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ABSTRACT: The direct interrogation of fleeting intermedi-
ates by rapid-mixing kinetic methods has significantly
advanced our understanding of enzymes that utilize dioxygen.
The gas’s modest aqueous solubility (<2 mM at 1 atm)
presents a technical challenge to this approach, because it
limits the rate of formation and extent of accumulation of
intermediates. This challenge can be overcome by use of the
heme enzyme chlorite dismutase (Cld) for the rapid, in situ
generation of O, at concentrations far exceeding 2 mM. This
method was used to define the O, concentration dependence
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of the reaction of the class Ic ribonucleotide reductase (RNR) from Chlamydia trachomatis, in which the enzyme’s Mn'"/Fe™™
cofactor forms from a Mn"/Fe" complex and O, via a Mn'"/Fe'" intermediate, at effective O, concentrations as high as ~10 mM.
With a more soluble receptor, myoglobin, an O, adduct accumulated to a concentration of >6 mM in <15 ms. Finally, the C—H-

bond-cleaving FeV—oxo complex, J, in taurine:a-ketoglutarate dioxygenase and superoxo—Fe,

oxygenase, and the tyrosyl-radical-generating Fe,"v

W complex, G, in myo-inositol

intermediate, X, in Escherichia coli RNR, were all accumulated to yields

more than twice those previously attained. This means of in situ O, evolution permits a >5 mM “pulse” of O, to be generated in
<1 ms at the easily accessible Cld concentration of 50 M. It should therefore significantly extend the range of kinetic and
spectroscopic experiments that can routinely be undertaken in the study of these enzymes and could also facilitate resolution of
mechanistic pathways in cases of either sluggish or thermodynamically unfavorable O, addition steps.

Aerobic organisms are replete with proteins and enzymes
that react with O2 for such purposes as cellular and
organismal resplratron, oxidation reactions of primary and
secondary metabohsm, ~* catabolism of drug and xenobiotic
compounds;” biosynthesis of enzyme cofactors,>’ neuro-
transmitters,® and natural products, regulation of tran—
scription; ™" and uptake and storage of inorganic nutrients."
Many of these enzymes employ reduced cofactors, consrstrng of
one or more reduced transition metal (typically Fe! >'>7!
Cu' "7?") or a reduced flavin,** that combine with O, to form
potently oxidizing intermediates that directly or indirectly
transform their substrates. Rapid-mixing transient kinetic
studies have contributed greatly to our understanding of the
mechanisms of these enzymes by permitting the direct
detection, kinetic tracking, and spectroscopic characterization
of fleeting intermediates in their catalytic cycles.""™'® The
fleeting nature of the intermediates formed (typical half-lives of
<1—10 s) has, with a few spectacular exceptions,”*~>* precluded
their three-dimensional structural characterization by X-ray
crystallography. The alternative approach has been (i) to trap
the intermediates at their maximal extents of accumulation by
the freeze-quench method and (ii) to subject them to a suite of
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spectroscopic methods. In combmatlon with density functional
theory (DFT) calculations,*® these methods can afford local,
high-resolution structural information about transient species,
thereby 9providing “snapshots” along the reaction coordi-
nate.”’ >

In the study of these enzymes, the physical properties of O,
impose certain challenges to the elucidation of reaction kinetics
and the direct characterization of intermediates. Its gaseous
nature makes systematic variation of its concentration more
challenging and introduces greater uncertainty into concen-
tration values than for nonvolatile substrates. More importantly,
the modest solubility of the gas imposes a very constraining
upper limit of ~2 mM on the O, concentration®® that can be
achieved without specialized apparatus. O, has often been
found to combine with the reduced enzyme cofactors with
~! which, at the
routinely accessible O, concentration of 1 mM, are sufficient to

second-order rate constants of 10¥—10" M~ s
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give effective first-order rate constants of 10'=10* s> ** In
many cases, these formation rate constants have proven to be
comparable to or greater than the first-order rate constants for
decay of the key intermediates. In these cases, accumulation of
the intermediate states for detailed characterization has been
possible.>*~** In other cases, isotopic or chemical modification
of the substrate or mutagenesis of the protein has been used to
slow decay of intermediates to permit their accumulation and
characterization.*' ™ In still other cases, however, the obstacle
presented by the modest solubility of O, has not been
overcome, and many intriguing O,-dependent enzyme
reactions have thus far proven to be resistant to this powerful
approach to mechanistic dissection.**

Several spectroscopic methods that can reveal important
structural details for intermediates demand very concentrated
samples that are highly enriched in the desired state. For
example, application of extended X-ray absorption fine
structure (EXAFS) spectroscopy, which in ideal cases can
provide very precise metal—ligand and metal—metal distances
for reactive intermediates, to dilute or heterogeneous freeze-
quenched samples is notoriously problematic and in several
notable cases has provided distances**® that cannot be
reconciled with those in DFT-derived structures®”*®*’ and
inorganic model complexes.48’49 Other methods, such as the
developing technique of nuclear resonance vibrational spec-
troscopy (NRVS), which can reveal structural details of iron
complexes, require that targets be present at concentrations
exceeding the solubility of O,.>° Long-lived complexes may be
generated at such high concentrations by direct treatment of
precursors with gaseous O,°%*" but the sluggishness of
transport across the gas—liquid interface makes such an
approach impractical for complexes with half-lives of less than
~1 min. A rapid-mixing method permitting reaction with O, at
greater concentrations without the need for specialized
equipment could, therefore, open doors to new experiments
in this area of biochemistry.

The heme enzyme chlorite dismutase (Cld) rapidly converts
chlorite (ClO,7) to chloride (Cl7) and O,, suggesting a simple
approach to overcoming both the technical difficulties in the
systematic variation of O, concentration and its modest
solubility.® A number of proteobacteria have been shown to
catalyze this reaction in conjunction with perchlorate (ClO,”)
respiration. ClO,” is sequentially reduced to CIO;™ and ClO,~
by a membrane-bound molybdopterin-dependent perchlorate
reductase, which couples the reductions to the generation of a
proton gradient.*” The resulting ClO,~ would accumulate and
kill the organism in the absence of the detoxification reaction
catalyzed by Cld. Accordingly, the reaction must be fast to serve
its biological function: the homopentameric Cld from
Dechloromonas aromatica (Da) is one of the fastest and most
efficient Clds yet studied, with a k., value of (2.0 + 0.6) X
10° s (per heme) at 4 °C and pH 52.°"°*** This rate
constant suggests that Cld could support the generation of
tens-of-millimolar O, on the millisecond time scale. Impor-
tantly, the enzyme is not significantly inhibited by millimolar
concentrations of either of its two products, CI” and 02.51 It is,
moreover, capable of approximately 1.7 X 10* turnovers per
heme before undergoing irreversible inactivation because of
oxidative damage to the heme. We therefore reasoned that
catalytic concentrations of Cld could be used to initiate the
reaction of an O,-utilizing (metallo)enzyme by rapid mixing
with the highly soluble, nonvolatile CIO,™ rather than with the
sparingly soluble, gaseous O,. Here, we demonstrate that this
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approach can indeed simplify the experimental variation of O,
concentration, expand the range of O, concentrations that can
be interrogated with commonly available equipment, and
permit preparation of O,-dependent intermediate states at
concentrations and purities not accessible by conventional rapid
mixing with O,-containing aqueous solutions.

B EXPERIMENTAL PROCEDURES

Materials. Sodium chlorite (NaClO,), a-ketoglutaric acid,
sodium ascorbate, and horse heart myoglobin (Mb) were
purchased from Sigma-Aldrich. 1,1,2,2-[*H,]-2-Aminoethane-1-
sulfonic acid (d,-taurine) and 1,2,3,4,5,6-[*Hg]-cyclohexan-
(1,2,3,5/4,6)-hexa-ol (ds-myo-inositol or de-MI) were pur-
chased from C/D/N Isotopes.

Preparation of Proteins. Methods for overexpression and
purification of the /3, subunit of Chlamydia trachomatis (Ct)
ribonucleotide reductase (RNR), Da Cld, Escherichia coli
taurine:a-ketoglutarate (aKG) dioxygenase (TauD), E. coli
(Ec) RNR-#,, and Mus musculus myo-inositol oxygenase
(MIOX) have been presented previously.”*>***"%* To prepare
myoglobin (Mb) containing heme with natural abundance iron
(**Fe-Mb), 400 mg of lyophilized horse heart Mb (Sigma-
Aldrich product no. M1882) was dissolved in 2 mL of 100 mM
potassium phosphate buffer (pH 6.8). The protein was loaded
onto a S0 mL anion exchange column (DE-52, Whatman) and
eluted by gravity flow with the same buffer. Fractions with A,/
Aygo ratios (R,) of at least 5 were pooled and concentrated to a
heme concentration of ~10 mM. For *’Fe-enriched heme
(*"Fe-Mb), the synthesis of metalloporphyrin was adapted from
that of Adler et al.>® for ’Fe heme enrichment. Apoprotein,
generated using Teale’s method,>” was reconstituted at pH 7.>°
Excess heme was removed by anion exchange chromatography
using Whatman DE-52 resin, as described above for S6Fe-Mb.
Fractions with R, > 5 were pooled and concentrated to a heme
concentration of ~10 mM.

Stopped-Flow Absorption and Freeze-Quench EPR
and Mossbauer Experiments. Procedures for the stopped-
flow and freeze-quench experiments and the spectrometers for
the stopped-flow, EPR, and MGossbauer measurements have
been described previously.”**3¢

Analysis of the Stopped-Flow Absorption Kinetic
Data. Ajy versus time traces reflecting accumulation and
decay of the Mn'"/Fe'" activation intermediate in Ct-RNR-3,
were analyzed by nonlinear regression according to the
equation

Ay =Ag + AAl[l - exp( - klt)] + AAZ
[1 - exp( - kyt)]

which gives absorbance as a function of time (4,) for two
irreversible first-order reactions in terms of the rate constants
(k, and k,), the amplitudes associated with each reaction (AA;
and AA,), and the initial absorbance (A4,) at time zero. The
formation of the intermediate and its decay are sequential
processes, but their well-resolved rate constants (k,[O,] > k,)
make the assumption of parallel reactions acceptable.
Simulation of these traces was conducted using KinTek
Explorer (KinTek Corp.). The kinetic mechanism for Cld
and the Kp for the Cld-ClO,” Michaelis complex that were
assumed in the simulations are given in Results. Kinetic
constants for the formation and decay of the intermediate
acquired from the regression fits in Figure 1B were assumed in
the simulations. k_, values of 30,000, 60,000, 120,000, and
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200,000 s~' (panels A—D of Figure S2 of the Supporting
Information, respectively) were assumed for Cld.

Analysis of EPR and Mossbauer Spectra for Quantify-
ing the Mn"/Fe" Intermediate in Ct RNR-$,. Double
integration of first-derivative EPR signals was conducted using
the graphing and analysis program KaleidaGraph (Synergy
Software). Comparison to the corresponding double integral
for the spectrum of a Cu"(ClO,), standard with correction for
the different g-values® permitted calculation of absolute spin
concentration. The spectral contribution of mononuclear Mn"
was subtracted out by using the spectrum of a sample of apo S,
to which a known amount of Mn" had been added. The
contribution from the Fe,™" complex (X) was quantified by
individually integrating the six peaks of the sextet signal of the
Mn"V/Fe! intermediate. The double integrals of five of the
peaks (all except for the fourth, with which the spectrum of X
overlaps) are identical within error. The difference between the
area of the fourth peak and the average area of the other five
peaks represents the contribution of X to the experimental
spectrum, which corresponds to 6% of the total spin. For
samples prepared by the freeze-quench method, the absolute
spin concentration in the reaction solution depends also on the
“packing factor”, which is the fraction of the packed material
that consists of the actual solution (the fraction not contributed
by the frozen cryosolvent). The spin concentration determined
from comparison of the double integral of samples to that of
the standard is divided by this packing factor to account for
dilution of the frozen sample by the cryosolvent. In our
extensive experience using isopentane as the cryosolvent, we
have repeatedly measured packing factors of 0.52—0.60.>"**
Table S1 of the Supporting Information provides concen-
trations of the paramagnetic species determined over a range of
packing factors of 0.50—0.60. The narrower range of 0.54—0.56,
which agrees with the mean packing factor of 0.55 that we have
determined over many years, gives ranges of 1.24—1.16 and
0.13—0.11 mM for the concentrations of the Mn''/Fe'"
complex and X, respectively. These ranges are in good
agreement with the values determined by analysis of the
Mossbauer spectra.

The multiple Fe-containing species present in the freeze-
quench samples all contribute to the experimental Mdssbauer
spectra, requiring that the spectra be “deconvoluted” into their
components to extract the concentrations of species. However,
the field orientation dependence of the predominant species,
the Mn"'/Fe'" intermediate, provides an alternative means of
accurate quantification. This analysis was conducted as
previously described.** The slightly different spin Hamiltonian
parameters used herein are provided in Table S2 of the
Supporting Information and compared to the published values
(given in parentheses™*).

B RESULTS

Activation of the f, Subunit of Ct RNR by Mixing Its
Mn'/Fe" Complex with CIO,™ in the Presence of Cld. We
selected the activation reaction of the manganese- and iron-
dependent class Ic Ct RNR as an ideal test case for the in situ
generation of O, by the Cld/ClO,™ system.”%*" Previous
studies showed that reaction of the Mn"/Fe' complex of the
enzyme’s f, subunit with O, results in formation of the
catalytically functional Mn''/Fe cofactor”**®! via a novel
Mn'V/FeV activation intermediate.>*®> The reaction is a
kinetically well-behaved, two-step sequence, in which the first
step, formation of the Mn'"/Fe!V intermediate, is cleanly first-
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order in O,.>* Both steps in the sequence are associated with
absorbance changes, with the reactant complex being essentially
transparent and the intermediate absorbing maximally at 390
nm with a molar absorptivity (£39, ~ 4500 M™' cm™)
approximately twice that of the Mn!'/Fe" product.** These
characteristics permit convenient monitoring in stopped-flow
absorption experiments.

Rapid mixing of a solution containing the Ct 3, protein (200
uM dimer), Mn" (3 equiv relative to f3,), Fe" (1 equiv), and
Cld (10 uM heme) with an equal volume of a 20 mM CIO,~
solution (100 equiv relative to f3,; 2,000 equiv relative to Cld
heme) results in a rapid increase in the absorbance at 390 nm
(Azg0) followed by its slower decay to approximately half of the
maximal value (Figure 1A, black trace). The trace is
qualitatively similar to that obtained by mixing the Mn"/
Fe"-f, complex with O,-saturated buffer (green trace).
Analogous traces from control reactions from which either
the Mn"/Fe'—p, reactant (blue trace), the ClO,” reactant
(orange trace), or the Cld catalyst (red trace) was omitted do
not show the characteristic behavior, suggesting that the
transient behavior of the complete reaction reflects formation
and decay of the Mn"'/Fe'" intermediate specifically as a result
of the evolution of O, from ClO,~ by Cld.

To verify that the complete reaction including the Mn'/
Fe"'—f, complex, Cld, and ClIO,™ produces the expected Mn'"/
Fe'V activation intermediate, freeze-quench EPR and Moss-
bauer samples were prepared from a concentrated
Mn"/*’Fe""—f, reactant solution (giving a final 3, concen-
tration of 1.88 mM with 1 equiv of *’Fe"" and 2 equiv of Mn").
The Mdssbauer and X-band EPR spectra of identical samples
that were allowed to react for 1 s (near the time of maximal
Asgo in the black trace in Figure 1A) before being freeze-
quenched are shown in Figure 2, and quantitative analysis of
these spectra is summarized in Tables S1 and S2 of the
Supporting Information. The spectra are dominated by the
features of the Mn'"/Fe'v intermediate,34 confirming that it is
formed in high yield [1.2 + 0.3 mM by EPR and 1.2 + 0.2 mM
(63 + 8% of total Fe) by Mossbauer]. A small fraction of the
Fe,"V' intermediate, X, resulting from reaction of O, with
FeZH/ I centers formed in competition with the desired Mn'/
Fe""—p, reactant complex, is also detected [0.2 + 0.1 mM by
EPR and 0.2 + 0.1 mM (13 + 5% of total Fe) by Mossbauer].
The spectroscopic results thus establish that the Cld/ClO,~
system does indeed support formation of the expected
intermediate.

The stopped-flow absorption kinetic traces of Figure 1A
suggest that the Mn'"/Fe'" intermediate forms much faster in
the Cld/ClO,™ reaction than in the O,-saturated buffer reaction
(compare black and green traces), consistent with a greater O,
concentration in the former case. To evaluate the effective O,
concentration more quantitatively, experiments were conducted
with varying ClO,” concentrations (Figure 1B). Effective first-
order rate constants (k) for intermediate formation extracted
by regression analysis of the Ajg, kinetic traces are linearly
dependent on ClO,~ concentration at <4 mM ClO,~ (Figure
1C and Figure S1 of the Supporting Information). The slope of
the line, corresponding to the effective second-order rate
constant, agrees precisely with that obtained by direct variation
of O, concentration by mixing with O,-containing buffer (gray
diamonds in Figure 1C). This result indicates that, at <4 mM
ClO,7, the Cld completely converts ClO,” to O, and CI”
sufficiently rapidly that it does not impose a lag phase on Mn"'/
Fe'V intermediate formation (which would tend to diminish the
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Figure 1. Activation of Ct 3, using Cld and ClO,". (A) The 390 nm
absorbance vs time traces following rapid mixing at 5 °C of a solution
containing 0.2 mM f3,, 0.6 mM Mn", 0.2 mM Fe", and 0.01 mM Cld
with an equal volume of either 20 mM ClO,~ (black trace), O,-
saturated 100 mM HEPES buffer (pH 7.6) (green trace), or O,-free
buffer (orange trace). Traces from control reactions, from which either
Cld or f8, was omitted, are colored red and blue, respectively. (B)
Delineation of the O, concentration dependence of the Ct f,
activation reaction by variation of ClO,” concentration. Reactions
were conducted as described for the black trace in panel A, but with
the concentration of the ClO,” reactant solution varied to give the
final CIO,” concentrations noted in the figure. Traces were analyzed
by nonlinear regression using the equation for two exponential phases
[solid lines through data (see the Supporting Information for
analysis)] to extract observed first-order rate constants for formation
of the Mn'"/Fe!V intermediate (k). (C) Plot of these observed first-
order rate constants vs ClO,” or O, concentration. The points at <4
mM ClO,” were fit by the equation for a line (—). Extrapolation of
the k,y, for the reaction with 16 mM ClO," to the linear fit line (---) in
this case gave an effective O, concentration of 9 mM (arrow). The
gray diamond points are values of k,, obtained after mixing with either
O,-saturated buffer (as in panel A, green trace) or buffer prepared by
diluting O,-saturated buffer 2- or 4-fold with O,-free buffer, which has
been done in the past to define the O, concentration dependence of
the reaction.

extracted value of k). At greater ClO,” concentrations,
deviation from this strict first-order dependence is observed.
Doubling the Cld concentration from 5 to 10 uM had no
significant effect on the values of k,,, for <4 mM ClO,~ but
gave greater values (deviating less from the first-order
dependence) at >4 mM ClO,” (Figure S1 of the Supporting
Information). This observation suggests that the deviation is
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Figure 2. 42 K/53 mT Mossbauer and EPR spectra of Ct /3, samples
enriched in the Mn"'/Fe" activation intermediate. The preparation of
the samples is described in the text. (A) Experimental Mdssbauer
spectra were recorded with the magnetic field oriented parallel (top)
or perpendicular (middle) to the y beam, and the difference spectrum
(bottom) was obtained mathematically. The solid blue and red lines
are theoretical spectra of the Mn'Y/Fe! and Fe,V complexes,
plotted at 63 and 13% of the total intensity, respectively. The
theoretical spectrum of the Fe,"!V intermediate was generated with
published parameters.”> The parameters used to generate the
theoretical spectrum of the Mn"/Fe" intermediate are slightly
different from the previously published ones (see Table S2 of the
Supporting Information). The spectrum shown matches the
experimental difference spectrum more precisely than that generated
with the published parameters and therefore permits more precise
quantification. We attribute the need for these slight adjustments to
the facts that the previously published parameters were obtained by
“global” simulation of multiple spectra and the new spectra have a
significantly better signal-to-noise ratio because they were collected on
a more concentrated sample. (B) EPR spectrum showing that the
predominant EPR-active species is the Mn'V/Fe!V intermediate. The
spectrum of the contaminating Fe,™"V species (X) resulting from
reaction of the Fe,'/'—f, complex with O, overlaps with the fourth
line of the sextet and contributes 6% of the total spin (quantitative
analysis of the spectrum is described in Experimental Procedures).
Spectrometer conditions were as follows: 9.5 GHz microwave
frequency, 20 yW microwave power, 14 + 0.2 K temperature, 100
kHz modulation frequency, 10 G modulation amplitude, 167 s scan
time, and 167 ms time constant.

not intrinsic to the Ct f, reaction but rather reflects failure of
the ClId reaction to rapidly reach completion at the higher
ClO,™ concentration. This conclusion is consistent with the
chlorite-dependent destruction of the heme previously shown

to limit turnover in the steady state.>® Competition between
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Cld catalyst destruction and O, formation begins to manifest at
8 mM ClO,™ [1,600 equiv of chlorite per Cld heme (Figure
1C)]. Extrapolation of the values of k,, obtained at the highest
ClO,~ concentration tested (16 mM) to the fit line describing
the first-order regime (dashed lines in Figure 1C and Figure S1
of the Supporting Information) indicates that effective O,
concentrations of 7—11 mM were achieved in the stopped-
flow experiments.

The kinetic traces of Figure 1B were simulated to assess
limitations of the Cld/ClO,™ system for in situ generation of O,
and to extract an estimate of k_, for Cld under these reaction
conditions (Figure S2 of the Supporting Information). A simple
rapid equilibrium binding kinetic model (Cld + ClO,” &
Cld-ClO,~ —» CI” + O,) with a value of K, equal to the
published value of Ky for ClO,” (215 uM) was assumed. The
value of the rate constant for the single-step conversion of the
bound substrate to free Cl~ and O, (equivalent to k., in this
minimal kinetic scheme) was allowed to vary. k., values of
<60,000 s~ gave simulated traces with excessively pronounced
lag phases and insufficiently rapid rises in A3y compared to the
experimental traces (Figure S2 of the Supporting Information).
ke values of >120,000 s™' gave more acceptable agreement
(Figure S2 of the Supporting Information) and are consistent
with those measured in the steady state at pH <7. This
extremely high turnover rate confirms that it should be possible
to generate a >5 mM pulse of O, in <1 ms at the easily
accessible Cld concentration of 50 yM.

Verification of a High Yield of O, from the ClO,/Cld
System by Monitoring Conversion of Fe'-Myoglobin to
Oxymyoglobin. To demonstrate the potential of using Cld to
generate O, adducts at high concentrations, we selected
myoglobin (Mb) as a very soluble and efficient O, receptor
for which we could quantify the extent of reaction by
Méssbauer spectroscopy.®* Horse heart Mb was enriched to
~25% with *'Fe. Fe'-Mb was prepared by titration of the Fe'-
Mb with stoichiometric sodium dithionite. To preclude prior
redox equilibration of the concentrated Fe'-Mb reactant with
the dilute oxidized (Fe™) Cld catalyst (which could inactivate
the Cld), the reaction was conducted via a sequential mixing
protocol. The Fe-Mb and Cld solutions were mixed first. After
being passed through a short connecting hose, this solution was
mixed with the ClO,~ solution, and then freeze-quenched after
~15 ms. Comparison of the Mdssbauer spectra of the Fe-Mb
reactant solution (Figure 3, top) and the freeze-quenched
reaction sample (Figure 3, bottom) reveals essentially
quantitative (>98%) conversion of the 6.7 mM Fe'-Mb to
the oxy form (the arrows indicate the small contribution from
the remaining reactant). The spectrum of a control sample in
which the Fe-Mb was mixed directly with the ClO,” solution
(i.e., from which Cld was omitted) reflects conversion of only 7
+ 3% of the Fe'-Mb to oxy-Mb (Figure S3 of the Supporting
Information), establishing that the conversion observed in the
complete reaction results from Cld-catalyzed evolution of O,.
This ~7% conversion in the control sample could reflect either
contact with atmospheric O, during the mixing and freeze-
quenching procedures or the accumulation of O, in the ClO,~
reactant solution as a result of a slow spontaneous breakdown
process.”® Regardless, the spectrum of the complete reaction
sample indicates that the 25 yM Cld catalyst produced a
minimum of 6.5 mM O, in ~15 ms. Thus, the Cld/ClO,~
system appears to be capable of effectively eliminating O,
solubility as an obstacle for the preparation of O,-dependent
reactive intermediates at high concentrations and purities.

1611

| |

Velocity (mm/s)

Figure 3. 42 K/S3 mT (parallel field) Mbssbauer spectra
demonstrating conversion of ferrous Mb to oxy-Mb by the Cld/
ClO,™ system. A solution of 10 mM Mb (2.5 mM *"Fe-Mb and 7.5
mM *Fe-Mb) was reduced with stoichiometric sodium dithionite (top
spectrum). The Fe-Mb reactant was mixed with 0.25 equivalent
volume of 0.125 mM Cld; this solution was mixed with 0.2 equivalent
volumes of 100 mM ClO,”, and the complete reaction was freeze-
quenched after 15 ms (bottom spectrum). The solid lines are
quadrupole doublet simulations with parameters nearly identical to
those previously published:** § = 0.91 mm/s, and AEq = 2.23 mm/s
(top); 6 = 0.27 mm/s, and AEq = 2.29 mm/s (bottom).

Preparation of the Ferryl Intermediate, J, in Ec TauD
at an Unprecedented Concentration. As an additional
demonstration of the utility of the approach for preparing O,-
dependent reactive intermediates, we targeted the high-spin
Fe!V-ox0 (ferryl) intermediate, J, which accumulates during O,
activation by Ec TauD. J cleaves the C1—H bond of the
substrate, taurine, with a rate constant of 13 s™! at 5 °C and is
stabilized significantly (Kge,y = 0.35 s7') by inclusion of the
deuterium-containing substrate, because of a large deuterium
kinetic isotope effect.***® Even with this increased half-life of
~2 s, the complex is still sufficiently short-lived that it must be
prepared by rapid mixing methods. Thus, although J has been
prepared at a high purity (~80%) and interrogated by several
spectroscopic methods,””®”*® the maximal concentration of
~0.95 mM that has been obtained has precluded application of
methods that require very high purity and concentration (e.g,,
NRVS). The ability to make more concentrated samples would
make application of these methods feasible and afford the
opportunity for further insight into the structure of J.

The Mossbauer spectrum of a sample prepared by mixing a
solution containing the Ec TauD-Fe'-aKG-d,-taurine complex
(6.0 mM TauD, 4.8 mM Fe', 10 mM aKG, and 10 mM d,-
taurine) with 0.25 equivalent volume of 120 uM Cld, mixing
the resultant solution with 0.2 volume of a solution of 100 mM
ClO,7, and then freeze-quenching the complete reaction after
0.03 s (Figure 4, vertical bars) is dominated by the sharp
quadrupole doublet of J (blue line plotted above the data,
accounting for 77% of the total absorption area of the
experimental spectrum). The contribution of the spectrum of
J corresponds to a concentration of 2.5 mM. Thus, the Cld/
ClO,™ system supports preparation of the intermediate at more
than twice the maximal concentration achieved in previous
studies and at a comparable purity.”

Preparation of the Fe,""V Intermediate, X, of Ec RNR
at an Unprecedented Concentration. As an additional
demonstration of the utility of the approach for preparing O,-
dependent reactive intermediates, we targeted the Fe,"™/!
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Figure 4. 42 K/S53 mT (parallel field) Mdssbauer spectrum of a
freeze-quenched sample from the reaction of the TauD-Fe"-aKG-d,-
taurine complex with the Cld/ClO,™ system (see the text for details).
The red line is a simulation of the spectrum of unreacted ferrous
component (23%), the blue line is a simulation of the quadrupole
doublet spectrum of J (6 = 0.29 mm/s, and IAEql = 0.90 mm/s)
accounting for 77% of the total intensity of the spectrum, and the solid
black line is the summed contribution of both.

complex, X, that accumulates during activation of class Ia
RNRs, including the most extensively studied ortholog from
Ec27?8354569772 X oxidizes a conserved tyrosine residue by
one electron to a tyrosyl radical (which is essential for the
activity of these RNRs”?) as the diiron cluster is reduced to the
p-ox0-Fe, ™M product.”*>”" Previous studies established that
the complex has a half-life of ~1 s at 5 °C and can be stabilized
by ~S-fold by substitution of the tyrosine that it oxidizes
(Y122) with a redox inert phenylalanine.>>”" Even with this
increased lifetime in the Y122F variant, the complex is still
sufficiently short-lived that it must be prepared by rapid mixing
methods. As a result, the best samples yet reported have had a
concentration of <0.77 mM at a purity of <68%.* Character-
ization of these optimized samples by EXAFS spectroscopy
resulted in the report of an Fe—Fe distance of 2.5 A,* much
shorter than those reported in currently favored structural
models.””**® The availability of more concentrated or purer
(or both) samples would motivate re-examination of this crucial
structural metric either to confirm it with renewed confidence
or to revise it upward to a distance more compatible with
structural models.***’

The Mossbauer spectrum of a sample prepared by mixing a
solution containing Ec RNR-f3,-Y122F (2.6 mM dimer), 7.41
mM Fe, 10 mM ascorbate, and 12.5 uM Cld with 0.25
equivalent volume of 80 mM ClO,™ and freeze-quenching after
0.30 s (Figure S, vertical bars) is dominated by the magnetic
features of X. The solid line plotted over the data is the
theoretical spectrum of X (generated with published parame-
ters’”) plotted at 70% of the total absorption area of the
experimental spectrum. This contribution corresponds to a
concentration of X of 2.0 mM. Thus, the Cld/ClO,” system
supports preparation of the intermediate at more than twice the
concentration achieved in previous studies and at a comparable
purity.

Use of the CId/CIO,™ System To Drive the Reversible
0, Addition Step Generating the Superoxo—Fe,"""
Complex, G, in MIOX. A growing number of O,-utilizing
non-heme metalloenzymes are thought to employ midvalent
metal—superoxo complexes, formed by the one-electron
oxidative addition of O, to the reduced cofactors, to cleave
C—H or C—C bonds (or both).'8202L474=76 gop only two
such cases have the postulated superoxo complexes been
directly detected.*”” For the unusual di-iron enzyme, myo-

1612

3 ) 0 7 8

Velocity (mm/s)

Figure S. 4.2 K/53 mT (parallel field) Mossbauer spectrum showing
accumulation of the Fe,™™ activation intermediate, X, in Ec RNR-f3,-
Y122F mediated by the Cld/ClO,” system. A solution containing 2.6
mM Ec RNR-f,-Y122F dimer, 7.41 mM %"Fe'’, 10 mM ascorbate, and
12.5 uM Cld was mixed with 0.25 equivalent volume of 50 mM ClO,",
and the reaction was freeze-quenched after 0.30 s. The solid line is the
theoretical spectrum of X generated with published parameters’ and
plotted at 70% (2.0 mM) of the total absorption area of the
experimental spectrum. The contributions from the Fe,'/"' and Fe,™/!!
complexes represent 15% (each) of the total absorption area.

inositol (MI) oxygenase (MIOX),>>7>77=7% it was shown that
the reversible addition of O, to the Fe,"/™—MIOX-MI complex
results in the formation of a putatively superoxo—Fe,/™!
complex, G, that cleaves the C1—H bond of MI to initiate its
C—C bond-cleaving four-electron oxidation to p-glucuronate.””
It was further shown that, even with the C—H bond cleavage
step slowed by use of d¢-MI, the two pathways for decay of G
(forward by C1—"H bond cleavage at a rate of ~48 s™' and
backward by reductive elimination of O, at a rate of ~40 s™")
conspire to make the net rate constant for its breakdown
comparable to the effective first-order rate constant for its
formation at the maximal accessible O, concentration of ~1
mM (k ~ 95 mM™' s7/, giving a kg, of ~95 s7'), thereby
limiting its maximal level of accumulation to ~40% of the initial
concentration of the reactant complex.”” The inherent
limitations on the concentration and purity of G imposed by
the facile C—*H bond cleavage and O, dissociation steps are
largely responsible for the fact that its characterization has not
progressed beyond the observation and analysis of its
characteristic rhombic g = (2.06, 1.98, 1.92) EPR spectrum
and *'Fe nuclear hyperfine coupling thereupon. Moreover, it is
likely that, for other enzyme reactions involving midvalent
metal—superoxide complexes, high O, dissociation rates
(perhaps in combination with efficient forward conversion
steps) are responsible for having prevented the complexes from
accumulating even to detectable levels.

To test whether the approach can be used to overcome a
reversible O, addition step for the specific case of MIOX,
thereby allowing greater accumulation of G, a solution
containing the Fe,"/™—MIOX-MI complex was reacted with
the Cld/ClO,” (20 uM/16 mM) system for the minimal
accessible reaction time (transit time of 3 ms, total reaction
time of ~10 ms) before being freeze-quenched. Comparison of
the EPR spectrum of this sample (Figure 6, red spectrum) to
that of a control sample prepared by mixing the complex with 2
equivalent volumes of O,-saturated buffer (giving an O,
concentration of 1 mM) and freeze-quenching at the same
reaction time (Figure 6, green spectrum) shows that the Cld/
ClO,™ system does permit G to accumulate to a greater extent:
the resolved g = 2.06 and 1.92 features (green and black
arrows) are ~2-fold more intense in the spectrum of this
sample than in that of the control. Moreover, the hallmark of
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Figure 6. EPR spectra showing accumulation of the C1-H bond-
cleaving superoxo—Fezm/ I intermediate, G, in the MIOX reaction
with dg-MI initiated by the Cld/ClO,” system. A solution containing
1.13 mM Fe,"""™-MIOX (3 mM total MIOX protein), 60 mM dg-MI
(blue spectrum), and 30 gM Cld was mixed either with 2 equivalent
volumes of O,-saturated S0 mM Bis-Tris chloride (pH 6.0) buffer
(green spectrum) or with 0.5 equivalent volume of a 48 mM ClO,~
solution (red spectrum), and the reaction was freeze-quenched at a
reaction time of ~10 ms. The spectrometer conditions were as follows:
9.5 GHz microwave frequency, 100 kHz modulation frequency, 10 G
modulation amplitude, 10 + 0.2 K temperature, 100 4W power, 0.167
s time constant, and 10 scans per spectrum. The spectra were scaled as
indicated to the right to account for dilution and packing factor (the
fraction of the sample not contributed by the cryosolvent). The black,
dashed line overlaid with the red spectrum is the published spectrum
of G, acquired under similar spectrometer conditions. The green and
black arrows indicate the g values of G (2.05, 1.98, and 1.91), whereas
the red arrow indicates the organic radical signal present in the spectra
of both reaction samples but featured more prominently in the Cld/
ClO,™ sample.

|
320

reversible and disfavored O, addition, a high level of the
residual Fe,/'—MIOX-MI complex (~50% of the initial level)
remaining after accumulation of G to its maximal extent, is
quite evident in the spectrum of the control sample (g = 1.95
and 1.81 features; see the blue spectrum for their positions),
but the magnitude of the associated signal is greatly diminished
(by 15-fold) in the spectrum of the Cld/ClO,” sample. Both
observations are consistent with the expected increase in O,
concentration from ~2.5 X Kp to ~25 X Kp in G (Kp
~0.4 mM) and the associated enhanced kinetic resolution of
the formation and decay of the intermediate. Interestingly, a
prominent g = 2.0 signal corresponding to ~80 yM total spin is
also observed in the spectrum of the Cld/ClO,” sample (red
arrow). Although much less intense, this signal is, nevertheless,
still evident in the spectra of the (—ClO,~/+0,) control sample
and an otherwise identical sample from which Cld was omitted.
The g = 2.0 signal is thus associated with the MIOX reaction
rather than the Cld/ClO,” reaction and could reflect
accumulation of a substrate-based radical. Determining whether
this previously undetected radical is an on-pathway inter-
mediate that accumulates to a greater extent as a consequence
of the greater accumulation of G or is an off-pathway species
that forms in a side reaction that is favored by very high O,
concentrations will require more extensive kinetic studies to
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correlate the changes observed by EPR with formation of MI-
derived intermediates and products. Irrespective of the answer,
the greater accumulation of G and diminution of residual
Fe,"_MIOX-MI reactant should facilitate further character-
ization of G. More generally, the results illustrate the capacity of
the Cld/ClO,~ system to overcome the obstacle presented by
an O, addition equilibrium that is unfavorable at the O,
concentrations that can be accessed by conventional methods
and equipment.

B DISCUSSION

The Cld/ClO,” system can be used for rapid generation of
concentrations of O, exceeding the normally achievable value
of 2 mM to drive accumulation of metalloenzyme intermediates
and surmount reversible and disfavored equilibria in the O,
addition steps that initiate the reactions of some enzymes in
this class. In addition to allowing for preparation of
intermediate complexes that have already been identified,
such as the Mn'V/Fe!V activation intermediate in Ct RNR and
the H*-abstracting ferryl— and superoxo—Fe,"™™ complexes in
TauD and MIOX, respectively, at concentrations and purities
required for well-established and developing approaches to
structural characterization (e.g, EXAFS and NRVS), this
method could permit identification of previously undetected
precursors to known complexes, thus further resolving the
complex reaction pathways of these enzymes. For example, the
reactions of the aKG-dependent oxygenases and the pterin-
dependent aromatic amino acid hydroxylases are known to
proceed through ferryl complexes that form rapidly without
demonstrated accumulation of precursor complexes.'” In the
former enzymes, ferryl formation involves addition of O,
cleavage of both the O—O bond of O, and the C1—-C2 bond of
aKG, and formation of a new C2—O bond in the succinate
coproduct. Similarly, in the pterin-dependent enzymes, ferryl
formation requires O, addition, O—O bond cleavage, and
formation of a new C4a—O bond to the pterin. The kinetic
masking of precursors leaves the pathways to ferryl formation
experimentally unresolved. With O, concentrations greater by
as much as 10-fold, addition of O, should occur 10 times more
rapidly, perhaps permitting accumulation and identification of
ferryl precursors. Alternatively, the failure of precursors to
accumulate might reflect the reversible addition of O, to
produce adducts with relatively high dissociation constants
(>>1 mM). This situation is also likely in cases for which the
initial adducts are proposed to effect difficult H* abstraction
steps, as in MIOX. Here again, the ability to access ~10 mM O,
could permit this obstacle to be overcome. In many
characterized reactions, including those of the aKG-dependent
oxygenases, acceleration of the initial step would necessarily
move the reaction times at which precursors accumulate to
<10 ms, a regime that cannot be accessed by conventional
cryosolvent-based freeze-quenching. In these cases, the recently
developed “microsecond freeze-hyperquenching” technique®
should permit the reactions to be terminated at these shorter
times.

Two crucial requirements for the successful application of the
system are the extraordinarily high efficiency of the Cld catalyst
and the modest reactivities of target enzymes to ClO,™. These
characteristics combine to ensure that the vastly predominant
pathway is evolution of O, by the Cld catalyst and then reaction
of O, with the target enzyme. The high efficiency of the Cld
also requires that it not be strongly inhibited by components of
the target enzyme reaction, such as by reduction or
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coordination to its Fe''—heme cofactor.>® The potential for this
complication is minimized by a sequential mixing protocol,
which ensures that the Cld catalyst is exposed to the
components of the target enzyme reaction for only a few
milliseconds before the Cld is exposed to its substrate. In cases
for which the target enzyme is more reactive to ClO,” or
components of the reaction inhibit Cld, it may be important to
increase the Cld concentration to maintain the homogeneity of
the reaction pathway. Additionally, the catalyst concentration
must be elevated in the presence of a very high ClO,~
concentration to keep the ClO, :heme ratio less than ~1,500
to prevent deleterious competition between chlorite-mediated
degradation of the Cld heme and generation of O,. This is
likely to be an issue primarily when delivery of exact quantities
of O, is desirable (for example, in kinetic studies). The Da Cld
used herein is soluble to concentrations of at least 500 uM, so
even with use of high target enzyme:Cld volume ratios (e.g., 4:1
in the Mb experiment) to minimize dilution of the target
enzyme, Cld concentrations of >100 yM are readily accessible.
Given estimates of the k., of Cld (>100,000 s™') and the
reasonably low Ky for CIO,” of 215 uM, this Cld
concentration is theoretically capable of generating a 10 mM
pulse of O, in 1 ms. With these impressive parameters, it seems
likely that the system will be robust and widely applicable.

B ASSOCIATED CONTENT

© Supporting Information

Figure showing k., for formation of the Ct RNR-3,—Mn'’/
Fe!V intermediate as a function of ClO,™ concentration in three
different experiments at two different Cld concentrations,
simulations of the stopped-flow kinetic traces reflecting
formation and decay of the Mn''/Fe" intermediate, tables
summarizing analysis of Mossbauer and EPR spectra for
quantification of the Mn'/Fe!V intermediate in freeze-
quenched samples, and the Mdssbauer spectrum of a control
freeze-quenched sample prepared by mixing Fe'-Mb with
ClO," in the absence of Cld. This material is available free of
charge via the Internet at http://pubs.acs.org.
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ketoglutarate dioxygenase; aKG, a-ketoglutarate; MIOX, myo-
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EPR, electron paramagnetic resonance; d-taurine, 1,1,2,2-
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cyclohexan-(1,2,3,5/4,6)-hexa-ol; dg-MI, 1,2,3,4,5,6-[*H]-
cyclohexan-(1,2,3,5/4,6)-hexa-ol.
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