in  such  experiments  as  they  are  routinely  carried  out.  However,  many  spectroscopic  methods
benefit  from  or require  significantly  greater  concentrations  of  the  species  to  be  studied.  To  overcome  this
problem,  we  have  recently  developed  two  new  approaches  for  the  preparation  of  samples  of  oxygenated
intermediates:  (1)  direct  oxygenation  of  reduced  metalloenzymes  using  gaseous  O2 and  (2)  the  in situ
generation  of  O2 from  chlorite  catalyzed  by  the  enzyme  chlorite  dismutase  (Cld).  Whereas  the  former
method  is  applicable  only  to intermediates  with  half  lives of  several  minutes,  owing  to the sluggishness
of transport  of  O2 across  the  gas–liquid  interface,  the  latter  approach  has  been  successfully  applied  to
trap  several  intermediates  at high  concentration  and  purity  by  the  freeze-quench  method.  The  in situ
approach  permits  generation  of  a  pulse  of  at  least  5  mM  O2 within  ∼1  ms  and  accumulation  of  O2 to
effective  concentrations  of  up  to ∼11  mM  (i.e.  ∼10-fold  greater  than  by  the  conventional  approach).  The
use  of these  new  techniques  for studies  of  oxygenases  and  oxidases  is  discussed.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

1.1. O2 activation by metalloenzymes

Oxygenases and oxidases are enzymes that couple the reduc-
tion of O2 to the oxidation of their substrates. They are ubiquitous
in nature and serve many important biological functions, including
respiration [1],  biosynthesis of enzyme cofactors [2–4], neuro-
transmitters [5],  and natural products [6,7], key steps in primary
and secondary metabolism [6,8,9],  degradation of xenobiotics [8],
and regulation of transcription [10–14] and metabolism [15]. In
general, the activation of O2 occurs at a reduced cofactor, which
typically contains either a reduced transition metal, such as Fe(II)
[8,16–19] or Cu(I) [20–22],  or a reduced flavin [23], and results in
the generation of potently oxidizing reaction intermediates that
initiate substrate oxidation. Studies discussed in this review, which
involve the direct trapping and structural characterization of these
intermediates, have been extremely important in our developing
understanding of the mechanisms of these enzymes.

1.2. Trapping and characterization of intermediates

The use of rapid kinetic and spectroscopic methods as tools
to study (metallo)enzyme mechanisms has a long history in
mechanistic biochemistry. The first stopped-flow (SF) absorption-
spectroscopic and freeze-quench (FQ) electron paramagnetic
resonance (EPR)-spectroscopic studies were described approxi-
mately half a century ago (see e.g. [24–26]). Although the first
application of the FQ method for the preparation of samples for
57Fe-Mössbauer spectroscopy was reported ∼20 years later in the
early 1980s [27], the power of combining SF-absorption, FQ-EPR,
and FQ-Mössbauer spectroscopies to trap and characterize reaction
intermediates was not fully exploited until the 1990s in several
detailed studies on the O2 activation reactions of carboxylate-
bridged, non-heme-Fe2(II/II) proteins carried out collaboratively
by several different research groups (including Vincent Huynh’s)
[28–39].

A generally (albeit not uniformly) successful strategy to apply
these techniques has been to initiate the reaction by mixing a solu-
tion of the reactant complex [the form of the reduced enzyme with
all (co)substrate(s) except O2 present at saturating levels] with an
O2-containing solution. Addition of O2 is often quite fast (second-
order rate constants for the addition of O2 to the reactant complex
of 104 to 107 M−1 s−1 [40–43])  in the reactions of wild-type enzyme
with the natural substrates and, in many cases, has proven suffi-
ciently fast to permit accumulation of intermediates. Typically, we
begin our studies with SF absorption-spectroscopic experiments,
which allow changes in the UV/vis region of the electromagnetic
spectrum to be monitored in real time during a reaction. In most

cases, the spectroscopic changes do not provide sufficient informa-
tion to deduce the identities of absorbing species. However, they
do provide insight into the kinetics of the reaction and greatly aid
in the selection of suitable reaction times for samples to be pre-
pared by the discontinuous FQ method for further characterization
of intermediates by other spectroscopic methods.

We generally use FQ-EPR and FQ-57Fe-Mössbauer spectroscopy
in the next phase of our mechanistic studies, because these two
methods are complementary and are ideally suited for the detec-
tion and characterization of all 57Fe-labeled species contained in
a sample [44,45]. The spectroscopic parameters reveal aspects of
the electronic structure(s) of detected species, such as the total
electron-spin ground state, zero-field splitting parameters of the
electron-spin ground state, spin and oxidation state of individual Fe
ions, nuclearity of a multi-nuclear iron cofactor, and hyperfine cou-
pling interactions. By using distinguishing spectroscopic features
of a given reactant, intermediate, or product state, it is possible to
determine each state’s concentration as a function of reaction time.

Further insight into the geometric and electronic structures of
reaction intermediates can be obtained by studying samples max-
imally enriched in the intermediate state by other spectroscopic
methods [46,47]. These methods include: (i) FQ electron nuclear
double resonance (ENDOR) and electron spin echo envelope mod-
ulation (ESEEM) spectroscopies, which provide insight into the
location of nuclei with non-zero magnetic moment relative to the
paramagnetic center via detection of the hyperfine interactions;
(ii) X-ray absorption spectroscopy (XAS), particularly the extended
X-ray absorption fine structure (EXAFS) region of the XAS spec-
trum, which yields information about the geometric structure of the
metal center including distances to nearby nuclei; (iii) resonance
Raman spectroscopy, which yields insight into vibrational prop-
erties associated with the chromophore (often the metal center);
(iv) magnetic circular dichroism (MCD) spectroscopy, a method
interrogating electronic transitions in the UV/vis/NIR region and
providing insight into the electron-spin ground state of the absorb-
ing species; and (v) nuclear resonance vibrational spectroscopy
(NRVS), a rather new and specialized technique that yields infor-
mation about the vibrational properties associated with the 57Fe
center. The comparison of experimentally observed spectroscopic
parameters to those calculated for hypothetical model structures
using density functional theory (DFT) [9,48,49] may  then afford
local, high-resolution structural information on reaction inter-
mediates and thereby provide important insight into a reaction
mechanism [50–53].

1.3. Limitations to trapping and characterization of intermediates

There are general challenges and limitations that one faces in
the application of several of the above-mentioned spectroscopic
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methods to samples prepared by the FQ method. These factors
can render the experiments very challenging, or even impossible.
The three main limitations are (i) unfavorable reaction kinetics,
which result in modest accumulation and thus low purity of the
target intermediate, (ii) low absolute concentration of the inter-
mediate owing to limitations in solubility of reaction components
(vide infra), and (iii) physical properties of the sample that are
incompatible with the spectroscopic method.

1.3.1. Limitations due to unfavorable reaction kinetics
The extent to which an intermediate may  accumulate is gov-

erned by the reaction kinetics, which are intrinsic to the enzyme
and reaction under investigation and can generally be modified
only for relatively modest gains by varying the reaction conditions.
The intermediate’s accumulation depends on its rate constants of
formation (kform) and decay (kdecay). An intermediate accumulates
more for increasing kform and for decreasing kdecay. kform is in most
cases determined by the reaction between the reactant complex
and O2, which generally exhibits second-order rate constants of 104

to 107 M−1 s−1 [40–43].  For rapid-mixing experiments with [O2] of
∼1 mM (after mixing), the intermediates form with effective first-
order rates of 101 to 104 s−1. kdecay depends on the nature of the
chemical step in the reaction mechanism and is typically a uni-
molecular step. When the effective kform is comparable to or greater
than kdecay, then the intermediate accumulates to levels permitting
its characterization [28,43,54–58]. If kdecay is greater than the effec-
tive kform, then the intermediate accumulates to a lesser extent, and
its identification may  be very difficult or even impossible.

It is often possible to change the reaction kinetics significantly by
using chemically or isotopically modified substrates and/or variant
enzymes. These studies generally aim at accumulating the inter-
mediate to a greater extent by slowing its decay. In our experience,
the most successful perturbation involves the use isotopologs of
the natural substrate in studies of enzymes that cleave strong C H
bonds. The sterically and electrostatically innocuous substitution
of the target hydrogen of the natural substrate with deuterium
results in greater accumulation of the C H/D-cleaving intermedi-
ate, because (i) the formation of the intermediate is not affected
by the isotopic substitution and (ii) the decay of the intermediate
generally exhibits a large deuterium kinetic isotope effect (D-KIE).
We have observed D-KIEs on C H/D cleavage ranging from ∼10
to ∼60 [42,55,57,59–61]. Among the C H-cleaving enzymes that
we have studied so far, the use of the deuterated natural substrate
has proven to be a generally successful strategy for accumulat-
ing the C H/D-cleaving intermediate to levels sufficient to provide
mechanistic insight.

There are also many examples of the successful trapping and
characterization of reaction intermediates using chemically mod-
ified substrate analogs and/or variant enzymes [28,38,62–65]. The
effect of the perturbation is less predictable compared to the effect
of isotopic substitution described above, because the chemical per-
turbation might not only slow down decay of the intermediate
(the desired effect), but it might also slow down formation of the
intermediate, in some cases owing to reduced substrate triggering
(ST) efficacy. ST is a phenomenon commonly observed in oxyge-
nases and oxidases, in which addition of O2 is accelerated by some
change caused by binding of one or more substrate. ST ensures
that potently oxidizing reaction intermediates are formed exclu-
sively (or at least preferentially) in the presence of the substrate. A
well understood case of ST occurs in the reactions of the mononu-
clear non-heme-iron oxidases and oxygenases. Seminal studies by
Solomon and co-workers showed that the conformational change
associated with binding of the prime substrate promotes dissocia-
tion of a water molecule from the octahedral, six-coordinate Fe(II)
center to yield a square-pyramidal, five-coordinate Fe(II) center,
poised to be attacked by O2 at the vacated site [9,66–69]. It has

frequently been found that chemically modified substrates and
variant enzymes are less effective at ST, rendering this strategy
for accumulation of intermediates less generally effective than one
might anticipate.

Whether the accumulation of intermediates to greater extent in
the presence of a chemically modified substrate is successful or not
depends on the extent to which kform and kdecay are perturbed. An
example for the successful application of this strategy is our work
on the Fe(II)- and !-ketoglutarate (!KG)-dependent halogenase,
SyrB2, which is described in greater detail in Section 2.1.2 [57].

A stark illustration of the failure of using analogs to accumulate
an intermediate is our work on the enzyme taurine:!KG dioxy-
genase (TauD) from Escherichia coli (Ec)  with the substrate analog
1,1-F2-taurine [70]. These studies were carried out before our dis-
covery of the Fe(IV)-oxo (ferryl) intermediate in the reaction with
the native substrate, taurine [54]. At that time, it was  thought
that the C H-cleaving intermediate might be too reactive to be
trapped [9,71].  The 1,1-F2-taurine analog was synthesized with
the expectation that the replacement of the target hydrogen with
fluorine would decrease kdecay and result in greater accumula-
tion of the C H-cleaving intermediate. We  further expected that
the formation of the intermediate might not be affected, because,
in the working hypothesis for the mechanism of the Fe(II)- and
!KG-dependent oxygenases, the formation of the C H-cleaving
intermediate involves addition of O2 and decarboxylation of !KG
to yield succinate and CO2, but it does not involve the prime
substrate, taurine [9,71,72]. Surprisingly, the reaction of O2 with
the TauD·Fe(II)·!KG·1,1-F2-taurine complex is significantly slower
than with the native quaternary complex (with taurine), despite
the fact that the spectroscopic properties of the reactant complex
with 1,1-F2-taurine are nearly identical to those with the natural
substrate, taurine [70]. As a result of the diminished kform, the fer-
ryl intermediate accumulates much less (∼10%) compared to the
reaction with the native substrate, taurine (∼50%) [70].

Another example of the failure of chemically modified sub-
strate to permit accumulation of intermediates to detectable levels
is our work on phenylalanine hydroxylase (PheH) from Chro-
mobacterium violaceum (Cv) [73], an Fe(II)- and tetrahydropterin
(BH4)-dependent aromatic amino acid hydroxylase [5].  Ferryl inter-
mediates have been observed in tyrosine hydroxylase [74] and
Cv PheH [73] in the presence of their natural substrates (tyrosine
and phenylalanine, respectively), but the intermediate accumu-
lates only to ∼20–25% in each case. With the intent to augment its
accumulation, we  used the perdeuterated cyclohexylalanine ana-
log. Despite the fact that previous studies have shown that the
reaction of Cv PheH with this analog results in hydroxylation of
one of its aliphatic C H bonds, exhibits a deuterium kinetic isotope
effect of ∼15, and is fully coupled [75], the ferryl intermediate does
not accumulate to a detectable level, as judged by the absence of the
well-resolved high-energy line of the ferryl complex in the Möss-
bauer spectra, in the reaction of Cv PheH with the perdeuterated
analog, presumably because addition of O2 (and therefore forma-
tion of the intermediate) is significantly slowed by the diminished
ST efficacy of the non-native substrate [73].

1.3.2. Limitations caused by the physical properties of
freeze-quenched samples

Transmission-based spectroscopic methods, such as low-
temperature MCD  spectroscopy, cannot, in general, be carried out
on samples prepared by the FQ method, because the samples are
not transparent. In a collaborative study, the Solomon group suc-
cessfully demonstrated that samples of the high-valent Fe2(III/IV)
intermediate, X, of Ec ribonucleotide reductase (RNR) suitable for
MCD  spectroscopy could be prepared by a modified FQ procedure
[52,76]. The double variant of the Ec RNR-" protein, Y122F/Y356F-
", was  used for this study, because the lifetime of X is ∼5-fold
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greater in this variant than in wild-type Ec RNR ". The increased
lifetime of X allowed liquid N2, which is much less efficient than the
commonly used iso-pentane and ethane, to be used as cryosolvent
in this case. After evaporation of the liquid N2, the dried freeze-
quenched material containing X was mulled at −30 ◦C with glycerol
and placed in a MCD  cell. EPR measurements carried out in parallel
ensured that X did not decay noticeably during this procedure.

Although this procedure was applied successfully to the study
of Ec X, it is important to note that it is not generally applicable. For
example, the high-valent Fe(IV)-oxo intermediate, J, from Ec TauD
[54,77] could not be prepared by this method, because it decays
rapidly during the mulling process at −30 ◦C, as demonstrated by
the disappearance of the unique quadrupole doublet associated
with J in the Mössbauer spectra. Attempts to prepare samples of
Ec TauD J suitable for MCD  spectroscopy using modified condi-
tions (lower mulling temperature, different mulling agent, shorter
mulling time) have not been successful to date.

1.3.3. Limitations imposed by the physical properties of O2 gas
Dioxygen, O2, is only modestly soluble in aqueous solutions at

ambient pressure (∼2 mM)  due to its apolar nature [78]. Because
transient-state kinetic experiments generally involve the rapid
mixing of two solutions (in our preferred setup, one syringe con-
tains an O2-free solution of the reactant complex, and the other
contains an O2-saturated buffer solution) the concentration of O2
after mixing is further diminished to ∼1 mM or ∼1.3 mM  in exper-
iments involving a 1:1 (v/v) or 1:2 (v/v) mixing ratio, respectively.
This value provides the upper limit for the absolute concentration of
an intermediate that can be prepared in such a rapid-mixing experi-
ment, even in the most favorable case that the intermediate would
accumulate to stoichiometric levels (i.e. kform ≫ kdecay). Although
intermediate concentrations of ∼1–1.3 mM are sufficient for many
spectroscopic methods, some of the aforementioned techniques
benefit from, or even require, higher concentrations.

Beyond its stoichiometric requirement for intermediate for-
mation, the rather low solubility of O2 can also kinetically limit
the concentration to which an intermediate can be accumulated,
because the first step in the reaction sequence, the addition of O2 to
the reactant complex, is bimolecular. Therefore, the apparent first-
order rate constant, kform, increases as [O2] increases, limited by
its modest solubility. The enzyme myo-inositol oxygenase (MIOX)
serves as an example of this issue, which is discussed in more detail
in Section 2.2.5.

The gaseous nature of O2 also impedes quantitative kinetic stud-
ies of oxygenases and oxidases, such as in experiments to define
the dependence of reaction rates on the concentration of O2 (e.g.
[40,41,43]) or studies that require a well-defined ratio of reactants
(e.g. [79]). In general, it is much more difficult to control and vary
[O2] in solutions to be used in rapid-mixing experiments. As a
consequence, values of [O2] can have significantly greater exper-
imental uncertainty compared to those of non-volatile substrates.

2. New approaches to the trapping of reactive
intermediates at high concentration

2.1. Trapping intermediates using gaseous O2

One possibility for the preparation of samples of reactive inter-
mediates at high absolute concentration involves the exposure of a
concentrated solution of the reactant complex to O2 gas, delivered
on a Schlenck line to a degassed solution of the reactant complex.
The O2-exposed solution is stirred vigorously under ∼2 atm O2,
subsequently transferred into a suitable sample holder, and frozen
[57]. A rather long reaction time with O2 is required, because diffu-
sion across the gas–liquid interface is inefficient (compared to the

mixing of two solutions during a FQ experiment) especially given
the high viscosity of the concentrated solution of the reactant com-
plex. Because this method of oxygenation is much slower and kinet-
ically heterogeneous (i.e. asynchronous) compared to oxygenation
by mixing with an O2-containing solution, it can be applied only to
the accumulation of intermediates with half-lives of minutes. We
have used the direct oxygenation method for preparation of three
metalloenzyme intermediates in high yield for detailed spectro-
scopic studies, which are described in the following sections.

2.1.1. The peroxo–Fe2(III/III) intermediate of Streptomyces
thioluteus AurF

The peroxo–Fe2(III/III) intermediate found in the ferritin-like
non-heme diiron-carboxylate N-oxygenase, AurF, from Strepto-
myces thioluteus is a very rare example of a chemically competent
oxygenated intermediate that has a half-life of >∼5 min  and can
therefore be trapped by the direct exposure of the reactant com-
plex to O2 gas [56]. AurF catalyzes the unusual 6e−-oxidation
of para-aminobenzoate (Ar-NH2) to para-nitrobenzoate (Ar-NO2),
a key step in the biosynthesis of the nitroaryl-containing natu-
ral product, aureothin [80–82].  In the first step, AurF promotes
the 2e−-oxidation (N-oxygenation) of Ar-NH2 to yield the para-
hydroxylaminobenzoate (Ar-NHOH) intermediate [56], while in
the second step of the reaction, AurF catalyzes the 4e−-oxidation
of Ar-NHOH to Ar-NO2 [79]. The reactive oxygenated intermediate
in both reactions is a peroxo–Fe2(III/III) complex, which is formed
rapidly (k ∼ 105 M−1 s−1 at 5 ◦C) in the reaction of the Fe2(II/II) form
of AurF with O2 [56,79].  The intermediate is remarkably stable in
the absence of substrate (t1/2 ≈ 7 min  at 5 ◦C), but reacts rapidly
with the substrate (Ar-NH2 or Ar-NHOH; t1/2 ≈ 5 ms  at 5 ◦C) [56,79].
Thus, the formation and decay of the intermediate are kinetically
so remarkably well resolved that the intermediate accumulates to
near-stoichiometric levels and can be trapped in high purity by
the direct oxygenation method. Comparison of the Mössbauer fea-
tures of the various Fe-species of AurF present in samples prepared
by the conventional FQ method and direct oxygenation method
revealed the presence of a small amount of a Fe2(III/III) cluster
in the sample prepared by direct oxygenation; this species was
not present in samples prepared by the FQ method [56,79]. This
cluster presumably forms upon slow decay of the intermediate
(t1/2 ≈ 7 min) in the absence of substrate as a consequence of the
rather long O2-exposure time required for the direct-oxygenation
method. However, this species constituted only a minor fraction of
the iron in the sample (∼10%). The detailed characterization of this
peroxo–Fe2(III/III) intermediate by a combination of spectroscopic
methods, in particular, the MCD- and NRVS-spectroscopic studies
carried out by the Solomon group, are ongoing and expected to
yield fundamental new insight into the intermediate’s geometric
and electronic structure.

2.1.2. The halo-Fe(IV)-oxo intermediates of the ˛KG-dependent
halogenase SyrB2 from Pseudomonas syringae

The Fe(II)- and !KG-dependent halogenases functionalize
aliphatic carbon atoms with a halogen (chlorine or bromine) during
the biosyntheses of various halogenated natural products by non-
ribosomal peptide synthetases [83,84].  The prime substrates of the
halogenases are amino acids tethered via a thioester linkage to a
phosphopantetheinyl (PPant) arm that is covalently attached to a
thiolation carrier protein (or domain) of the non-ribosomal peptide
synthetase (NRPS) complex. These enzymes are a subgroup of the
large family of Fe(II)- and !KG-dependent oxygenases [6,9,17,19],
which in most cases promote the hydroxylation of their prime sub-
strates. These enzymes activate O2 at a Fe(II) center to couple the
decarboxylation of the co-substrate, !KG, to the formation of a
potently oxidizing Fe(IV)-oxo intermediate, which abstracts hydro-
gen from the strong, aliphatic target C H bond of the substrate.
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The unique outcome of the halogenases results from recombi-
nation of the substrate radical with the halogen atom from the
halo-Fe(III)-hydroxo complex (formed by the hydrogen abstraction
step) and is governed by the position of the target C H bond rel-
ative to the halogen and oxo/hydroxo ligands to the Fe cofactor
[85]. In contrast to the !KG-dependent hydroxylases, for which
one ferryl intermediate is observed [54,60], the !KG-dependent
halogenases have two distinct halo-ferryl complexes that are par-
tially resolved by Mössbauer spectroscopy [55,57,86].  Elucidation
of their structures by a combination of spectroscopic methods is
an important step towards understanding the unique reactivity
of the halogenases. In the halogenase SyrB2 from Pseudomonas
syringae, which halogenates the C#-methyl group of l-threonine
tethered to the thiolation domain of SyrB1, the lifetime of the halo-
ferryl complexes could be significantly extended by deuteration
of the target C# H bond, but remained too short for the direct
oxygenation method to be applied. However, the use of two  sub-
strate analogs extended the lifetime of the halo-ferryl complexes
dramatically [57]. For the cyclopropylglycine (Cpg)-containing ana-
log, the modified carbon (C#) is part of a cyclopropyl ring and the
C# H bond is, consequently, unusually strong (homolytic bond
dissociation energy ≈ 106 kcal/mol [87]). As a consequence, the
halo-ferryl complexes are greatly stabilized (t1/2 ∼ 1.8 h at 0 ◦C)
[57]. Alternatively, the l-alanine-containing analog, in which the C#
methyl group containing the natural target C H bond is removed,
also extends the lifetime significantly (t1/2 ∼ 0.7 h at 0 ◦C) [57].
The remarkable stability of the halo-ferryl complexes of SyrB2
with the Cpg-containing analog allowed for preparation of sam-
ples in high purity and concentration by the direct oxygenation
method, permitting characterization of the chloro-ferryl complexes
by EXAFS spectroscopy [57]. The characterization of the chloro-
and bromo-ferryl complexes by NRVS and MCD  is currently ongo-
ing in collaboration with the Solomon group. Importantly, these
halo-ferryl complexes are currently the only enzyme ferryl com-
plexes that can be interrogated by MCD  spectroscopy. These studies
are expected to complement similar studies on non-heme ferryl
models [88,89].

2.1.3. The Mn(IV)/Fe(IV) intermediate of Chlamydia trachomatis
ribonucleotide reductase

The class Ic RNR from Chlamydia trachomatis (Ct)  utilizes a
high-valent Mn(IV)/Fe(III) cofactor in its " subunit [4,90–92] to
reversibly generate the catalytically essential cysteinyl radical in
its ! subunit. The cysteinyl radical forms by a long-range electron-
transfer reaction that occurs by a radical-hopping mechanism and
is mediated by three tyrosine residues that are conserved for all
class I RNRs [93–98,142–145].  The Mn(IV)/Fe(III) cluster forms in
the reaction of the Mn(II)/Fe(II) cluster with O2 [43]. This reaction
proceeds via a Mn(IV)/Fe(IV) intermediate, which is reduced by one
electron delivered to the Fe(IV) site of the cluster via two  conserved
residues, W51  and Y222, of the " subunit. These two  residues form
a radical-hopping pathway that is functionally orthogonal to the
ET pathway that is operant in cysteinyl radical formation during
the catalytic reaction [99]. The characterization of the geomet-
ric and electronic structures of the high-valent Mn(IV)/Fe(III) and
Mn(IV)/Fe(IV) complexes is a major goal of our research. Whereas
the Mn(IV)/Fe(III) product of the reaction is stable and has been
prepared in high concentration and purity for characterization by
Mn-  and Fe-k-edge EXAFS spectroscopy [100] and ongoing col-
laborative studies with the Solomon group using MCD  and NRVS
spectroscopies, the transient nature of the Mn(IV)/Fe(IV) interme-
diate makes the preparation of samples of it more challenging.
While the decay rate constant of the Mn(IV)/Fe(IV) intermediate in
the wild-type protein precludes the use of the direct oxygenation
method (kdecay = 0.02–0.1 s−1 at 5 ◦C), the decay is slowed ∼10-fold
in the Y222F variant [99], making the direct oxygenation method

feasible for the preparation of samples of the Mn(IV)/Fe(IV) inter-
mediate in this variant. While we have successfully prepared such
samples in high concentration and purity by the direct oxygena-
tion method (as determined by EPR and Mössbauer experiments on
these samples), we  note that many attempts yielded samples with
significant amounts of the reactant Mn(II)/Fe(II) form, rendering
these samples unsuitable for additional spectroscopic experiments.
The presence of unreacted Mn(II)/Fe(II) can be rationalized by the
kinetic heterogeneity of the O2-addition step initiated by direct
exposure of the viscous solution of the reactant complex to O2 gas.
These difficulties in sample preparation suggest that the lifetime
of the Mn(IV)/Fe(IV) intermediate in the Y222F-" variant of Ct RNR
(t1/2 ∼ 6 min) represents a lower limit for the applicability of this
method. As described in Section 2.2.4, samples of the Mn(IV)/Fe(IV)
intermediate can now be prepared at even higher concentration
and purity more reliably and conveniently by using O2 generated
in situ by the Cld/ClO2

− system. However, the in situ generation of
O2 via Cld/ClO2

− does not allow for preparation of samples suitable
for MCD  spectroscopy. The optimization of the direct oxygenation
method for the preparation of MCD  samples of the Mn(IV)/Fe(IV)
intermediate for collaborative studies with the Solomon group are
ongoing.

2.2. Trapping intermediates by using O2 generated in situ from
ClO2

− by chlorite dismutase

The heme-dependent enzyme, chlorite dismutase (Cld), cat-
alyzes the conversion of ClO2

− to Cl− and O2 [101]. This reaction is a
key step in the detoxification of ClO2

− in proteobacteria that respire
on perchlorate, ClO4

− [102]. The stepwise reduction of ClO4
− to

ClO3
− and ClO2

− at a molybdopterin-containing, membrane-bound
enzyme, perchlorate reductase, is coupled to the generation of a
proton gradient [103]. The product of this reaction, ClO2

−, is toxic
and must be efficiently removed. Dechloromonas aromatica (Da)
Cld has been studied in detail [104–106]. It catalyzes the conver-
sion of ClO2

− to Cl− and O2 very efficiently (kcat = 2 × 106 s−1 at
4 ◦C and pH 5.2) and is capable of performing ∼1700 turnovers
before the enzyme is inactivated by oxidative damage to the heme
cofactor.

We  have recently shown that Da Cld can be used to generate
O2 in situ from ClO2

− for rapid-kinetic studies of oxygenases and
oxidases [107]. It is possible to generate a pulse of ∼5 mM O2 in
∼1 ms  and to achieve effective O2 concentrations of up to ∼11 mM.
Thus, the concentration of O2 generated in situ by the Cld/ClO2

−

system exceeds the O2 concentrations attainable from dissolved
O2 by ∼10-fold.

This recently developed method, which we describe briefly
below, has already been used to accumulate several intermediates
in greater absolute concentration than was  previously possible. In
addition to the ability to increase the absolute concentration of key
intermediates, the method offers two other advantages for mech-
anistic studies: (i) greater range of [O2] and greater precision with
which [O2] can be controlled in kinetic experiments and (ii) the
ability to accumulate reaction intermediates to greater levels by
shifting the equilibrium of the reversible O2 addition to the reactant
complex to the side of the oxygenated intermediate. These advan-
tages are highlighted below for the reactions of the Mn(II)/Fe(II)
form of Ct RNR-" with O2 (Section 2.2.4) and the Fe2(II/III)·MI com-
plex of MIOX with O2 (Section 2.2.5).

2.2.1. Experimental considerations
Rapid kinetic studies of oxygenases or oxidases are conceptually

simple and typically involve a single mix  of an O2-free solution of
the reactant enzyme complex with an O2-containing buffer solu-
tion. By contrast, experiments involving O2 generated in situ by the
Cld/ClO2

− system are more challenging and require the mixing of



C. Krebs et al. / Coordination Chemistry Reviews 257 (2013) 234– 243 239

ClO2
−, Cld, and the reactant complex in a fashion that favors the two

desired reactions (O2 generation by the Cld/ClO2
− system and the

reaction of O2 with the reactant complex) and disfavors possible
side reactions, including:

(1) Reduction of the catalytically active Fe(III) heme center of Cld
by one of the components of the reduced reactant complex of
the target enzyme.

(2) Inhibition of Cld by the coordination of one of the substrates of
the target enzyme to the heme cofactor.

(3) Oxidation of one of the components of the reactant complex by
ClO2

−; and
(4) Metal-mediated decomposition of ClO2

−.

In addition to the reactions arising from cross-reactivity of
components of the Cld and target oxygenase/oxidase systems, the
auto-inactivation of Cld, which is presumably due to oxidative
destruction of the heme cofactor during turnover, after ∼1700
turnovers must be taken into account in design of these experi-
ments. This potential limitation can be overcome by adjusting the
ClO2

−:Cld ratio to <1500 to ensure that ClO2
− is (almost) com-

pletely consumed.
Because these non-enzymatic side reactions (1)–(4) are much

slower than the reaction of the target oxygenase/oxidase with O2,
we designed a double-mixing experiment, which in the first step
involves mixing of an O2-free solution of the reactant complex with
an anaerobic solution of Cld for a time that is as short as the instru-
mentation allows. The intent is to prevent a reaction between these
two components, such as reduction of the Fe(III)-heme center of Cld
by the reduced reactant complex, by minimizing this first delay
time. In the second step, the resultant solution is mixed with a
ClO2

−-containing solution, which will initiate the in situ generation
of O2 by Cld and the reaction of O2 with the reactant complex of the
enzyme to be studied. Because ClO2

− is highly soluble and because
Cld is required only at catalytic concentrations (typically 5–30 $M
final) that are well within its solubility limit (up to 0.5 mM),  it is
possible to use rather concentrated solutions of Cld and ClO2

− and
employ a mixing ratio of 4:1:1 (v/v/v) of the solutions containing
target reactant enzyme complex, Cld, and ClO2

−, respectively. This
mixing ratio diminishes the concentration of the target enzyme by
only 33%, and the upper limit of the absolute concentration of the
target intermediate is no longer limited by the low solubility of O2,
but rather by the solubility of the target enzyme itself, which in
most cases significantly exceeds the limit of ∼1–1.3 mM imposed
by the solubility of O2.

Another important experimental consideration is the unavoid-
able presence of Cld heme cofactor in the low $M concentration
range in samples prepared by the Cld/ClO2

− method and, as a con-
sequence, the possible interference of its spectroscopic features
with those of the target enzyme under investigation. Whereas for
some methods there is very little interference (e.g. Mössbauer, EPR,
XAS), the intensely absorbing Soret band of the heme cofactor is
clearly detectable in SF absorption experiments and may  signif-
icantly interfere with authentic signals associated with states of
the target enzyme. It is likely that significant interference will also
play a role in resonance Raman- and MCD-spectroscopic exper-
iments. Careful control experiments, in which Cld is reacted with
ClO2

− in the absence of the target enzyme, will be required for such
experiments.

In order to explore the efficacy of the in situ generation of O2
by the Cld/ClO2

− system, we studied the generation of the sta-
ble oxy-myoglobin (oxy-Mb) adduct from reduced, Fe(II)-Mb and
O2 [107]. We  used the 4:1:1 (v/v/v) double-mixing protocol, in
which a solution of Fe(II)-Mb was mixed with a Cld-containing
solution for ∼3 ms  in the first step, followed by mixing with
a ClO2

−-containing solution and freeze-quenching after ∼15 ms.

Using 57Fe-Mössbauer spectroscopy, we  showed that the Cld/ClO2
−

system ([Cld]final = 20 $M and [ClO2
−]final = 17 mM)  is capable of

generating sufficient O2 within ∼15 ms  to convert 6.7 mM Fe(II)-
Mb nearly quantitatively (∼98%) to the oxy-Mb adduct. Thus,
the Cld/ClO2

− system is capable of generating 6.7 mM O2 within
∼15 ms,  and the O2 remains available for reaction with a metallo-
protein.

2.2.2. The Fe(IV)-oxo intermediate, J, of Escherichia coli
taurine:˛KG dioxygenase

The Fe(II)- and !KG-dependent oxygenases are a family of
enzymes with diverse biological functions [6,7,9,17,19]. The most
extensively studied member of these enzymes is Ec TauD [77].
The key intermediate of the catalytic cycle is a Fe(IV)-oxo inter-
mediate, termed J, which cleaves the C1 H bond of the substrate,
2-aminoethane-1-sulfonate or taurine [45,53,54,108–110].  The Fe
center of J is coordinated by the three amino acid ligands of the
His2/(Glu/Asp)1 facial triad [111,112],  the co-product, succinate,
and the oxo ligand. One of the His ligands is trans to the oxo
group, while the other His and the two  carboxylate ligands pro-
vide the equatorial ligands. The Fe(IV) center is either in a trigonal
bipyramidal (with both carboxylates serving as monodentate lig-
ands) or distorted octahedral (with one of the carboxylates in a
bidentate binding mode) coordination environment [45,53]. As a
consequence of the weak ligand field in the xy-plane, the energy of
the dx2−y2 orbital is diminished, resulting in the unusual high-spin
(S = 2) electronic configuration [53]. The strategy of lowering the
energy of the dx2−y2 orbital has also been successfully accomplished
in inorganic high-spin ferryl models [113–118]. Because the geo-
metric and electronic structures of Ec TauD J are well understood,
J can serve as a benchmark for the new and emerging technique,
NRVS. Although it is possible to obtain samples of J in high purity
(∼80%), the absolute concentration is limited by solubility of O2
(1.3 mM)  and less than the concentration range required for NRVS.
Thus, samples prepared with dissolved O2 are not suitable for
NRVS. We  prepared samples of J using the Cld/ClO2

− method with
comparable purity (∼80%), but significantly greater absolute con-
centration (3.2 mM total Fe, 2.5 mM J) for NRVS studies with the
Solomon group [107] that are expected to complement studies of
non-heme ferryl models [89,117].

2.2.3. The Fe2(III/IV) intermediate, X, of Escherichia coli
ribonucleotide reductase

A class Ia RNR utilizes a stable tyrosyl radical, which is in
close proximity to a Fe2(III/III) cluster, in its " subunit [2,119,120]
to generate the catalytically essential cysteinyl radical in its !
subunit, in the same manner that the class Ic Ct RNR uses the
Mn(IV)/Fe(III) cluster [93,121]. The tyrosyl radical/Fe2(III/III) cofac-
tor is generated by activation of O2 at the Fe2(II/II) form of the
cofactor [122]. This reaction has been extensively studies for Ec
RNR [28,30–32,35,40,122]. The last step of this reaction is the one-
electron oxidation of the radical tyrosine, Y122, by the Fe2(III/IV)
intermediate, termed X, which itself is reduced to the Fe2(III/III)
cluster [28]. Although X has been studied by a wide variety of
spectroscopic techniques [36,38,52,123,124], no consensus struc-
ture for X has been obtained. Importantly, the Fe–Fe distance of
X determined by EXAFS spectroscopy (dFe–Fe = 2.5 Å) [38] is sig-
nificantly shorter than Fe–Fe separations for an inorganic model
for X (dFe–Fe = 2.68 Å) [125] and models for X derived from other
spectroscopies and calculations [51,52,124]. The re-determination
of the Fe–Fe separation in X by EXAFS spectroscopy using signifi-
cantly more concentrated samples could resolve this long-standing
conundrum. We  used the Cld/ClO2

− method to prepare samples of
X with comparable purity (∼70%) and significantly greater concen-
tration (2.0 mM)  than reported in the published EXAFS study [107].
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This concentration is 2.5-fold greater than those samples, which
were prepared by the conventional FQ method (∼0.8 mM)  [38]. The
EXAFS-spectroscopic characterization of these samples is ongoing.

2.2.4. The Mn(IV)/Fe(IV) intermediate of Chlamydia trachomatis
ribonucleotide reductase

As detailed in Section 2.1.3, the Mn(IV)/Fe(IV) intermediate
observed during reaction of the Mn(II)/Fe(II) cluster of Ct RNR-"
with O2 is a major target for spectroscopic characterization. The
intermediate prepared with the Y222F variant of Ct RNR-" has a
half life of ∼6 min. The preparation of samples in high concentra-
tion by the direct oxygenation method has, not surprisingly, proven
to be subject to greater variation than for experiments conducted
by rapid-mixing methods. We  recently prepared the Mn(IV)/Fe(IV)
intermediate at high concentration (1.2 mM)  and purity (∼63% of
total Fe) using the Cld/ClO2

− method [107]. Such samples will be
used for Mn-  and Fe-k-edge EXAFS studies to determine the Mn–Fe
distance independently. These studies are presently ongoing. While
the characterization of the Mn(IV)/Fe(IV) intermediate by NRVS
in collaboration with the Solomon group will provide additional
insight into its structure, these studies are not feasible with the
samples we can presently prepare, because the absolute concentra-
tion is less that required for NRVS. Optimization of the procedure
to prepare samples with the greater absolute concentration of the
intermediate required for the NRVS studies of the Solomon group
is currently being pursued in our group.

The reaction of the Mn(II)/Fe(II) cofactor of Ct RNR-" with O2
was also used as a kinetic test for the capability of the Cld/ClO2

−

method. The dependence of the kinetics of Mn(IV)/Fe(IV) inter-
mediate formation on [O2] was defined [107]. These experiments
were carried out by SF absorption spectroscopy, made possible
by strong absorption at 390 nm of the Mn(IV)/Fe(IV) intermediate,
which forms in a bimolecular reaction between the reactant com-
plex and O2 [43]. The product of the reaction, the Mn(IV)/Fe(III)
cluster, also absorbs at this wavelength, but its molar absorptiv-
ity is only roughly half that of the Mn(IV)/Fe(IV) intermediate [43].
Thus, the A390-vs-time traces (Fig. 1A) reflect formation and decay
of the Mn(IV)/Fe(IV) intermediate. It is apparent that the inter-
mediate forms more rapidly with increasing [ClO2

−], and, at the
lesser ClO2

− concentrations, the apparent first-order rate constant
for formation of the intermediate, kform, depends linearly on [ClO2

−]
(Fig. 1B). Importantly, the values of kform are identical to those
obtained at the same [O2] from experiments with dissolved O2
(gray diamonds), thereby confirming that ClO2

− is quantitatively
converted to O2 by Cld so rapidly that no lag phase on formation
of the Mn(IV)/Fe(IV) intermediate is observed. At greater [ClO2

−],
values of kform deviate from this first-order dependence. However,
increasing [Cld] results in greater kform for [ClO2

−] > 4 mM,  without
affecting kform for [ClO2

−] ≤ 4 mM.  This observation demonstrates
that the discrepancy is due to inactivation of Cld at higher [ClO2

−]
[107]. These studies illustrate the virtue of the Cld/ClO2

− system as
a tool for kinetic studies in which [O2] must be varied. Compared
to experiments using dissolved O2, the linear range is significantly
greater and the O2 concentration can be controlled with greater
precision.

2.2.5. The superoxo–Fe2(III/III) intermediate, G, of Mus musculus
myo-inositol oxygenase

The enzyme myo-inositol oxygenase (MIOX) catalyzes the four-
electron oxidation of myo-inositol (MI) to d-glucuronate using O2
as the oxidant [126–128]. The reaction begins with the reversible
addition of O2 to the mixed-valent Fe2(II/III) cofactor [129,130]
having the substrate, myo-inositol (MI), coordinated at the Fe(III)
site [131]. This reaction yields formally a superoxo–Fe2(III/III) com-
plex, termed G [61]. Formation of G occurs with a second-order rate
constant of 95 mM−1 s−1, which corresponds to an apparent kform

Fig. 1. Reaction of the Mn(II)/Fe(II) form of Ct RNR-" with O2 generated in situ by
the  Cld/ClO2

− system. (A) Delineation of the [O2] dependence of the reaction by
variation of [ClO2

−]. A390-vs-time traces following rapid mixing at 5 ◦C of a solution
containing 0.2 mM RNR-"2, 0.6 mM Mn(II), 0.2 mM Fe(II), and 0.01 mM Cld with an
equal volume of a ClO2

−-containing solution. The final values of [ClO2
−] are 0.25 mM

(red), 0.50 mM (blue), 1.0 mM (green), 2.0 mM (black), 4.0 mM (light purple), 8 mM
(gold), and 16 mM (orange). Traces were analyzed by non-linear regression using
the equation for two exponential phases (solid lines) in order to extract observed
first-order rate constants for formation of the Mn(IV)/Fe(IV) intermediate (kobs).
(B)  Plot of kobs vs [ClO2

−] or [O2]. The solid circles are values of kobs for the above
experiment ([Cld]final = 5 $M).  The open circles are values of kobs from an identical
experiment, except for [Cld]final = 10 $M.  The gray diamond points are values of kobs

obtained after mixing with either O2-saturated buffer or buffer prepared by diluting
O2-saturated buffer 2- or 4-fold with O2-free buffer, as has been done in the past to
define the [O2]-dependence of the reaction. The points with [ClO2

−] ≤ 4 mM were
fit  by the equation for a line (solid line). Extrapolation of the kobs for the reaction
with 16 mM ClO2

− to the linear fit line (dashed lines) gives effective [O2] of 9 mM
or  11 mM,  respectively.
Reprinted with permission from [107]. Copyright 2012 American Chemical Society.

of ∼100 s−1 for [O2] ≈ 1 mM [61]. G can decay by two  pathways:
the reductive elimination of O2, which occurs with k ∼ 40 s−1, and
cleavage of the C1 H(D) bond of MI,  which occurs with rate con-
stants of kH > 250 s−1 and kD = 48 s−1, respectively, resulting in a
significant D-KIE of ∼8–15. Thus, even with the deuterated sub-
strate, the rate of breakdown of G is comparable to the rate of
formation at experimentally accessible [O2], thereby precluding
accumulation of G to more than ∼40% of the concentration of the
reactant complex. An important consequence of the reversibility of
O2 addition is that samples quenched at the reaction time appropri-
ate to trap the maximum concentration of G still contain significant
concentrations of the reactant complex.

We recently showed that the use of the Cld/ClO2
− system

[20 $M Cld and 16 mM ClO2
−; under those condition the effec-

tive [O2] is ∼11 mM in experiments with Ct RNR (see Section
2.2.4)] allows for ∼2-fold greater accumulation of G and nearly
complete consumption of the reactant complex (∼15-fold less
remaining) than in the published experiments conducted by rapid
mixing with O2-containing solutions [107]. This observation is an
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important step toward the more thorough characterization of G
with other spectroscopic methods. In particular, the combination
of 57Fe ENDOR and Mössbauer experiments is expected to provide
detailed insight into the electronic structure of G. The 57Fe hyper-
fine tensors determined from 57Fe ENDOR spectroscopy will be an
important constraint for the determination of other parameters
(in particular the isomer shifts, %) required for simulation of the
magnetically split Mössbauer spectra of G. This approach was used
successfully to study the Fe2(III/IV) intermediate, X, of Ec RNR [36].
The ability to prepare samples enriched in G and with only small
amounts of the reactant Fe2(II/III)·MI  complex will facilitate this
analysis considerably. These studies are now being pursued in our
group.

3. Conclusion and outlook

We have developed two new methods for the preparation of
oxygenated intermediates in concentrations significantly exceed-
ing those attainable in samples prepared by rapid-mixing of
solutions with dissolved O2.

The direct oxygenation method involves exposure of an anaer-
obic solution of the reactant complex to gaseous O2 with vigorous
stirring of the resultant solution, transfer of the sample into
the appropriate spectroscopy cell, and freezing of the sample.
Because the transfer of O2 from the gas phase to the viscous
liquid phase is very inefficient, the oxygenation process takes
several minutes. The method is therefore applicable only to
intermediates that have half-lives greater than ∼6 min. This cri-
terion is not met  for the vast majority of intermediates and
therefore the method has only limited applicability. However,
for those intermediates with half lives >6 min, the method is
extremely useful and allows for preparation of samples for virtu-
ally all spectroscopies, including transmission-based methods (e.g.
MCD) and methods requiring very high-concentrations of material
(e.g. NRVS).

The Cld/ClO2
− method is fundamentally different and involves

the in situ generation of dissolved O2. The experimental setup is
more complex, because the method requires two reactions, the
generation of O2 by Cld and the reaction of O2 with the target oxy-
genase/oxidase, to take place without interference. Although many
side reactions can potentially occur between the various compo-
nents of the two reactions, these are, for all cases we have studied
so far, much slower than the desired reactions. The double-mixing
protocol, in which the reactant complex and Cld are mixed in the
first step and immediately thereafter mixed with ClO2

−, has in
our experience been successful in suppressing these potential side
reactions. Thus, we anticipate that the Cld/ClO2

− method will be
applicable to most oxygenases and oxidases.

The method has many advantages for mechanistic studies that
cannot be realized by other methods. The fact that the accessible
concentration range of O2 is ∼10-fold greater has two  important
consequences. First, it allows for the preparation of intermediates at
unprecedented, multi-millimolar concentrations for detailed char-
acterization by various spectroscopies. Second, kinetic studies, in
which the dependence of the reaction kinetics on [O2] is interro-
gated over a wide range of [O2], are rendered more convenient and
accurate. We  note that our study is not the first example of the
interrogation of a reaction of O2 with a reduced metalloenzyme
over a wide range of [O2]. Bailey et al. reported on O2 binding
to cytochrome c oxidase by SF absorption spectroscopy [132].
However, these studies utilized a custom-built, high-pressure SF
apparatus that is not routinely available. Moreover, a similar appa-
ratus for the application of the FQ method, i.e. high-pressure FQ, has
not, to our knowledge, been described. By contrast, the Cld/ClO2

−

method requires only standard SF and FQ equipment.

Another important advantage of the Cld/ClO2
− method is the

ability to accumulate intermediates that form upon addition of
O2 (i.e. the “O2-adducts”, which are generally believed to have a
superoxo–Fe(III) electronic structure [64,133–137]) to the reac-
tant complex to greater levels by accelerating kform. For the
superoxo–Fe2(III/III) intermediate, G, from MIOX, we illustrated
that the ∼10-fold greater [O2] results in acceleration of kform,
thereby shifting equilibrium of the reversible O2-addition step
to favor G. The use of the Cld/ClO2

− method may  prove to be
an important tool for the identification of the many proposed
superoxo–Fe(III) intermediates that are thought to cleave C H
bonds [138,139],  in particular when using the specifically deuter-
ated substrates. For many other enzymes, such as the Fe(II)- and
!KG-dependent oxygenases and the Fe(II)- and BH4-dependent
aromatic amino acid hydroxylases, superoxo–Fe(III) intermediates
have been proposed as reaction intermediates en route to the exper-
imentally observed ferryl intermediates, but the superoxo–Fe(III)
complexes have never been directly detected, presumably because
they do not accumulate to detectable levels under standard reac-
tion conditions. It is conceivable that the ∼10-fold faster formation
of these complexes may  result in their accumulation. However, the
reaction may  be so fast that the maximum time of accumulation
of these intermediates is less than the dead time of conventional
rapid-mix instrumentation. The “freeze hyperquenching” tech-
nique [140,141],  which allows the reaction to be quenched after
significantly shorter reaction times (∼20–50 $s) might then allow
for trapping and characterization of these complexes.
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