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ABSTRACT: We report on the protonation state of
Helicobacter pylori catalase compound II. UV/visible, Mössba-
uer, and X-ray absorption spectroscopies have been used to
examine the intermediate from pH 5 to 14. We have
determined that HPC-II exists in an iron(IV) hydroxide
state up to pH 11. Above this pH, the iron(IV) hydroxide
complex transitions to a new species (pKa = 13.1) with
Mössbauer parameters that are indicative of an iron(IV)-oxo
intermediate. Recently, we discussed a role for an elevated
compound II pKa in diminishing the compound I reduction
potential. This has the effect of shifting the thermodynamic
landscape toward the two-electron chemistry that is critical for
catalase function. In catalase, a diminished potential would
increase the selectivity for peroxide disproportionation over off-pathway one-electron chemistry, reducing the buildup of the
inactive compound II state and reducing the need for energetically expensive electron donor molecules.

■ INTRODUCTION

Iron(IV)-oxo complexes play critical roles in biology. The ferryl
moiety is found at the core of reactive intermediates in
peroxidases, oxidases, monooxygenases, and halogenases.1−9

These oxidizing complexes were first observed in heme proteins
in the 1940s,10 but they were not fully characterized until the
second half of the last century.11−17 With the characterization
of these intermediates came a flurry of synthetic work aimed at
modeling these species.18−20 The interplay between these two
lines of investigations led to considerable insight into the
structure (both electronic and geometric) as well as the
function of these high-valent systems.13−17,20−23 As a result of
these efforts, it is now well understood that in heme proteins
the ferryl moiety lies at the center of two reactive intermediates
called compound I and compound II.2 Prototypical compound
I species are best described as ferryl porphyrin radicals,24−27

while prototypical compound II species are the iron(IV)-oxo
porphyrins obtained by the one electron reduction of
compound I.28

More recently, a new type of compound II complex was
identified: the iron(IV) hydroxide (or protonated ferryl)
complex.29−34 These unusual intermediates have been charac-
terized in several thiolate-ligated heme proteins. Cytochrome
P450, chloroperoxidase (CPO), and aromatic peroxygenase
(APO) have all been prepared in the Fe(IV)OH state.

Importantly, these are the only heme enzymes that are
known to activate C−H bonds, and the elevated pKa of these
systems has been suggested to play an important role in
facilitating C−H bond cleavage.34

It has been argued that basic ferryls can govern the partition
between one- and two-electron chemistry.34,35 P450s with a
strongly donating thiolate ligand (and an elevated iron(IV)
hydroxide pKa) primarily function through two-electron
oxidations, while histidine-ligated peroxidases typically operate
through sequential one-electron events. Simple arguments
based on Marcus theory suggest that the elevated compound
II pKa in P450 suppresses the rate constant for one-electron
oxidations of the protein superstructure by a factor of 10 000
relative to histidine-ligated systems, promoting C−H bond
cleavage and subsequent substrate hydroxylation in the
process.34

In efforts to explore the connection between the iron(IV)
hydroxide pKa and reactivity, researchers have sought to
prepare iron(IV) hydroxide species in synthetic model
compounds and other heme proteins. To date, a definitive
characterization of a synthetic iron(IV) hydroxide remains
elusive, and only authentic iron(IV)-oxos have been observed
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in histidine-ligated peroxidases and globins.12,28,36−44 Although
it is thought that hydrogen-bonding interactions in peroxidases
imbue the axial histidine ligand with imidazolate character
(believed to be important for activating the O−O bond of
hydrogen peroxide and stabilizing the high-valent oxo
intermediates),3,15,22 the degree of electron donation generated
by this mechanism appears to be insufficient to stabilize the
iron(IV) hydroxide state (pKa ≤ 3.5).28,34,35

One enzymatic system that remains of interest with respect
to the existence and characterization of an iron(IV) hydroxide
intermediate is the heme enzyme catalase. Catalase utilizes two-
electron chemistry to disproportionate hydrogen peroxide into
oxygen and water.1 The enzyme possesses an axial tyrosinate
ligand, the anionic charge of which is similar to that of the
thiolate. Additionally, a tyrosinate ligand has been found to be
donating enough to stabilize an iron(IV) intermediate in the
Tyr-Fe(IV)-His-ligated heme of the enzyme MauG.45 As a
result, one might expect this ligation to produce a basic ferryl
species, but heme catalases also possess a highly conserved
arginine residue that hydrogen bonds to the oxygen atom of the
tyrosinate ligand in a “bidentate” fashion, Figure 1.1,46,47 Do
non-covalent interactions with the cationic arginine residue
reduce the effective tyrosinate charge seen by the ferryl moiety?

The available data for catalase compound II are inconsistent.
Resonance Raman experiments have indicated an authentic
ferryl species,48 while X-ray crystallographic studies have
reported an iron(IV) hydroxide center.46b,47 Given the
tendency of high-valent centers to be reduced in the X-ray
beam, one must be careful when assigning metal oxidation
states in crystal structures.28,35,36 The distance of 1.87 Å
reported for the Fe−O bond in ferryl catalase is too long to be
associated with an iron(IV) intermediate, suggesting the crystal
was reduced in the beam.47

Additional experiments used EXAFS and Mössbauer
spectroscopies to study ferryl catalase at varying pH.49,50 The
data obtained from these investigations were interpreted in
terms of a mixture of protonated and unprotonated ferryl
intermediates. However, the samples were not pure, and the
ratio of the putative protonated and unprotonated species did
not change reversibly with pH, suggesting the intermediates
were not simply linked by a protonation event.
Given the interest in iron(IV) hydroxide species and their

use in promoting two-electron chemistry, we sought to clarify
the nature of ferryl catalase. Here we present UV/visible,
Mössbauer, and extended X-ray absorption fine structure

(EXAFS) data for Helicobacter pylori catalase (HPC). Our
measurements show that ferryl catalase is protonated over a
wide pH range (pKa > 11).

■ RESULTS AND DISCUSSION
UV/Visible Spectroscopy. During the course of purifying

ferric enzyme for the preparation of compound II (HPC-II), we
observed that ferric catalase could be obtained in two pH- and
[NaCl]-dependent forms, which are visibly distinguished by
their respective colors, green or brown. Ferric HPC is green
under conditions of low pH and high salt (pH < 5, [NaCl] ≥
250 mM). With increasing pH, the color of the protein turns
brown (pKa ≈ 6). Brown enzyme can also be obtained at low
pH with low salt (pH < 5, [NaCl] ≤ 100 mM). The UV/visible
sprectra of the green and brown forms are shown in Figure 2.

Mössbauer measurements (see below) yield very similar
parameters for the green and brown forms of ferric HPC.
These parameters are indicative of a high-spin ferric center.51,52

Importantly, either ferric form can be reacted with peracetic
acid to obtain catalase compound II (which is red in color).
The UV/visible spectra of HPC-II obtained from brown and

green HPC are shown in Figures 3−5. HPC-II obtained from
green HPC has a spectrum with a Soret maximum at 431 nm
and an α Q-band intensity that is slightly larger than the β band
intensity (α/β ≈ 1.1). HPC-II obtained from brown HPC has a
Soret maximum at 429 nm and has a slightly different ratio of

Figure 1. Active site of catalase from the crystal structure of HPC
(PDB ID: 2A9E). A conserved arginine residue hydrogen bonds to the
oxygen atom of the tyrosinate ligand in a “bidentate” fashion.

Figure 2. UV/visible spectra of green (500 mM NaCl) and brown (0
mM NaCl) HPC at pH 5 (50 mM citrate buffer). The concentration
of HPC is ∼10 μM.

Figure 3. UV/visible spectra of HPC-II at pH 5 (50 mM citrate buffer,
500 mM NaCl) made from the reaction of green HPC and 12.5 equiv
of PA. No significant buildup of compound I occurred prior to
compound II formation. The Q-band ratio is ∼1.1 (α/β).
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Q-band intensities, with the α Q-band being more intense than
the β band (α/β ≈ 1.3). The Mössbauer parameters of HPC-II
prepared from both the brown and green ferric forms are
identical (see below) and consistent with an FeIV−OH center,
Figure 8.28,29,32,34

Although HPC-II can be obtained in high yield from either
ferric form via the reaction with peracetic acid, the kinetics of
the reactions are very different. In both cases, peracetic acid
reacts with ferric enzyme to yield compound I, which then
oxidizes the protein by one electron to generate compound II
(similar behavior has been observed for cytochrome P450).34

However, under conditions of low pH and high salt (green
HPC), compound I formation is rate limiting. As a result,
compound I does not accumulate, and the reaction with
peracetic acid appears to generate compound II directly. In
contrast, with low salt or high pH (brown HPC), the enzyme
reacts with peracetic acid to generate compound I in almost
100% yield, which then decays in a slower process to
compound II (see Supporting Information).
Using either ferric conformation, compound II could be

prepared in >∼90% yield. These high-purity compound II
samples could then be mixed against strongly buffered, higher-
pH solutions to interrogate HPC-II protonation from pH 9 to
14. While a majority of these experiments were initiated with
the green ferric form, we also prepared HPC-II using the brown
form at pH 5, 9, 13, and 13.6 to examine if similar results were
obtained from either starting point. The above experiments

allowed us determine the behavior of HPC-II as a function of
pH.

X-ray Absorption Spectroscopy (XAS) of Catalase
Intermediates. HPC-II (∼90% yield, pH 5.3, green
conditions), HPC-I (∼80% yield, pH 7, brown conditions),
and HPC (pH 5.3, green conditions) were prepared and
characterized by EXAFS spectroscopy. Fe K-edge absorption
edges show that both HPC-II and HPC-I lie ∼2 eV higher in
energy than the ferric enzyme (Figure 6). This is consistent

with the assignment of both intermediates existing in a higher
oxidation state (FeIV). There is also a large difference in the
pre-edge intensity (1s→3d transition) between HPC-I and
HPC-II. It is well known that a short metal−oxygen bond can
create a highly asymmetric ligand environment, resulting in an
intense pre-edge feature. As the metal−oxygen bond lengthens,
the intensity of the pre-edge decreases.41,53 This type of
behavior suggests that HPC-I is unprotonated (FeIVO),
while HPC-II is better described as a protonated FeIVOH
intermediate.
Fits of the EXAFS data and Fourier transforms confirm the

protonation assignments based on pre-edge trends, Figure 7.
The FeO bond lengths are 1.66 and 1.78 Å for HPC-I
(FeIVO) and HPC-II (FeIVOH), respectively, Table 1.
These distances are in good agreement with DFT calculations
and previously characterized compound I and compound II
(protonated) heme intermediates.28,30,34,36,54,55

Mössbauer Spectroscopy. Mössbauer spectroscopy re-
veals small differences in the green and brown ferric forms of
HPC, while the Mössbauer parameters obtained for HPC-II are
independent of the color of the ferric enzyme used to prepare
the intermediate. Figure 8 shows data obtained from the direct
reaction of peracetic acid with both green and brown ferric
forms at pH 5. HPC-II can be obtained in nearly quantitative
yield in either case. Isomer shifts/quadrupole splittings for
HPC-II prepared from green and brown enzyme are identical
within experimental error (δ = 0.02 and ΔEQ = 2.28 mm/s, and
δ = 0.02 and ΔEQ = 2.27 mm/s, respectively). These
parameters, which are typical of an FeIV−OH species,29,32,34

agree with the results obtained from our EXAFS measurements.
HPC-II can be prepared at higher pH via the direct reaction

of brown HPC with peracetic acid. In one reaction that was
mixed and frozen by hand at pH 9, we obtained roughly 15%
HPC-II (Supporting Information). The remainder of the
sample was HPC-I and ferric enzyme. The Mössbauer
parameters of HPC-II obtained from this reaction are identical

Figure 4. UV/visible spectra of HPC-II at pH 5 (50 mM citrate buffer,
0 mM NaCl) made from the reaction of brown HPC and 12.5 equiv of
PA. Significant buildup of compound I occurs prior to compound II
formation. The Q-band ratio is ∼1.3 (α/β).

Figure 5. UV/visible spectral comparison of HPC-II formed from
brown (blue) and green (red) ferric HPC. There are clear differences
in the position of the Soret maximum and Q-band ratios.

Figure 6. Fe K-edge X-ray absorption edges for HPC, HPC-I, and
HPC-II.
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to those at pH 5, indicating HPC-II is an iron(IV) hydroxide
species at pH 9. There is no evidence of an iron(IV)-oxo
species in the reaction mixture. Given the detection limit of the
Mössbauer experiment (∼3% total iron for the given sample),
this result suggests a pKa ≥ 10 for the iron(IV) hydroxide
center of HPC-II.
In an effort to determine the pKa of the HPC iron(IV)

hydroxide species, we utilized the “pH-jump” method, similar
to those employed to determine the pKa of P450 compound
II.34 In these experiments HPC-II was made at pH 5 and
quickly loaded into a syringe barrel at 4 °C. The syringe barrel

was then placed in the freeze-quench apparatus, and HPC-II
was mixed against strongly buffered, higher-pH solutions and
subsequently sprayed into liquid ethane to stop the reaction.
Using this technique, we observed only the hydroxide species
up to pH 11. (Additional pH 11 experiments, in which mixing
and freezing were performed by hand, yielded similar results.)
Above pH 11, the hydroxide species begins to convert to a new
species with Mössbauer parameters (σ = 0.08 mm/s, ΔEQ =
1.51 mm/s) that are consistent with the formation of an FeIV
O intermediate, Figure 9.23,28,34 A plot of the relative
concentration of these species as a function of pH results in
a titration curve with pKa = 13.1, Figure 10. The pKa of this
transition appears to be independent of the ferric conformation
(green or brown) used to prepare HPC-II at low pH (see
Supporting Information).
We recently reported a pKa ≈ 12 for the iron(IV) hydroxide

state in P450-II in two different P450s, CYP158-II and
CYP119-II.34 In CYP158-II, the intermediate could be prepared

Figure 7. Fe K-edge EXAFS data (left) and Fourier transforms (right)
of HPC-II (upper) and HPC-I (lower). Black lines show experimental
data, and colored lines show the best fits. The fits shown were
obtained over the region k = 3−15 Å−1. All EXAFS samples were
analyzed by Mössbauer spectroscopy prior to data collection.

Table 1. EXAFS Fitting Results for HPC-II and HPC-Ia

Fe−N Fe−O* Fe−O

N R σ2 N R σ2 N R σ2 E0 error

HPC-II
5 1.978 0.00206 0 1 1.775 0.00459 −13.397 0.3045
5 1.992 0.00252 0 0 −8.9581 0.3326
4 1.980 0.00260 1 1.963 0.00117 1 1.776 0.00398 −13.196 0.3076

HPC-I
5 2.004 0.00208 0 1 1.661 0.00234 −12.516 0.2325
5 1.995 0.00203 0 0 −16.415 0.3473
4 1.999 0.00192 1 2.051 0.00124 1 1.662 0.00228 −12.403 0.2312

aFe−O* corresponds to the oxygen from the proximal tyrosine residue. Raw data were fit over the region k = 3−15 Å−1. Coordination number N,
interatomic distance R (Å), mean square deviation in R (the Debye−Waller factor) σ2 (Å2), and the threshold energy shift E0 (eV) are reported. The
fit error is defined as [∑k6(χexptl − χcalc)

2/∑k6 χexptl
2 ]1/2. Best fits are shown in boldface. Alternative fits with and without the axial Fe−O*

contribution are also shown. For the k-range examined, there is not enough resolution to distinguish between the heme nitrogens and the tyrosinate
oxygen. Coordination numbers N were constrained during the fits.

Figure 8. Mössbauer spectra of green/brown HPC and the products
of their reactions with PA. Fits are in blue. (A) Green HPC (pH 5, 50
mM citrate, 500 mM NaCl) and (B) green HPC + PA (HPC-II).
Isomer shift and quadrupole splitting values are δ = 0.02 and ΔEQ =
2.28 mm/s. (C) Brown HPC (pH 5, 50 mM citrate, no salt) and (D)
brown HPC + PA (HPC-II). Isomer shift and quadrupole splitting
values are δ = 0.02 and ΔEQ = 2.27 mm/s. HPC-II yield was >90%. Fit
parameters for green/brown HPC are in Supporting Information.
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in almost quantitative yield at high and low pH (13.3 and 9),
and the transition could be followed using Mössbauer, UV/
visible, and EXAFS spectroscopies. Additionally, CYP158-II
was extraordinarily stable on the time scale of our rapid mixing
experiments. This allowed for reversibility studies in which the
intermediate was first deprotonated at high pH, and then
reprotonated upon returning to neutral or slightly basic
conditions. CYP119-II was not as well behaved at high pH,
but insights gained from CYP158-II (principally the thiolate-

ligated iron(IV)-oxo’s UV/visible spectrum) helped to assign
the transition in CYP119. All together, the full complement of
these spectroscopic techniques is what permitted the definitive
assignment of the iron(IV) hydroxide pKa in both thiolate-
ligated systems.
This was not the case with HPC-II. Because HPC-II degrades

rapidly at pH > 12, low yields are extremely problematic.
Furthermore, the UV/visible spectrum of a tyrosinate-ligated
iron(IV)-oxo is unknown. These factors inhibited our ability to
track the transition with UV/visible spectroscopy and to
perform reversibility studies. The low yields also prohibited
EXAFS characterization of the putative oxo species.
While there is a distinct possibility that this high-pH

transition could correspond to the iron(IV) hydroxide pKa
for a tyrosine-ligated system, given the data, a definitive
assignment cannot be made. Our data suggest that the pKa of
HPC-II is >11, but additional studies are needed to assign the
transition at pH 13.1. There is also the potential likelihood that
a different catalase enzyme could provide a more stable
platform for this investigation. As noted, investigations of the
pKa of CYP119-II were complicated by partial degradation of
the intermediate at high pH.34 Only through the application of
prior knowledge gained from CYP158-II were we able to assign
the iron(IV) hydroxide pKa in that system.

■ CONCLUSION

Using UV/visible, EXAFS, and Mössbauer spectroscopies, we
have shown that HPC-II exists in an iron(IV) hydroxide state.
The iron(IV) hydroxide state in P450 compound II is thought
to be stabilized by strong electron donation from the anionic
thiolate ligand.30,34,56 The tyrosinate ligand in catalase is
electron donating and has a similar charge. However, it was
unclear if the highly conserved arginine (which forms non-
covalent interactions with the tyrosinate) of catalase could

Figure 9. Mössbauer spectra of HPC-II at increasing pH. Approximately 65% high-pH ferric HPC was subtracted from all spectra except the pH
11.05 sample, which was generated in ∼80% yield. Samples were prepared by a rapid freeze-quench experiment. A 4 mM HPC-II solution (pH 5.3)
was prepared by adding 12.5 equiv of PA (in water) to green HPC at 4 °C. Upon compound II formation, the mixture was immediately loaded into a
freeze-quench syringe and mixed 2:1 with an arginine/NaOH buffer (pH 14). The strength of the arginine/NaOH buffer was varied (54.08 mM −
216.32 mM) to achieve the desired pH. The reaction mixture was sprayed in liquid ethane ∼2 ms after the pH-jump. The isomer shift/quadrupole
splitting parameters are δ = 0.02 mm/s and ΔEQ = 2.26 mm/s, and δ = 0.08 mm/s and ΔEQ = 1.51 mm/s, for the HPC-II hydroxide (blue) and
high-pH HPC-II (red) intermediates, respectively.

Figure 10. Mössbauer pH titration curve for HPC-II obtained by
plotting the relative concentration of high-pH HPC-II (iron(IV)-oxo)
as a function of increasing pH. The best-fit curve yields a pKa of 13.1.
Green data points are from samples prepared from green ferric + PA
(HPC-II). Brown data points are from samples prepared from brown
ferric + PA (HPC-II). The red data point is not from experiment but
reflects the appropriate % of high-pH HPC-II (iron(IV)-oxo) at pH
14.81 (100%). It was added to improve the quality of the fit but does
not change the experimentally determined pKa (±0.1). A similar pKa
titration curve without the pH 14.81 data point is shown in Supporting
Information (Figure S7). The equation used for fitting was f(x) = (a +
b × 10(x − c))/(1 + 10(x − c)).
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effectively negate the charge and/or reduce the electron-
donating properties of the tyrosinate ligand enough to result in
a more typical compound II species (i.e., an authentic iron(IV)-
oxo complex). Our investigation suggests it does not.
We have argued that basic ferryl species can promote two-

electron chemistry by suppressing off-pathway one-electron
oxidations of the protein’s superstructure.34,35 The presence of
a basic ferryl species in catalase is consistent with this
suggestion. Two-electron chemistry is critical to catalase
function: catalase must avoid the formation of compound II,
which is a dead-end state for the enzyme. Previous
investigations have shown that electron donors (e.g., phenols,
alcohols, formate, and NADPH) can play a crucial role in
preventing the buildup of the inactive compound II
state.1,46a,57,58 While these donors have typically been thought
of as the primary safety valve for the recovery from off-pathway
chemistry, our investigation suggests they are not the first line
of defense. An elevated ferryl pKa can decrease the one-electron
reduction potential of compound I, diminish the driving force
for compound II formation, and reduce the need for
energetically expensive electron donor molecules.

■ MATERIALS AND METHODS
Growth and Purification of Helicobacter pylori Catalase

(HPC). KatA, the gene encoding HPC, was cloned from a pSO100
plasmid (kindly provided by Prof. Peter Loewen) into a pET26b(+)
vector and overexpressed in BL21 (DE3) (Novagen) competent cells.
A starter culture was grown overnight (∼16 h, 37 °C, 225 rpm) in LB
media supplemented with 50 μg/mL of kanamycin. The starter was
used to inoculate a larger (2−3 L of media) flask. At an OD of 0.8−
1.0, 0.5 mM IPTG and δ-aminolevulinic acid were added along with an
additional aliquot of kanamycin (25 μg/mL). The temperature and
shaker speed were reduced to facilitate proper expression and folding
of the protein (28 °C, 100 rpm).
After 24 h the cells were harvested, redissolved in buffer (50 mM

Kphos, 50 mM EDTA, 1% Triton X-100 biological surfactant or 1%
polyethylene glycol monododecyl ether, pH 7), and lysed using a
microfluidizer processor (M-110EH-30). Protein was then initially
purified by ammonium sulfate precipitation. Subsequent 40% and 50%
fractions were discarded. Fractions between 50% and 80% were HPC
containing. Pellets were resuspended in a minimum amount of 50 mM
Kphos buffer (pH 7) and run down a DE-52 column (Whatman),
separating a red band. Protein was then buffer exchanged into 50 mM
citrate (pH 5) and loaded onto a Source S column (Whatman). HPC
was washed with 2 column volumes of starting buffer and eluted using
a 0−500 mM NaCl gradient of the same buffer. Fractions with Rz >
0.80 were pooled for use.
For 57Fe enrichment, half of the total aliquot of 57Fe was added at

inoculation, and the other half was added at induction. Also added at
induction were 0.5 mM δ-aminolevulinic acid and 1 mL/L of a
solution of trace elements. The remaining steps are the same as in the
rich media procedure.
Freeze-Quenched Samples. Freeze-quench methods were used

to generate HPC-II at high pH. A four-syringe ram freeze-quench
apparatus from Update Instruments (Madison, WI) was used for all
freeze-quench experiments. Aqueous reaction mixtures were sprayed
into liquid ethane (89 K). Liquid ethane was subsequently removed
under vacuum in an isopentane bath (∼120 K), and samples for
Mössbauer and EXAFS were packed under liquid nitrogen.
Preparation of Ferric HPC, HPC-I, and HPC-II. Ferric HPC.

Ferric HPC (4 mM, pH 5.3, 500 mM NaCl) was sprayed into liquid
ethane (89 K). Liquid ethane was subsequently removed under
vacuum in an isopentane bath (∼120 K). Samples for Mössbauer and
EXAFS were packed under liquid nitrogen.
HPC-I. Samples were prepared by mixing 3−5 mM ferric HPC (50

mM sodium phosphate, pH 7, no salt) with ∼5 equiv of peracetic acid
(PA, 32 wt% sol in dilute acetic acid, Sigma-Aldrich). Once the

mixture turned from brown to green (1−2 s), the solution was
pipetted into a falcon tube containing liquid ethane (89 K) to quench
the reaction. Liquid ethane was subsequently removed under vacuum
in an isopentane bath (∼120 K). Samples for Mössbauer and EXAFS
were packed under liquid nitrogen.

HPC-II Hydroxide. Samples were prepared by mixing 3−5 mM ferric
HPC with 12.5 equiv of PA (in water). From pH 3.5 to 5.5 HPC was
in citrate buffer (50 mM, with or without 500 mM NaCl) and from pH
5.5 to 8 HPC was in sodium phosphate buffer (50 mM, with or
without 500 mM salt). Tris buffer (50 mM, with or without 500 mM
NaCl) was used from pH 8 to 9. Once the mixture turned bright red,
the solution was pipetted into a falcon tube containing liquid ethane
(89 K) to quench the reaction. Liquid ethane was subsequently
removed under vacuum in an isopentane bath (∼120 K). Samples for
Mössbauer and EXAFS were packed under liquid nitrogen.

HPC-II at High pH. First, 3−5 mM HPC-II was generated at pH 5.3
(50 mM citrate, 250 mM NaCl for green ferric or 50 mM citrate for
brown ferric) prior to freeze-quenching by mixing with ∼12.5 equiv of
PA (in water, 4 °C). HPC-II was then rapidly loaded into the freeze-
quench syringe (4 °C) and quenched 2:1 against an arginine HCl/
sodium hydroxide buffer (pH 14). It is essential that the quench be
executed within 1−2 min of initially making HPC-II because of the
rapid decay of the intermediate. The strength of the buffer was varied
(54.08−216.32 mM) to change the final pH of the solution, thus
altering the ratio of compound II oxo/hydroxide. The reaction was
quenched in a liquid ethane bath ∼2 ms after mixing. Portions of the
quenched samples were set aside to confirm the final pH of the
solution. Samples were packed into Mössbauer sample cups for
spectroscopic analysis at a final protein concentration of 3 mM.

Low-Concentration UV/Visible Experiments Performed in Cary
UV/Vis. Using a molar extinction coefficient of ε(406 nm) = 1.0 × 105

M−1 cm−1 for ferric catalase, generation of HPC-I/HPC-II was formed
as follows. One mL of either green or brown ferric HPC was placed in
a sample cuvette and approximately 50 μL of a PA solution (in water)
containing 12.5 mol equiv was added. A glass pipet was used to mix
the solution before the reaction was monitored over the course of
several minutes.

Mössbauer Spectroscopy. A spectrometer from WEB Research
(Edina, MN) was used to collect data in constant acceleration mode
with a transmission geometry. Spectra were recorded with a 53 mT
magnetic field applied parallel to the γ-beam. All measurements were
recorded at 4.2 K using a Janis SVT400 cryostat. Isomer shifts were
calibrated relative to the centroid of the spectrum of a metallic foil of
α-Fe at room temperature. Data analysis was performed using the
program WMOSS from WEB research.

X-ray Absorption Spectrsocopy (XAS). XAS data were collected
in fluorescence mode at ∼10 K with a 30-element germanium detector
(SSRL, BL7-3) using a Si(220) Φ = 0° double monochromator with a
9.5 keV cutoff for harmonic rejection. To minimize the effects of
photoreduction, samples were moved in the beam so that unexposed
portions of the sample were examined every 2 scans (exposure time at
∼37 min per scan). XAS were obtained by averaging 7 total scans (7
first scans) for ferric HPC, 18 total scans (9 first scans and 9 second
scans) for HPC-I, and 21 total scans (15 first scans and 6 second
scans) for HPC-II. The effects of photoreduction were monitored via
the analysis of data obtained during the second acquisition scan.
Background removal and curve fitting were performed with
EXAFSPAK (available at http://www-ssrl.slac.stanford.edu/exafspak.
html) using ab initio phases and amplitudes generated with FEFF
version 8.0. Data sets were fit over the range k = 3−15 Å−1.
Coordination numbers N were constrained during the fits. Fits
included first- and second-shell atoms and one multiple scattering
component. In all cases, the second shell was comprised of α- and
meso-carbons and the Fe−Cα−N−Fe multiple scattering paths (n = 8,
4, and 16, respectively). All distances R, and Debye−Waller factors σ2,
were treated as adjustable parameters, and all threshold energy shifts
Eo were linked but allowed to vary. The passive electron reduction
factor So was held at 0.9. Edge energies were calibrated using α-Fe
metal foil (7111.3 eV). Edge positions were obtained from the first
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derivative of the data using EXAFSPAK (1.0 eV smoothing, third-
order polynomial).
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