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ABSTRACT:. Monofunctional catalases (EC 1.11.1.6) and catalase-peroxidases (KatGs, EC 1.11.1.7) have
neither sequence nor structural homology, but both catalyze the dismutation of hydrogen perox@@e (2H

— 2H,0 + Oy). In monofunctional catalases, theatalatic mechanism is well-characterized with
conventional compound | [oxoiron(lV) porphyrim-cation radical intermediate] being responsible for
hydrogen peroxide oxidation. The reaction pathway in KatGs is not as clearly defined, and a comprehensive
rapid kinetic and spectral analysis of the reactions of KatGs from three different so8seechocystis

PCC 6803,Burkholderia pseudomalleiand Mycobacterium tuberculosiswvith peroxoacetic acid and
hydrogen peroxide has focused on the pathway. Independent of KatG, but dependent on pH, two low-
spin forms dominated in the catalase cycle with absorbance maxima at 415, 545, and 580 nm at low pH
and 418 and 520 nm at high pH. By contrast, oxidation of KatGs with peroxoacetic acid resulted in
intermediates with different spectral features that also differed among the three KatGs. Following the rate
of H,O, degradation by stopped-flow allowed the linking of reaction intermediate species with substrate
availability to confirm which species were actually present during the catalase cycle. Possible reaction
intermediates involved in ¥#D, dismutation by KatG are discussed.

All aerobically growing organisms have to deal with the absence of any sequence homology and very different
reactive oxygen species (ROSs), e.g., superoxide radicalstertiary and quaternary structures, including the active site
hydrogen peroxide, and hydroxyl radicals. Nature has residues (Figure 1). The most highly conserved part in
evolved specialized enzymes for the degradation of the catalases is an eight-stranded antipargiiddarrel domain
different ROSs to protect the cells. The obvious role of with six a-helical insertions in the turns between the strands.
catalases is to dismutate hydrogen peroxide into water andThe internal parts of this domain harbor essential distal side
oxygen. There is a high degree of diversity amaaggla- residues His74, Serl13, and Asnl147 (BLC numbering) and
tically active enzymes, and according to their primary and the proximal heme iron ligand Tyr353)( In contrast, KatGs
quaternary structure, subunit size, and prosthetic group, theycontain 20a-helices per monomer, 10 in the N-terminal
have been divided into four subgroups: monofunctional domain and 10 in the C-terminal domain organized in a

hemeb- or d-containing catalases, bifunctional herhe manner very similar to that of other class | peroxidaggs (
containing catalase-peroxidases, nonheme catalases, and). Heme is bound only to the N-terminal domain, and the
finally, proteins with minorcatalatic activity like mono- function of the duplicated C-terminal domain is still under

functional peroxidasesl). Here, we focus on the heme discussion §). The active side residues include Argl108,
b-containing monofunctional catalases and catalase-peroxi-His112, and Trp111 (BpKatG numbering) on the distal side
dases (KatGs).Monofunctional catalases are found in all of the heme and the proximal ligand His279 (Figure 1D). A
kingdoms of life, whereas KatGs are found only in archaea, covalent adduct involving Trp111, Tyr238 [situated on a loop
bacteria, and fungi2). not found in the other class | peroxidases but highly

Although both types of heme enzymes exhibit high conserved in KatGs7f], and Met264 has been shown to be
catalaticactivities, there are significant differences, including €ssential for theatalatic activity of KatGs g—13).

Catalase or peroxidase cycles are initiated by th@,H
mediated oxidation of the native ferric enzyme to com-
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Ficure 1: (A) Monomer of BLC (4BLC). (B) Monomer of KatG oB. pseudomalle(1MWYV). (C) Active side residues in BLC. (D)
Active side residues in KatG. The figures were constructed using the coordinates in the Protein Data Bank.

pound I. Generally, compound | is a redox intermediate two activity generating molecular oxygen, it has been difficult
oxidizing equivalents above the resting state. This reaction to trap the spectroscopic signatures of th€generated
causes the release of one water molecule and coordinatiorcatalaticintermediates. In this paper, we have used stopped-
of the second oxygen atom to the iron cented, (15). In flow techniques to characterize the YVis signatures of
monofunctional catalases, compound | is an oxoiron(IV) the dominantcatalatic intermediates of KatGs from three
porphyrinzz-cation radical species (PoFeY=0) (16) which different sourcesynechocystiBCC 6803Mycobacterium
is reduced back to the ferric enzyme by a second moleculetuberculosisandBurkholderia pseudomallgat pH 5.6, 7.0,
of hydrogen peroxide with the release of oxygen and water and 8.5 and to monitor ¥D, degradation under identical
(14). In the reaction of BLC with peroxoacetic acid, a conditions. So far, almost all mechanistic studies have been
tyrosine radical can be formed by migration of an electron conducted with these three enzymes, which share all KatG-
to the porphyrinz-cation radical. However, the high rate of typical structural features but also showed some differences
turnover suggests that the tyrosyl radical plays no role in in radical transformation when treated with organic peroxides
the catalatic reaction (6). (17—-19). Significant differences in comparison to BLC are
A lively debate about theatalatic mechanism in KatGs ~ documented and discussed in terms of possible reaction
continues. Like that of BLC, reaction of KatGs with organic Schemes.
peroxides generates an oxoiron(lV) porphyrirzcation
radical species, which rapidly transforms to a protein radical MATERIALS AND METHODS
species 17—19), but with spectral UV-vis signatures ReagentsStandard chemicals and biochemicals of the
dissimilar to those described in monofunctional catalases andhighest available grade were obtained from Sigma. Hydrogen
peroxidasesl, 8—11). Because of the high intrinsic catalase peroxide was from Sigma, and its concentration was deter-
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mined using an extinction coefficient at 240 nm of 39.4'M (A)g.os 0.04

cm L. To eliminate HO, from commercial peroxoacetic acid

(PAA), BLC (5 nM) was added to the buffered PAA stock 0.20 4 L 0.03

solutions. BLC was obtained from Sigma and used without 8

further purification. An extinction coefficient at 404 nm of £0.15 - 0.02

105 000 Mt cm™* was used for the determination of protein 2

concentration. Recombinant catalase-peroxidase Bym “0.10 - . 0.01

echocystisvas produced ifescherichia coliand purified as

previously reported?0). B. pseudomalleandM. tuberculosis 0.05 ; . - - - 0.00

él\g;té)ril;ac}%s were produced and purified as previously & L R 470 \\2Riendtium)” 1©
Steady-State Kineticatalase activity was determined ﬂjﬁj h‘: i i

polarographically using a Clark-type electrode (YSI 5331 0234 'w, =

oxygen probe) inserted into a stirred thermostated water bath €023 o U .

(YSI 5301B). To cover the pH range of 4:0.0, 50 mM gggg: Al - P

citrate-phosphate, 50 mM phosphate, or 50 mM Tris-HCI 021 {1 [i==tll o S

buffer was used. All reactions were performed at’@0(37 2021 - b O

°C in the case of BpKatG) and started by addition of KatG. Qo] i AL

. ) / 0.20 -

One unit of catalase is defined as the amount that decomposes 019 ,

1 umol of H,O./min at pH 7 and 25C. 0 1 Time (sec) 2 3
Transient-State KineticsTransient-state measurements © ()

were taken using a model SX.18MV stopped-flow spectro- 2tk 112 08

photometer and a PiStar-180 circular dichroism spectrometer 300 L e 07 ,E

(Applied Photophysics Ltd.) equipped Wi 1 cmobserva- = E el

tion cell. Calculation of pseudo-first-order rate constakyg)( 2 go7s 04 +—=

from experimental time traces was performed with a Spec- $150 2 il i

traKinetic workstation (version 4.38) interfaced with the 75 <055 T

instrument. The substrate concentrations were at least 5 times 0 e

that of the enzyme to allow determination of pseudo-first- '

0 lieaslll kel aifi (12 0.0 0.2 0.4
order rate constants. Second-order rate constants were Hz02 (M) Time (s)
c_alculated from the slope of the linear plot of the pS?UdO' FIGURe 2: Reaction of BLC with peroxides. (A) Hydrogen
first-order rate constants versus substrate concentration. Tqyeroxide-mediated reduction of BLC compound | preformed with
follow spectral transitions, a model PD.1 photodiode array 100u4M peroxoacetic acid. Spectral changes observed after addition
accessory (Applied Photophysics Ltd.) connected to the of 10u4M hydrogen peroxide to M BLC compound I. Spectrum

flow machin her with X n di rray 1 is the first detectable spectrum (1.3 ms after compound I is mixed
stopped-flo achine togethe t Scan diode array with H,0;). Spectrum 2 was taken 20 ms after mixing and

scanning software (version 1.07) was utilized. The kinetics j,inated during kD, degradation. Finally, compound | was re-

of OXi(_jation O_f ferric enzymes b_y hydrqgen pe_r(_)xide and formed due to the excess of peroxoacetic acid in the reaction mixture
organic peroxides were followed in the single mixing mode. (spectrum 3, taken after 3 s). Conditions: 50 mM phosphate buffer

The first data point was recorded 1.3 ms after mixing, and at pH 7.0 and 25C. (B) Time trace followed at 404 nm for the

2000 data points were accumulated. Sequential mixing reaction in panel A. Arrows indicate times of spectra selection.
) The inset shows the time trace including the single-exponential fit

stoppe_d-flow analysis was used to _assess compound Ithat reflects reduction of compound | by M hydrogen peroxide.
reduction (preformed with peroxoacetic acid) by hydrogen (C) Plot of the pseudo-first-order rate constants for compound |
peroxide. In detail, %M enzyme was mixed with 166200 reduction kon9 Vs the concentration of #@,. (D) Time traces of
uM peroxoacetic acid (final concentration), and after a H20. degradation followed at 240 nm for the reaction ofil
defined delay time, compound | was mixed with hydrogen f€rri¢ BLC with 2 mM (gray line), 10 mM (thin line), and 20 mM

. (thick line) hydrogen peroxide. Conditions: 50 mM phosphate
peroxide. All stopped-flow measurements were taken at 25, ter at pH 7.0 and 25C. The inset shows the time trace and
°C, and at least three determinations were performed persingle-exponential fit for the reaction ofzaV BLC with 10 mM

substrate concentration. hydrogen peroxide.

RESULTS

Mechanism of the Reaction of BLC with Peroxides.
monofunctional catalases, the formation of an oxoiron(IV)
porphyryl radical compound | (PBiFeV=0) cannot be
followed spectroscopically using a moderate excess of
hydrogen peroxide, because reduction of compound | by
H,O, (reaction 2) is faster than its formation (reaction 1).

For comparison with KatGs, we revisited BLC to monitor
the spectral features of intermediates formed during the
reaction of the ferric enzyme with &, and the kinetics of
H,0, degradation at 240 nm in the stopped-flow apparatus.
As an example, a 2M solution of BLC depletd a 2 mM
solution of HO, within 300 ms (Figure 2D). The time trace
of H,O, depletion can be exactly represented by a single-
K exponential equation (inset of Figure 2D). The spectral
PorFé' + H,0,—Por'Fé'=0+H,0 (1) features that predominated during the reaction strongly
resembled those of the ferric enzyme, consistent with a

k . .
eV 2 1 catalatic cycle of only reactions 1 and 2 wheke > k;, as
Pof'Fe"=0 + H,0,—~ PorFé + 0, + H,0 (2) described in the literaturd). No red shift of the Soret band
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or other features typical of a BLC compound | species were —d[H,0,]  2(1k,+ 1/k,) ‘[catalase][HO,]
observed over the pH range of-%0 (not shown). at = Wk + 1K =

In BLC and monofunctional hemie catalases, generally 1 2 41 =i [H,0]
an oxoiron(IV) porphyryl radical compound | (characterized KK + KK
by a hypochromicity at the Soret region of-485% and a 12 sS4
long wavelength band at 66%70 nm of an intensity almost kitk, kgtk,

equal to that of the original CT band of the ferric enyzme) . oo o
is formed during reaction with peroxoacetic acll (Figure ~ 1he Pproductive binding rates for the oxidativk)(and
2A, spectrum 3). The reaction of preformed compound | with "eductive k) half-reactions can be formulated as

hydrogen peroxide (reaction 2) was followed in sequential- K, = ky[ko(k_; + k)]
mixing mode, revealing that BLC compound | readily reacts At
with hydrogen peroxide directly to the ferric enzyme (Figure k = ka[k,(K_5 + kj)]

2A), underlining the fact that the oxoiron(IV) porphyryl

radical species indeed participates in the catalatic cycle andSubstitution of these binding rates into the steady-state
is responsible for the oxidation of B, to O,. Spectra 1 equation allows the expression of the turnover numkagy) (
and 2 in Figure 2 recorded 1.3 and 20 ms, respectively, afterand the apparent Michaetidlenten constant

mixing 10 uM H;0, with 3 uM BLC compound | already

resemble (1520% hypochromicity) that of the ferric enzyme Koo = (15, + 1/k,) "
and did not change during,B, degradation. After complete

H.O, dismutation, the compound | spectrum reappeared as 1k, + 1/k4)71
a result of reaction with excess peroxoacetic acid (spectrum Kn= m
3, Figure 2). The time trace for reduction of compound | by

hydrogen peroxide was fitted to a single-exponential equa-
tion, and the resulting linear plot of the pseudo-first-order
rate constants versus,®& concentration (Figure 2C) pro-

This leads to two limiting cases. (A) Kn much greater
than the HO, concentration corresponds to a second-order
process and represents the binding of hydrogen peroxide. A

duced a second-order rate constaa) 6f 3.2 x 10' M~ pseudo-first-order degradation rate of34 will be monitored
stat pH 7.0, in good agreement with the value estimated 4t 240 nm. (B) A, much lower than the 0, concentration
by Chance 21). represents saturation of the enzyme. A zero-order degradation

rate of HO, will be monitored at 240 nm.

An apparentK,, value for BLC has been determined to
be 93 mM @4), but our studies are limited to concentrations
of hydrogen peroxide up to only 20 mM, because of the

Kinetics of Hydrogen Peroxide Degradation Mediated by
Catalase-PeroxidaseA. significant difference in the turnover
rates of BLC and KatG is evident (compare Figures 2D and

3C), W,'th 2 uM KatG from Syngchqcystls(SynKatG) increasing inaccuracy at absorbances in excess of 1 and the
degrading 10 mM hydrogen peroxide 4.4 s compared \jgorous oxygen evolution in the reaction cell at higher
to 0.5 s for 2uM BLC. Furthermore, the kinetics of  concentrations. Therefore, in the case of BLC whéres
degradation of kD, by KatG differed from those of BLC  |4,0,], a pseudo-first-order reaction is expected and ob-
in that they could not be fitted to a Single-exponential served (Figure 2D) By contrast, tken values of KatGs are
equation (Figure 3BD). Similar results were obtained with  much lower [4.2 mM for SynKatG, 2.5 mM for MtbKatG
KatGs fromM. tuberculosisandB. pseudomallei (8), and 5.9 mM for BpKatG 25), all at pH 7]. As a
. . .__consequence, the shape of the time traces depends on the
To understand the d|fferences' n the ;hape of the tlme H.O, concentration, following almost pseudo-first-order
traces between BLC and KatG, it is advisable to describe kinetics at HO, concentrations below 1 mM (Figure 3A)
the HO, dismutation reaction by a bi-uni mechanism similar 5,4 deviating from the single-exponential fit at 10 mMO4
to the reaction catalyzed by superoxide dismutase, SOD (i-e-v(Figure 3B). At alkaline pH, however, the rate of depletion
dismutation of superoxide to hydrogen peroxide and oxygen). of H,0, was nearly linear at low concentrations of hydrogen
According to the mechanism described for SOD by Fee and peroxide, and the appareiit, values at pH 8.5 were
Bull (22), the catalatic cycle could be described by two  determined to be 0.4 mM (SynKatG) at 30 and 0.22 mM
irreversible (an oxidative and a reductive) reactions, with E (BpKatG) at 37°C, fully compatible with the observed
being the enzyme in its resting state and CI representing alinearity of the time traces and the kinetic model proposed
compound | species irrespective of its electronic structure: above. At pH 8.5 and 10 mM 4@, it follows thatK, <
[H20;], and the model predicts a reaction that follows zero-
K, K, order kinetics, which is reflected by the experimental findings
E+ Hzoz’k_‘_’[E_Hzoz] — Cl+H,0 (3) (Figure 3C). At acidic pH, the apparel, values are
-t comparable to those determined at pH 7.0 (4.7 mM for
Ky K SynKatG and 5.7 mM for BpKatG at pH 5.6) and the time
Cl + H,0, oy [CI-H,O0] —E+O,+H,0 (4) traces for 10 mM HO, degradation were nonlinear (Figure
R 3D) and did not fit well to a single-exponential equation.
The plot of the rate of kD, degradation determined by
The steady-state equation can be obtained using the methodtopped-flow against pH was similar in shape to a plot using
of King and Altman as followsZ3): rates obtained from polarographic measurements of oxygen
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Ficure 3: Kinetics of hydrogen peroxide degradation. (A) Time
trace at 240 nm (black line) and single-exponential fit (gray line)
for the reaction of M ferric wild-type KatG with 1 mM hydrogen
peroxide. Conditions: 50 mM phosphate buffer at pH 7.0 and 25
°C. (B) Time trace (black line) and single-exponential fit (gray line)
for the reaction of 2uM ferric wild-type KatG with 10 mM
hydrogen peroxide. Conditions as in panel A. (C) Time traces at
240 nm for the reaction of 2M ferric KatG with 10 mM hydrogen
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Ficure 4: Reaction of wild-typeSynechocysti€atG with hydrogen
peroxide at pH 7.0. Spectra were recorded 1.3 ms after mixing of
2 uM ferric KatG (gray line) with 2 mM (thin line) and 20 mM
(thick line) hydrogen peroxide. Conditions: 50 mM phosphate
buffer at pH 7.0 and 28C. The inset shows the comparison of the
time traces at 240 and 429 nm for the reaction ghferric KatG

with 10 mM hydrogen peroxide. Conditions: 50 mM phosphate
buffer at pH 7.0 and 25C.

stopped-flow techniques, a 50-fold excess eDkigenerated
an intermediate exhibiting the spectral features of a low-
spin species, including a red-shifted Soret band, hyperchro-
micity in the Q-band region (502 and 542 nm), formation
of a broad shoulder around 520 nm, and disappearance of
the high-spin CT band at 637 nm. Carrying out the same
experiment with native SynKatG produced an intermediate
with the same spectral features, but only at a much higher
excess (at least 1000-fold) ob€h, necessitated by the higher
catalaticactivity of native KatG compared to E253Q (Figure
4). Generally, increasing amounts of,® caused an
increasingly more pronounced red shift of the Soret band
within 1.3 ms of mixing, and the reaction intermediate was
evident only until all of the HO, was exhausted (inset of
Figure 4). For example, after 1 s, the time needed to
completely deplete 10 mM #D, with 2 uM SynKatG, the
spectrum of ferric protein was recovered.

The pH dependence of the appearance of the reaction
intermediate was directly related to the pH dependence of

peroxide at pH 7.0, 7.5, 8, and 8.5. Conditions: 50 mM phosphate the catalatic reaction. At pH 8.5, the reaction is only 15%

buffer at 25°C. (D) Time traces at 240 nm for the reaction of 2
uM ferric KatG with 10 mM hydrogen peroxide at pH 5.0, 5.6,
6.0, and 7.0. Conditions: 50 mM phosphate buffers and 50 mM
citrate/phosphate buffer at pH 5.0 and 5. (E) pH dependence
of hydrogen peroxide degradation determined by followin®H
degradation at 240 nm in the stopped-flow apparatus. (F) pH
dependence of oxygen evolution determined with a Clark-type
electrode. Conditions: 50 mM citrate/phosphate buffers (pH-4.0
7.0) and 50 mM Tris-HCI buffers (pH 7-50.0) at 25°C.

evolution (Figure 3E,F), but with maximum activity slightly

shifted from pH 6.5 to 6.0. Similar results were obtained
with MtbKatG and BpKatG, although the decrease in
stopped-flow-determined activity in the acidic region was

of the rate at pH 7, resulting in less,®; being necessary
for the appearance of the spectral signatures of the intermedi-
ate (Figure 5A). No other spectral changes were evident even
with a 1000-fold excess of 4, at pH 8.5 (Figure 5A). A
different situation was observed at acidic pH (Figure 5B)
where the first intermediate that could be trapped had spectral
features completely different from those observed at pH 7.0
and 8.5. A 1000-fold excess of;8, within 1.3 ms generated

a spectrum with a slightly decreased and red-shifted Soret
band, and addition of even greater excesses (up to 100000-
fold) caused a shift of the Soret band to 417 nm and the
appearance of two distinct peaks at 545 and 578 nm (Figure

much more pronounced than in the polarographically deter- 5B), reminis_cent of th_e spectra of compound IlI (_)f SynKatG
mined rates. These small differences notwithstanding, the (27), of the intermediate from the SynKatG variant Y249F

pH profiles of all KatGs exhibit a sharp optimum at pH

mixed with a moderate excess of hydrogen perox@eand

6—6.5, whereas BLC, and catalases in general, exhibit aof the alkaline forms of plant-type peroxidases (*~@H”)

broad pH optimum extending from pH 5.6 to 8.5 (not
shown).

(29).
At intermediate pH 6.5, the first trapped spectrum exhibits

Reaction of Ferric Synechocystis KatG with Hydrogen a broad shoulder around 520 nm as well as a shoulder around
Peroxide A recently constructed variant of SynKatG, E253Q 580 nm suggesting a mixture of the spectral signatures
situated in the substrate entrance channel, has been found tobserved at pH 7.0 and 5.6 (Figure 5C). As the insets of
slow the catalatic turnover sufficiently to allow the identi- panels A-C of Figure 5 indicate, there was a pH-dependent
fication of spectral features of reaction intermediates in the correlation between ¥, degradation and the intermediate
catalase cycle2p). With a rate too rapid to be measured by present. Analysis of spectra at pH 8.5 and 5.6 (Figure 6A,B)
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Ficure 5: pH dependence of the reaction of ferric wild-type . o ;
SynechocystiKatG wlth hydrogen p'erOX|de. (A_) Spectra recorded gleerzilizd% nﬁ)rl-rl](;jveep;egggﬂgghcgcigﬁ(i:{t;?lcgt.ra(lx|tF|{oenasC§iigrr]| n(% gz;\j/lrogen
1.3 ms after 2«M ferric KatG (gray line) was mixed with 200M KatG with 2 mM HO, at pH 8.5. The thick line is the spectrum
(thin line) and 2 mM (thick line) hydrogen peroxide at pH 8.5. 1 3 g after mixing. This spectral signature persisted for 1.5 s.
Conditions: 50 mM phosphate buffer at pH 8.5 and°25 The Subsequent spectra were taken after 1.8 s and after 2.2 s. For
inset shows time traces at 240 nm (black line) and 521 nm (gray jentation, the spectrum of ferric KatG at pH 8.5 is colored gray.
line) for the reaction of M wild-type KatG with 2 mM hydrogen (B) Reaction of 2uM KatG with 20 mM HO; at pH 5.6. The
peroxide at lPH 8.5. (B) Spectrar]recorded rll.'s lms afteMerric thick line is the spectrum observed 1.3 ms after mixing. Subsequent
KatG (gray line) was mixed with 2 mM (thin line) and 200 MM — gh004ra were taken at 430 ms and 1.4 s. The gray line is the spectrum
(thick line) hydrogen peroxide at pH 5.6. Conditions: 50 MM ¢4, terric KatG at pH 5.6. (C) Hydrogen peroxide depletion recorded
phosphate buffer at pH 5.6 and 26. The inset shows time traces o+ 540 nm for the reaction in panel A. (D) Hydrogen peroxide

at 240 nm (black line) and 429 nm (gray line) for the reaction of : A
2 uM wild-type KatG with 10 mM hydrogen peroxide at pH 5.6. depletion recorded at 240 nm for the reaction in panel B.

Conditions as in panel B. (C) Spectra recorded 1.3 ms aftévl 3 . ) o )
ferric KatG (gray line) was mixed with 10 mM (thick line) hydrogen  (20). No pH-dependent differences in the kinetics of its
gesr(g(nlgezg}cpk} r?é5_h§e<iﬂsdk:gonssé_ n?g trrg'::ﬂespg?szahoatnemb(utgsékalt'npe|_)| formation or its spectral properties were observed in the pH
. . | WS 1 | .
and 429 nm (gray line) for the reaction ofid wild-type KatG range of 5.&8_.5. EPR has d_emo_ns_trated that upon reaction
with 10 mM hydrogen peroxide at pH 6.5. Conditions as in panel Of SynKatG with peroxoacetic acid in the absence of electron

C. donors, a Por and, subsequently, two protein-based radicals,
in conjunction with the rates of ¥, degradation (Figure a Trp and a Tyr, are formed 10).

6C,D) reveals a single spectral signature .(418 and 520 nm) |, contrast to BLC, the compound | form of SynKatG
at p_H 8.5 through_out the 49, d_egradat|on phase and produced by PAA did not appear to react readily with
continuously changing specira during advance@4deple- moderate levels of KD, back to the resting state. However,

tion at pH 5.6 starting with a 1.3 ms spectrum with peaks at the addition of a large excess of hydrogen peroxide did cause
415, 545, and 580 nm and ending with the Soret band at arg hydrogen p
a spectral transition, suggesting formation of the same

407 nm and reappearance of the CT band at 637 nm. _ ) . : . .
Reaction of SynKatG Sequentially with Peroxoacetic Acid |ntermed|atgs that were.formed in the direct reaction of ferric
and HO,. The oxidation of KatGs by peroxoacetic acid SYNKatG with HO, (Figure 7A). For example, spectra
has been shown to give rise to a calculated reaction rate offécorded during the reaction ofid1 SynKatG compound |
2-6 x 10 M1 s%, depending on the source of Kat®, (  With 6 mM hydrogen peroxide at pH 7.0 reveal a reaction
11, 29). The spectral signatures of the SynKatG compound intermediate with a Soret band at 418 nm, a broad shoulder
| intermediate include a 4660% hypochromicity of the Soret ~ at 520 nm, and no absorbance in the CT region whi@H
band and two distinct bands at 604 and 643 nm which were degradation was taking place. Upon depletion eD} the
attributed to an oxoiron(1V) porphyrin radical cation species PAA-generated compound | reappeared, a result of the excess
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. ; ; ; ; Ficure 8: Reaction oM. tuberculosisandB. pseudomalleKatG
Ficure 7: Reaction of hydrogen peroxide wiynechocystiKatG with PAA. (A) Spectral changes observed upon mixing giNa

compound | preformed with peroxoacetic acid. (A) Spectral changes ;" . ; < :
obseprved in%he reaction ofp;ﬂ\/l WT KatG con(1p)ouf)1d | with 6 : ferric M. tuberculosiskatG with 200uM PAA. The thick gray

mM hydrogen peroxide. Spectra were taken immediately after € iS for the ferric enzyme; subsequent spectra were taken after
mixing (1.3 ms), after 15 ms, and after 50 ms. Conditions: 50 mM L3 MS (gray line), 220 ms (black line), and 1.1 s (thick black line).
phosphate buffer at pH 7.0 and 26. (B) Spectral changes upon ~ conditions: 50 mM phosphate buffer at pH 7.0 and°2s (B)
mixing 3 «M WT KatG compound | with 10 mM hydrogen ~ SPectral changes observed upon mixing oful! ferric B.
peroxide. The first spectrum is the compound | spectrum, and PSeudomalleKatG with 100uM PAA. The dashed line is for the
subsequent spectra were taken after 1.3 ms and after 20 msfe/iC énzyme; subsequent spectra were taken after 1.3 ms (gray
Conditions: 50 mM phosphate buffer at pH 6.0 and°25 (C) line), 200 ms (black Il'ne), 1.9 s (thick black line), and 10 s (thick
Time trace at 420 nm and single-exponential fit for the reaction in g(r:aycl:lne|)_.| dCOﬂdIt(IjonS. 5? mM phos(,jprfate b‘:.ﬁﬁ;l att EH 7'? and 25
panel A. The inset shows the plot of the pseudo-first-order rate Thé( ti?npe traef:s"fgrn fﬁeorgggirc))?\ugfmorl‘gr?i(l:OMntﬂbirrf:lal(zgiss
constant vs the concentration of hydrogen peroxide. KatG with 200uM PAA observed at 408 nm at various pH values

S . . . are shown. (D) pH dependence of compound | formatioin
PAA being in the reaction mixture (not shown). The time pseudomalleiThe time traces for the reaction ofiM ferric B.

course of this reaction as reflected by hyperchromicity and pseydomalleikatG with 2004M PAA observed at 407 nm at
a shift to 418 nm of the Soret band during the first 50 ms different pH values are shown.
was monophasic (black line in Figure 7C) and could be fit
to a single-exponential equation (gray line). Plotting these of other KatGs, MtbKatG and BpKatG were first treated with
pseudo-first-order rate constants versy®jptoncentration peroxoacetic acid, revealing spectral changes quite different
(inset of Figure 7C) yielded a second-order rate constant of from those observed in SynKatG, including a red-shifted
1.3 x 10* Mt s, The intercept of the plot was relatively  Soret band (to 415 nm) and two new maxima around 549
high (38 s?!) which reflected the fact that the formed and 590 nm (Figure 8A,B) that were stable for at least 10 s.
intermediate was not a stable end product but subjected toAt pH 7, the spectral changes of MtbKatG exhibit isosbestic
permanent turnover during,B, degradation. At pH 8.5, the  points with a monophasic transition (Figure 8A), whereas
spectral transitions were similar to those at pH 7.0 (not the spectral changes of BpKatG were clearly not monophasic
shown), whereas at pH 6.0, the Soret band shifted to 416(Figure 8B). These spectra are similar to those previously
nm which was accompanied by absorbance decreases at 60deported for MtbKatG 29, 30), but with a more red-shifted
and 643 nm and the appearance of peaks at 545 and 580 nnSoret band compared to the reported band at 41128n (
all following monophasic kinetics with a calculated rate 30), more prominent maxima at 549 and 590 nm, and a less
constant of 1.5« 10* M~ s (intercept of 12 s (Figure intense shoulder at 655 nn29). These spectral features
7B). varied only slightly over the pH range of 48.5 with a
Reaction of MtbKatG and BpKatG with Peroxoacetic Acid small increase in the magnitude of the 655 nm shoulder at
and HO,. To compare the properties of SynKatG with those higher pH.
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Ficure 9: Reaction ofM. tuberculosisKatG with hydrogen
peroxide. (A) Spectral changes observed upon reaction (df12

M. tuberculosisKatG with 10 mM hydrogen peroxide at pH 7.0.
Times at which spectra were taken are indicated (dashed line for
the ferric enzyme). The inset shows the corresponding time trace
for hydrogen peroxide degradation at 240 nm. Conditions: 50 mM
phosphate buffer at pH 7.0 and 2&. (B) Spectral changes
observed upon reaction of @M M. tuberculosisKatG with 10

mM hydrogen peroxide at pH 5.6. The dashed line is for the ferric
enzyme. The inset shows the corresponding time trace at 240 nm
Conditions: 50 mM phosphate buffer at pH 5.6 and°25

In contrast to SynKatG, the reactions of both MtbKatG
and BpKatG with PAA were pH-dependent and the kinetics
were not monophasic at all pH values. At both acidic and
alkaline pHs, the reaction of MtbKatG with PAA was
biphasic and slower than at pH 7 (Figure 8C). The kinetics
of oxidation of BpKatG by PAA were slower than for
MtbKatG, revealing greater complexity, including an initial
hypochromicity of the Soret band at 407 nm followed by an

increase in absorbance and red shift to 415 nm (Figure 8D).

The time trace of the changes at 407 nm in combination with
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Ficure 10: Spectral features of redox intermediates in BpKatG at
pH 6.5. The black line is for &M ferric BpKatG, the bold gray
line for compound | obtained upon mixing of.®/ ferric BpKatG
with 200u4M PAA (final concentrations), and the thick black line
for the intermediate formed upon addition of 50 mM hydrogen
peroxide to compound | preformed with PAA. Conditions: 50 mM
phosphate buffer at pH 6.5 and 26.

9A, spectra taken after 2.5 s). The reaction of ferric MtbKatG
with H,O, at pH 5.6 led to spectral changes similar to those
observed at pH 7.0 (Figure 9B), except that the general
increase in absorbance occurred faster (within 100 ms). After
complete dismutation of ¥D,, the spectrum remained almost
identical to that resulting from PAA-mediated oxidation of
MtbKatG (415, 549, and 590 nm). Similar results were
obtained with BpKatG.

Compared to that of SynKatG, the degradation of hydrogen
peroxide by both MtbKatG and BpKatG was slower at pH
5.6, taking 10 s to dismutate 10 mM,®B, compared to 2 s
for SynKatG. The reaction of BpKatG with &, was also
‘tested at pH 4.5, made possible by its greater resistance to
acidic conditions compared to SynKatG. A pH of 4.5 is the
pH optimum for the peroxidase activity in BpKatG, and
catalase activity is decreased to-30% of maximum levels
at pH 6.5 but still higher than at pH 8.81). The resulting
spectral features of the intermediate were similar to those
observed at pH 5.6 and 7.0 (415, 548, and 580 nm), but the
reaction was slower with the spectrum at 1.3 ms, suggesting
a mixture of the ferric enzyme and the intermediate. The
reaction followed pseudo-first-order kinetics, and the bimo-
lecular rate constant determined at a single concentration of
hydrogen peroxide (1 mM) was 1.3 10* M1 s7L,

the other spectral transitions suggests the existence of a he final step was to investigate the reaction of compound

transient intermediate in the reaction pathway leading to the
compound | species with the observed spectral features.
Mixing of MtbKatG and BpKatG with HO, at pH 8.5

| of BpKatG, generated using PAA, with,8,. No spectral
changes were observed using a moderate excess@f, H
but a large excess (1000-fold range) resulted in the formation

produced intermediates with the same spectral features thaf intermediates with the same spectral features and pH
were observed for SynKatG at pH 8.5 and 7.0 (418 and 520 dependence (Figure 10) as those formed in the direct mixing

nm) for as long as kD, was being degraded (data not
shown). At pH 7.0, mixing of both MtbKatG and BpKatG
with H,O, gave rise to spectra very similar to that of
SynKatG at pH 5.6 (Figure 9A). For example, the reaction
of 2 uM MtbKatG with 10 mM hydrogen peroxide at pH
7.0 caused, within 1.3 ms and lasting for 600 ms, a red shift

of the ferric protein with hydrogen peroxide (Figure 9). The
transition between the spectral features of PAA-generated
compound | of BpKatG and the spectral features of the
intermediate dominating in the presence afOx could be
fitted to a single-exponential equation which vyielded a
second-order rate constant of x710* M~ st at both pH

of the Soret band (416 nm), the appearance of two peaks®-> and 8.5.

around 545 and 580 nm, and a diminished CT1 band.
Ultimately, the absorbance increased generally without a
change in the position of the maxima at 416, 545, and 580
nm, and even after depletion of 10 mM®k (1.8 s; see the

DISCUSSION

Despite catalyzing the same reaction {@2x— 2H,0 +
0O), heme-containing monofunctional catalases and bifunc-

inset of Figure 9A), these spectral features persisted (Figuretional catalase-peroxidases do not share sequence or structural
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similarities, raising the question of whether the reaction pH and the KatG. Maximal conversion of the enzyme into
pathways are similar or different. Whereas catalases havethe reaction intermediate required saturation of the enzyme
been the subject of study for decades, the interest in catalasewith substrate ([HO,] > apparent,).
peroxidases has developed more recently, in part because The spectrum with features at 418 and 520 nm does not
of its role in mediating isoniazid resistance\h tuberculosis resemble the spectrum of any reaction intermediate previ-
but also from the standpoint of determining how an enzyme ously reported in peroxidases or catalases. On the other hand,
which so closely resembles a class | peroxidase can dismutatehe spectrum with features at 415, 545, and 580 nm of the
H.O, at reasonable rates. The determination of crystal intermediate predominating at acidic pH resembles the
structures of KatGs, now from four different organisms, has spectra of compound Il of plant peroxidas8g)( the ferrous
led to the identification of several catalase-specific residues,form of WT and the Y249F variant of SynKatG treated with
subsequently confirmed by site-directed mutagenesis studiesO, (27), the ferric form of MtbKatG treated with superoxide
Such unique features have suggested a number of unusua33), compound Il of MtbKatG treated with excess®}
mechanisms controlling the catalase reaction, but a clear(13), the Y238F variant of BpKatG treated with peroxoacetic
picture of the reaction pathway has remained elusive. To acid (unpublished data), several KatG variants treated with
address this question, a comprehensive kinetic and spectrah small excess of ¥D, (8, 9, 13), HRP @8) [but not MtKatG
investigation of the reaction of three different catalase- (34)] at alkaline pH with a hydroxyl ion distal ligand,
peroxidases and one monofunctional catalase witb,tdnd Arthromyces ramosuseroxidase with NbOH bound 85),
PAA using stopped-flow techniques has been carried out andand finally, to some extent, the inactive N-terminal domain
correlated with the kinetics of 1D, degradation also  of KatG of E. coli (416, 536, and 568 nm3B6). In the latter
monitored by stopped-flow spectroscopy. case, incubation of the N-terminal domain with a separately
The rate of HO, degradation by BLC is much faster than expressed C-terminal domain resulted in a partial restoration
the rate exhibited by KatGs, but in both cases, the kinetics of both catalase and peroxidase activities as well as high-
can be explained by a simple reaction pathway involving spin spectral features of wild-type Kat®)( In the case of
reactions 3 and 4. Changing the®4 concentration in the  the NH,OH complex with the peroxidase, the crystal structure
assay from below to higher than the apparéptof KatGs of the complex suggests coordination of the nitrogen atom
caused a change in the kinetic pattern gOkrldegradation to the heme iron and hydrogen bonding of the hydroxyl group
consistent with the change from a substrate-unsaturated towith the distal histidine possibly representative of compound
substrate-saturated state. Unfortunately, it was technically“0” or the H,O,—peroxidase complex prior to the reaction
not possible to raise the ;8. concentration above the (35). The conclusion here should be that compound IllI-like
apparentK,, for monofunctional catalases in the stopped- spectra are not uncommon and may be exhibited by different
flow system to determine if they responded similarly. six-coordinate low-spin structures.
However, the overall reaction pathway involving,®4 The crystal structures of a number of catalase, peroxidase,
binding provides a reasonable explanation for the kinetic and catalase-peroxidase peroxoacetic acid-generated reaction
responses of the two enzymes. On the other hand, the veryintermediates have recently been reported that revealOFe
different pH profiles of the two classes of enzymes suggest bond lengths longer than the value of 1.65 A expected for a
some fundamental differences. classical compound | (PuiFeY=0) structureMicrococcus
These differences are also evident in the spectral featuredysodeikticuscatalase 37), Helicobacter pylori catalase
of reaction intermediates formed during®} dismutation (2IQF, manuscript in review), CCR8), and BpKatG 389)
by the two classes of enzymes which differ significantly. were converted to intermediates with-F® bond lengths
Two oxidized products have been observed after reaction ofof 1.82, 1.85, 1.87, and 1.93 A, respectively. In all cases,
BLC with peroxoacetic acid, an oxoferryl prophyrin radical the longer length was explained in terms of a POtFOH
species and a presumed hydroxoferryl protein radical speciesspecies formed by a transfer of an electron from the protein
(1, 16). Neither of these species is evident in the reaction to the porphyryl radical, and this has been corroborated in
with H,O, because the rate of reaction 2 is so much faster recent QM/MM calculations40). Unfortunately, the situation
than the rate of reaction 1 that compound | does not has been complicated somewhat by QM and QM/MM
accumulate. However, compound | preformed with per- calculations that postulate the existence of six isomers of
oxoacetic acid is reduced to the ferric state byOKat a horseradish peroxidase compound II, of which the two
rapid rate, confirming that it is an intermediate in the catalatic experimentally observed reaction intermediate§,6 and
pathway. FeV—OH, are the least stable while the singlet and triplet
The much slower turnover rate for the catalatic reaction states of the PorFe"'—OH and Por'Fé'"'—OH, complexes
in KatGs compared to monofunctional catalases suggestedare more stable4().
that it might be possible to capture and characterize reaction EPR studies have revealed a number of radical-based
intermediates of KatG with pD,. This proved to be the case reaction intermediates that are formed during the treatment
with the rapid appearance, within 1.3 ms of mixingQ4 of catalases, peroxidases, and catalase-peroxidases with
with enzyme, of the spectral signatures of two low-spin peroxoacetic acid or ¥D,. The classic compound | species
species that are different from the spectra of the compoundhas a radical on the porphyrin, a result of a one-electron
| species of both BLC and KatG generated by peroxoacetic transfer to the iron (PorPe=O — PortFeV=0). This has
acid. Specifically, at pH 8.5, the spectra exhibited maxima been observed in virtually all heme peroxidases and catalases.
at 418 and 520 nm, while at pH 5.6, the spectra exhibited However, specific enzymes in all classes also support the
maxima at 415, 545, and 580 nm; both spectra had lost themigration of an electron from the protein into the heme,
CT1 band at 640 nm. The relative proportions of the two quenching the porphyrin radical and producing a protein
intermediates varied at intermediate pHs, depending on theradical based on either a Trp or Tyr residu®,(16—19,
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32). In such cases, protonation of the oxoferryl to form a (MYW*"PorFd' —OH—AA""). Alternatively, because KatG
hydroxoferryl species occurs rapidly (Poi=eO + H™ — is a class | peroxidase, it might utilize the modified catalatic
PorFé¥—OH). In SynKatG, W106 has been identified as the mechanism of monofunctional peroxidases that includes
site of a Trp™ radical while the location of the Tyremains formation of compound 1l (PorFe-O, = PorFéd'—0,"")
unidentified. The diversity of radical sites even in the same (32). In peroxidases, the slow decay of compound Il is
class of enzymes is evident in the identification of the responsible for the low rate of catalatic turnover, but in KatG,

surface-situated Y353 as a radical site in MtKat@®)( a nearby radical located on the adduct (or an alternative site)
Specific tyrosines have been identified as radical sites in CCP[MYW *F(AA*")PorFd —0, = MYW " (AA*")PorFd' —O,"]
and lignin peroxidase3g). guarantees both a high turnover rate and the release of

The proximity of the KatG-specific adduct (MYW) to the molecular oxygen. In any case, the pH-dependent change in
reaction center stacked just 3.4 A above the heme has led tdhe reaction intermediate can be explained by simple pro-
conjecture about its role in the reaction. One proposal is thattonation and/or deprotonation of several intermediates or,
it forms one component of a molecular switch inductively alternatively, by different intermediates being stabilized at
controlling the catalase reactioB9). Arg426 can adopttwo  different pHs.
conformations depending on the pH and the oxidation state In summary, spectra suggestive of two different reaction
of the heme 39). In the Y conformation favored at pH6.5, intermediates, depending on pH, appear after KatGs are
Arg429 is in ionic association with the adduct. Conformation mixed with HO,. One of the intermediates has not been
Y is in equilibrium with conformation R, which is favored reported previously, and it is clearly different from the
at pH <6.5 and predominates in KatG oxidized by PAA. signatures of intermediates generated after peroxoacetic acid
Formation of an adduct radical as an intermediate during treatment. Alternative techniques, including possibly freeze-
MYW formation has been propose8Q), but no radical has  quench EPR and Mssbauer spectroscopy, will have to be
so far been experimentally associated with the adduct in EPRapplied to differentiate among the possibilities.
studies. This suggests that if an adduct radical is formed
during catalysis, it is transient or short-lived, and freeze- REFERENCES
quench EPR techniques will be required f_or its id_entification. 1. Nicholls, P., Fita, I., and Loewen, P. C. (2001) Enzymology and
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