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ABSTRACT: A high-level expression ifzscherichia coliof a fully active recombinant form of a catalase
peroxidase (KatG) from the cyanobacteriBynechocysti®CC 6803 is reported. Since both physical

and kinetic characterization revealed its identity with the wild-type protein, the large quantities of
recombinant KatG allowed the first examination of second-order rate constants for the oxidation of a
series of aromatic donor molecules (monosubstituted phenols and anilines) by a bifunctional -eatalase
peroxidase compound | using the sequential-mixing stopped-flow technique. Because of the overwhelming
catalase activity, peroxoacetic acid has been used for compound | formatiarbOXold excess of
peroxoacetic acid is required to obtain a spectrum of relatively pure and stable compound | which is
characterized by about 40% hypochromicity, a Soret maximum at 406 nm, and isosbestic points between
the native enzyme and compound | at 357 and 430 nm. The apparent second-order rate constant for
formation of compound I from ferric enzyme and peroxoacetic acid is (8.0£6) x 10° M~1s 1 at pH

7.0. Reduction of compound | by aromatic donor molecules is dependent upon the substituent effect on
the benzene ring. The apparent second-order rate constants varied fro#n Q3L x 10° M~ s71 for
p-hydroxyaniline to (5.0+ 0.1) x 10> M~ s for p-hydroxybenzenesulfonic acid. They are shown to
correlate with the substituent constants in the Hammett equation, which suggests that in bifunctional
catalase peroxidases the aromatic donor molecule donates an electron to compound | and loses a proton
simultaneously. The value @f the susceptibility factor in the Hammett equation;-i8.4 & 0.4 for the
phenols and-5.1 + 0.8 for the anilines. The pH dependence of compound | reduction by aniline exhibits

a relatively sharp maximum at pH 5. The redox intermediate formed upon reduction of compound | has
spectral features which indicate that the single oxidizing equivalent in KatG compound Il is contained on
an amino acid which is not electronically coupled to the heme.

On the basis of sequence similarities with fungal cyto- and exhibit highly conserved amino acid residues at the active
chromec peroxidase (CCP) and plant ascorbate peroxidasessite. Unfortunately, no structural data are available from
(APX), bacterial catalaseperoxidases (KatG) have been catalase-peroxidases, but both physical characterizations and
shown to be members of class | of the superfamily of plant, sequence analyseS-{10) unequivocally suggest the pres-
fungal, and bacterial peroxidase}).(The enzymes from  ence of histidine as the proximal ligand. As with APX and
plants and fungi are monomeric or homodimeric and have CCP, the proximal histidine seems to have an imidazolate
subunits with a size of 296350 amino acid residues, character because ifsnitrogen seems to be H-bonded to a
whereas subunits in homodimeric or tetrameric bacterial conserved aspartate residue. In APX and CCP, the latter is
catalase-peroxidases are double in length, adding up to about H-bonded to a tryptophan residue which is also conserved
80—85 kDa, which is ascribed to gene duplicati@). Each in KatG proteins. The high-resolution crystal structures of
half of a KatG monomer is homologous to CCP or APX, both CCP and APX indicate the presence of the triad Arg-
but the N-terminal half is more closely related and most Trp-His at the distal side as well as a H-bond from the
probably contains the heme-binding si&. From both CCP  §-nitrogen of the distal His to a near-surface asparagine.
and APX, the three-dimensional structures are knaByd) Sequence alignments suggest the presence of these residues
also in the distal pocket of catalasperoxidases. Though
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there seems to be no structural basis for understanding theseonsisted of 31 bases with a ATG start codon andNdd

striking differences. In addition to their catalase activities,
catalase-peroxidases function as broad specificity peroxi-
dases, oxidizing various electron donors, including NAD-
(P)H 6, 9, 10), guaiacol 8), pyrogallol 6—10), and
o-dianisidine 6—10) with both the ratio of catalase to
peroxidase activity and donor specifity varying among

restriction site, and primer 2‘®&GA AGA TCT CTAATG
GTG GTG ATG GTG GTG GCC CCT AGG GAG ATC
AAA CCG-3') consisted of 51 bases with a TAG termination
codon, a sequence coding for a hexahistidine tag, &gllih
restriction site. These primers, the chromosomal DNA from
Synechocystias the template, and the ex-Taqg polymerase

different members of this peroxidase type. On the contrary, were used for PCR under the following conditions: ‘@

typical electron donors for CCP and APX, cytochrooend

for 2 min (hot start); 28 cycles at L for 40 s, 47°C for

ascorbate, respectively, have been demonstrated to bel min, and 72C for 3 min; and finally at 72C for 10 min.

extremely poor electron donors for KatG enzym#s) (

In the meanwhile, catalasgeroxidases have been isolated
and characterized from a variety of different bacteria,
includingEscherichia coli(12), Bacillus stearothermophilus
(13), Klebsiella pneumoniaél4), Rhodobacter capsulatus
(15, 16), Streptomycesp. 6), Mycobacterium smegmatis
(6), andMycobacterium tuberculosi®, 10). Finally, KatG

The PCR products were fractionated on a 1% agarose gel,
and the appropriate DNA was cut out and purified using the
QIAEX Il Gel Extraction Kit. This DNA fragment was
digested with restriction enzymé&ld andBglll and cloned

into the Ndd- and BanHI-digested, alkaline phosphatase-
treated expression vector pET-321). The insert was
sequenced by the dideoxy chain termination methz®) (

has been shown to be the only hydrogen peroxide-scavenging!Sing an Applied Biosystems 373A DNA sequencer.

enzyme in the cyanobacter&ynechococcu8CC 7942 1),
SynechococcBCC 6301 17), andSynechocystiBCC 6803

CompetentE. coli BL21(DE3)pLysS cells were trans-
formed with the expression vector by electroporation (Gene

(8). Though the overexpression of KatG from several species Pulser, Bio-Rad, Hercules, CA), and positive clones carrying

has been reported,(9, 10, 13, 16), so far no detailed studies

the recombinant plasmid were selected and grown overnight

on kinetic and spectroscopic properties of KatG redox on an orbital shaker (180 rpm) at 3T in LB medium

intermediates have been reported.

containing 100ug/mL ampicillin and 25ug/mL chloram-

Here we describe a system for the expression of large phenicol. After dilution of the cell suspension with M9ZB

quantities of fully active recombinant catalageeroxidase
from the cyanobacteriunBynechocystiPCC 6803 and

medium containing the same antibiotics, the culture was
cooled to 16°C and expression of catalasperoxidase was

demonstrate its suitability for transient-state kinetic investiga- induced by the addition of 1 mM isopropgtp-thiogalac-
tions. We, for the first time, report the spectral characteristics topyranoside (IPTG). At the time of induction, hemin was
of KatG compounds | and Il and the rates of reaction of 11 added to a final concentration of 4@y of hemin/mL of

aromatic donor molecules witBynechocystiKatG com-
pound | determined by sequential-mixing stopped-flow

medium. After incubation fo4 h at 16 °C, cells were
harvested by centrifugation (180§€br 20 min at 4°C) and

spectroscopy. With aniline, the pH-dependent rate profile is resuspended in lysis buffer [50 mM Tris/HCI (pH 8.0)

obtained. The results are correlated using the Hampaett
relation (L8). A mechanism for KatG compound | reduction
by aromatic one-electron donors is suggested.

EXPERIMENTAL PROCEDURES

Materials Materials were obtained from the following

sources: bovine serum albumin (BSA), human angiotensin

I, bee venom melittin, sinapinic acid,-cyano-4-hydroxy-

cinnamic acid, trypsin, peroxoacetic acid, hydrogen peroxide,

and ascorbic acid from Sigmp:shydroxyaniline p-toluidine,
m-aminobenzoic acidiraminoacetophenone, sulfanilic acid,
p-hydroxyanisole, m-hydroxyanisole, p-hydroxybenzene-
sulfonic acid, angb-chlorophenol from Aldrich; the QIAEX

containing 2 mM EDTA and 0.1% Triton X-100]. Phenyl-
methanesulfonyl fluoride (1 mM), leupeptin ¢BM), and
pepstatin (5«M) were added, and the cells were broken by
three cycles of freezing and thawing and sonication with short
bursts. The suspension was centrifuged (23000 20 min

at 4°C), and from the supernatant, KatG was purified.

Protein Purification The supernatant was adjusted to 1
M NaCl and 20 mM imidazole and loaded on a Chelating
Sepharose Fast Flow column (1.6 a0 cm) charged with
30 umol of Zr?*/mL of gel and equilibrated with 67 mM
phosphate buffer (pH 7.0) contaiigii M NaCl and 20 mM
imidazole at 4C. The column was washed with 200 mL of
the equilibration buffer, and bound proteins were eluted with

Il Gel Extraction Kit from Qiagen: Chelating Sepharose Fast 100 ML of a gradient of 20 to 500 mM imidazole in 67 mM
Flow and HiPrep Sephacryl S-300 HR 16/60 columns from Phosphate buffer (pH 7.0) contaigiri M NaCl. The eluted

Amersham Pharmacia Biotech; the Centriprep-30 concentr.
tors from Amicon; Ndd, BanHI, and Bglll restriction

enzymes, alkaline phosphatase, and DNA ligase from Boe- o
a: (PH 7.0) containing 150 mM KCI, at room temperature.

hringer Mannheim; ex-Taq DNA polymerase from TaKaR
and K;JFe(CN)], aniline, and phenol from Merck. All other
reagents were of highest grade available.

Growth Conditions and @erexpression Synechocystis
PCC 6803 was grown in BG-11 mediurh9j at 35°C for
1 week under illumination and bubbling with 1% (v/v) €O
in sterile air, and the chromosomal DNA was isolat2d)(

a-proteins were concentrated, and the buffer was exchanged

with Centriprep concentrators. Proteins were loaded onto a
Sephacryl column equilibrated with 67 mM phosphate buffer

Active fractions were concentrated using Centriprep con-
centrators.

For molecular weight determination, the column was
calibrated with a mixture of low- and high-molecular mass
standards (Pharmacia) in the range of ¥389 kDa.

ElectrophoresisSDS-PAGE was carried out on 12% slab

Synthetic oligonucleotide primers were purchased from gels as described by Laemmi#i3) using SigmaMarkers and

Codon GmbH (Weiden a. S., Austria). Primer 1-@&GG
AAT TCC ATA TGG GCA CCC AAC CCG CCA G-3

the Bio-Rad Mini-Protean Il system. Proteins on the gel were
stained with Coomassie Blue.
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Activity AssaysThe concentration of the enzyme solution constant for the reaction. For determining the pH dependence
was determined spectrophotometrically witheaags of 1.02 of rate constants for compound | reduction, the pH jump
x 10® Mt cm™® per heme 17). Catalase activity was technique was used. Compound | was formed by mixing
determined with 5 mM KO, in 67 mM phosphate buffer  enzyme and peroxoacetic acid at pH 7.0 in 5 mM phosphate
(pH 7.0) either polarographically using a Clark-type electrode buffer. After a delay time of 20 s, compound | reacted with
(YSI 5331 Oxygen Probe) inserted into a stirred water bath substrate in 100 mM citrate/phosphate buffer (pH-BM®)

(YSI 5301B) at 30°C or spectrophotometrically24) using to give a final buffer concentration of 50 mM.

an extinction coefficient for hydrogen peroxide at 240 nm  Rapid-scan absorption spectra were recorded by means of
of 39.4 Mt cm™ (25) at 25°C. Peroxidase activity was  a photodiode array detector and the XScan Diode Array
monitored spectrophotometrically using 1 mM®4 and 1 Scanning v1.07 software. The spectral region of 2000
mM o-dianisidine by following the oxidation rate at 460 nm nm was scanned by measuring 400 spectra within 2 s.
(€460 = 11.3 mM™* cm™) at 25°C in 67 mM phosphate  Compound | was formed by mixing 80M enzyme with
buffer (pH 7.0). 800.M peroxoacetic acid in the aging loop. Twenty seconds
Peptide Mass MappingMALDI-TOF-MS (matrix-assisted after the initial mixing, compound | was allowed to react
laser desorption ionization time-of-flight mass spectrometry) with one-electron substrates such as anilines, phenols,
was carried out on a DYNAMO MALDI-TOF-MS system  ascorbic acid, or i{Fe(CN)]. In the observation cell, the
(Thermo BioAnalysis, Santa Fe, NM) in the dynamic final concentrations were 20M for the enzyme and 200
extraction mode (setting 0.1). For determining the accurate 4M for the peroxide. For recording the spectrum of native
mass of the protein, sinapinic acid was used as the matriXcatalase-peroxidase, the one-electron substrate and peroxide
and external calibration was performed using bovine serum solutions were replaced with water; and for recording the
albumin. For peptide mass mapping, the catat@groxidase  spectrum of compound I, the one-electron substrate solution
was loaded onto an SDS gel, stained with Coomassie Blue,was replaced with water.
and digested as described by Jensen e26). The peptide The rate of reduction of compound | was also measured
masses after tryptic digestion were compared with calculated, 5 time scale of seconds using a Zeiss Specord S-10 diode
peptide masses using the PeptideMass software The grray spectrophotometen & 1 mLcuvette, 2QiM catalase-
software is freely available via the ExXPASy World Wide Web peroxidase was incubated with 1 mM peroxoacetic acid for
server, at the URL address http://www.expasy.chiwww/ 20 s to form compound | and then reduced with anilines,

tools.html. The protein sequence of the catatgseroxidase phenols, ascorbate, orfce(CN)).
was obtained from the CyanoBase, the genome database for ’ ’

SynechocystiBCC 6803, at http://www.kazusa.or.jp/cyano/ RESULTS
cyano.orig.html 28). The protein and peptide samples were
mixed with a 1% solution of the matrix in 70% acetonitrile. ~ Expression in E. coli and Purity of the Recombinant
One microliter of these mixtures was deposited to a probe, EnzymeRecently, we have purified a catalaggeroxidase
air-dried, and inserted into the mass spectrometer to acquirefrom Synechocysti®CC 6803 encoded by theatG gene
a spectrum. (8). The katG gene has a 2262 bp open reading frame,
Transient-State Experimentall transient-state measure- €ncoding a catalaseperoxidase (KatG) of 754 amino acid
ments were performed in 50 mM phosphate buffer (pH 7.0) residues ). Here, we have extended its entire coding DNA
with the exception of pH dependence studies on reaction rategsing a synthetic oligonucleotide encoding a hexahistidine
for which the experimental traces were recorded in 50 mM tag at the C-terminus and expressed Eircoli [BL21(DE3)-
citrate/phosphate buffers at different pH values between 4.0pLysS] using the pET-3a vector. Addition of hemin was
and 8.0. necessary to ensure its proper association with KatG upon
Stopped-flow experiments were performed using an Ap- induction A 1 L culture ofE. coliyielded between 30 and
plied Photophysics instrument (model SX-18MV) equipped 40 mg of active protein. The expressed protein was purified
with a 1 cmobservation cell thermostated at 16. Rate ~ t0 homogeneity by two chromatography steps, including
constants from experimental traces were calculated by themetal chelate affinity and gel filtration chromatography.
SpectraKinetic Workstation v4.38 interfaced with the ap- During metal chelate affinity chromatography, almosttall
paratus. Sequential stopped-flow analysis was used tocoli proteins, including host catalase activity, eluted at the
investigate the reduction of compound | because it is Washing step. As a controE. coli cells were transformed
inherently unstable. To form compound lu# enzyme was  With the pET vector containing no catalaggeroxidase insert
mixed with 200uM peroxoacetic acid in the aging loop. ~and cell lysate was loaded on the affinity column. After the
Twenty seconds after the initial mixing, compound | was column had been washed, no catalase activity was detected
allowed to react with various concentrations of one-electron in fractions eluted with an imidazole gradient. In total, the
substrates. In the observation cell, the final concentrations purification procedure had a final recovery between 23 and
were 1uM for the enzyme and 50M for the peroxide. At~ 31% of catalase activity.
least three determinations of the pseudo-first-order rate Purified KatG ran as a single band of approximately 85
constantsky,s Were measured for each substrate concentra-kDa on SDS-PAGE (not shown), whereas with gel filtration
tion, and the mean value was used to calculate the secondehromatography, a value of approximately 170 kDa was
order rate constants. To allow calculation of pseudo-first- obtained (not shown), suggesting a homodimeric form of the
order rates, the concentrations of substrates were at least ®nzyme, which is in full agreement with the physical
times higher than that of the enzyme. The slope of the linear properties of the wild-type enzym&)( To underline these
plot of the pseudo-first-order rate constant versus substratefindings, the molecular mass of recombinant KatG was also
concentration was used to obtain the second-order ratedetermined by MALDI-TOF, exhibiting a single peak at
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154 (A) M+H* Table 1: Peptide Masses Obtained by Tryptic Digestion of
85122 RecombinanSynechocysti€atalase-Peroxidase within the Range
14 of 780—-1790 Da, Which Differ by No More Than 1 Da, Using
MALDI-TOF-MS
2 137 2+ . ,
3 M+2H] mass determined by  calculated peptide
£ 4o 42638 MALDI-TOF-MS (Da) mass (Da) ME  ADa
] 826.61 826.4 0 0.21
& 1 831.61 831.4 0 0.21
3+ 898.21 898.4 0 0.19
10~ [2M*3H] M 925.64 925.6 1 0.04
937.70 937.5 0 0.2
oA : , . i 981.56 981.5 0 006
20000 40000 60000 100000 150000 1053.4 1053.5 0 0.1
Mass to Charge Ratio (m/z) 1070.3 1070.5 0 0.2
- 1100.3 1100.5 0 0.2
@ : 1140.5 1140.6 0 0.1
s04 (B) £ 2 . 1163.0 1163.5 0o 05
T 1319.2 1319.7 0 0.5
404 1333.6 1333.7 1 0.1
2 1430.2 1430.6 0 0.4
g 1654.5 1654.8 0 0.3
€ 307 1661.2 1661.8 0 0.6
5 1687.0 1687.8 1 0.8
o 204 1710.9 1710.9 1 0
1729.6 1729.9 0 0.3
1782.5 1781.9 1 0.6
10 a Allowed missed cleavages.

1200 1400 1600 1800

Mass to Charge Ratio (m/z) exception of cytochrome peroxidase Z9), compound | of
FiGure 1: (A) MALDI-TOF mass spectrum of recombinant peroxidases normally exhibits the same Soret band maximum
catalase-peroxidase from the cyanobacteriBynechocystifCC as the corresponding native peroxidase but with a hypochro-
6803. (B) Tryptic peptide mass map of tBgnechocysticatalase- micity of about 46-50%. Thus, its formation can be

peroxidase obtained by MALDI-TOF-MS. Indicated masses are itored as the absorb d tthi | th b
peptide signals which correspond to calculated masses using thd"ONitored as the absorbance decrease at this waveiength by

PeptideMass software and allowing one missed cleavage. conventional stopped-flow techniques. WiBlynechocystis

KatG, its high catalase activity made it impossible to monitor
85 122 Da which is very close to the calculated value of compound | formation by addition of hydrogen peroxide to
85 137 Da (753 amino acids of the native enzyme and the the ferric enzyme. Addition of hydrogen peroxide to ferric
hexahistidine tag) (Figure 1A). Moreover, we have digested KatG in a conventional stopped-flow experiment resulted
the protein and compared the MALDI-TOF spectrum of only in very small absorbance changes (Figure 2C). This
peptides from the tryptic digest (Figure 1B) with calculated was consistent with the observation that the dominant steady-
peptide masses using the PeptideMass softwzife Table state species during hydrogen peroxide degradation exhibited
1 summarizes the peptide matches and the mass accurac§ spectrum similar to that of ferric KatG (not shown),
of these matches (experimental vs calculated peptide mass)indicating either that the reduction of compound | by
If an error of 1 Da was allowed, 20 matches unequivocally hydrogen peroxide (the classical catalase reaction) back to
indicated the similarity between the recombinant and wild- the resting enzyme (reaction 2) was much faster than
type proteins. formation of compound | by KD, (reaction 1) or that the

Catalytic and Spectral PropertiesRecombinant KatG  catalase reaction does not proceed via compound I.

exhibited an overwhelming catalase activity. One milligram

T T
800 1000

of purified KatG catalyzed the formation of 940030umol KatG + H,0, = compound H H,0 1)
of Ozlmm in contrast to an oxidation rate of 2.6 umol compound H H,0,— KatG+ H,0+ 0, (2)
of o-dianisidine/min. The corresponding turnover numbers
were 1336-1460 s for catalase activity and 2-43.7 s* compound H AH, — compound I+ AH*  (3)
for peroxidase activity. The visible absorption spectrum of
the enzyme in the resting state exhibited a Soret peak at 406 compound I+ AH, — KatG + AH" 4

nm and broad absorption maxima at 500 and 631 nm (Figure
2A, spectrum 1). ThéuodAcgo ratio varied between 0.62 and Consequently, we used peroxoacetic acid to form a stable
0.65. All these results demonstrated high similarities in KatG compound | and to investigate its reactivity. Figure
spectral and kinetic features of both recombinant and wild- 2A (spectrum 2) shows the spectrum of KatG compound |
type KatG and thus the suitability of the recombinant form produced by mixing 2@:M recombinant enzyme with 200
for the investigation of its reaction mechanism by stopped- M peroxoacetic acid. Its spectrum was distinguished from
flow spectroscopy. that of the resting state by a 40% hypochromicity at 406 nm
Compound | FormationThe initial event in the catalytic  and two distinct peaks at 604 and 643 nm. Isosbestic points
mechanism of a peroxidase or catalase is a two-electronbetween compound | and the resting enzyme were deter-
oxidation of the enzyme by hydrogen peroxide to an mined to be at 357, 430, and 516 nm. A typical time trace
intermediate called compound | (reaction 1). With the for the reaction of peroxoacetic acid with ferric KatG is
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25 T 04 spectroscopically and kinetically distinct enzyme intermediate
7. 3 2 (compound 1) is formed. To investigate the spectral char-
8 0.3 acteristics of KatG compound Il, we used the sequential-
g151 4 mixing technique in combination with a diode-array detector.
s 1 - 02 Interestingly, with all classical one-electron donors at various
< L 0.1 concentrations (ferrocyanide, ascorbate, phenols, or anilines)
051 added to preformed compound I, the rapid scans showed a
0 T r T T . 0 very small shift but an increase of absorbance in the Soret
350 390 430 460 560 660 760 region (Figure 2A, spectrum 3). The resulting enzyme
Wavelength (nm) intermediate closely resembled the spectrum of the native
0.09 0.005 enzyme with the Soret peak shifted to 407 nm and the
£ (B) (€) maximum in the visible region shifted to 626 nm (Figure
£0.081 2A, spectrum 3). This intermediate was not a stable end
§0.07 product but could be decomposed to the ferric enzyme by
3 0.06 - 0.000 further adding one-electron donors. In the experiment whose
< results are depicted in Figure 2D, ascorbate was used since
20051 it is a poor substrate for KatGL{), and thus, the corre-
0.04 . . } -0.005 sponding absorbance changes at 406 nm could be easily
0 5 10 0.0 0.1 followed, an indication of both compound | formation and
Time (s) compound | and compound Il reduction.

Consequently, the reaction of KatG compound | with one-
electron donors was monitored at 407 nm. Since electronic
effects of substituents can be used as a probe of the reaction

o]
T
—_
Q
~

N

=1

E 1

8 1.7

T 16 2 mM Ascorbate mechanism of a peroxidase, we investigated the reaction of

§ 1.5 200 UM Ascorbat various substituted phenols and anilines with KatG compound

3 4\ Wi Ascorbate . In a typical sequential-mixing stopped-flow experiment,

x 1.3 y T T - we premixed a 50-fold excess of peroxoacetic acid with
0 50 100 150 200 250 recombinant KatG in the aging loop and incubated it for 20

Time (s) s. During this aging time, compound | was formed and,

FIGURE 2: (A) Absorption spectra of cyanobacterial catatase finally, was allowed to react with varying concentrations of
petr_oxidase and(ét)s oxidizeddiTtern;ediaéebS- Specggm of (1)M0  electron donors. The inset of Figure 3A shows that the
native enzyme, compoun roauce mixin enzyme H : HF

with 200 /ZM peroxoacgtic acig and waiti);lg for 20 s, gnd (3) progress of the reaction of cqmpound_l with Zﬂﬂ anlllne_
compound Il formed by mixing 2&M enzyme with 200uM exh|b|t_ed a s_lngle-exponennal behaV|o_r which was typical
peroxoacetic acid, after 20 s adding of 20M ascorbate, and  for all investigated electron donors. Figure 3A shows the
waiting for 5 s. The spectra were recorded in 50 mM phosphate dependence of tHey,s values from the aniline concentration.
buffer at pH 7.0 and room temperature. (B and C) Typical stopped- The plot was linear and showed an intercept at-%.6.9

flow time traces of the reaction of ferric KatG (aM) with (B) 1 e g . .
peroxoacetic acid (100M) and (C) hydrogen peroxide (2aM) s 1, indicating that the formed redox intermediate was not

at 407 nm. Buffer and temperature conditions were like those S'Fable but also reacted with aniline. From its slope, a
described for panel A. (D) Consecutive formation of compound |, bimolecular rate constant of (24 0.2) x 10* M~ st at
compound II, and ferric enzyme monitored at 406 nm. Ferric KatG pH 7.0 and 15C was calculated. Similar plots were obtained
(20«M) was mixed with peroxoacetic acid (200/) at time zero. 4 the gther electron donors, and the calculated rate constants

At 20 s, preformed compound | was mixed with 20@ ascorbate, - .
followed by addition of 2 mM ascorbate at 100 s. Buffer and @ré Summarized in Table 2. The pH dependence for the

temperature conditions were like those described for panel A.  reaction of compound | with aniline exhibited a relatively
sharp maximum at pH 5.0 (Figure 3B).

shown in Figure 2B. Single-mixing stopped-flow experiments Hammett PlotsThe Hammett equation provides a general

with compound | formation, using excess peroxoacetic acid, 4€Scription of substituent effects upon reaction rates and

gave single-exponential curves, indicating pseudo-first-order €quilibria of aromatic molecules §):

kinetics (not shown). Plots of the first-order rate constants

versus peroxoacetic acid concentration were linear with very log(ky/Ky) = po (5)

small intercepts (0.04: 0.009 s?), thus underlining the

stability of compound | in the absence of a suitable electron wherekx and ky represent rate (or equilibrium) constants

donor. From the slope of the plot, the bimolecular rate for reactions of substituted and unsubstituted compounds,

constant was calculated to be (8 #40.26) x 10° M~1 st respectivelyg is the substituent constant, determined by the

at pH 7.0 and 15C. nature and position of the substituent, anis the reaction
Compound | Reductiorit has been outlined above that, constant, which depends on the features and conditions of

in contrast to other peroxidases (e.g., horseradish peroxidas¢he reaction. In Table 2, the Hammeit values of the

and ascorbate peroxidase), the two-electron reduction ofinvestigated substrates are listed along with the rate constants.

KatG compound | (reaction 2) by hydrogen peroxide seems It can be seen unequivocally that the rate of reduction of

to dominate over the peroxidase cycle. The peroxidase cycleKatG compound | is strongly affected by para and meta

involves two one-electron reductions (reactions 3 and 4). substituents of both phenols and anilines. The adherence to

With horseradish peroxidase or ascorbate peroxidase, ahe Hammett equation suggets that both phenols and anilines
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40 25
A
35 - ) 24
30 4 1.5
~ 25 ~ "
©“ x E
2 20 1 8 -0.026 - & 0.5
> 154 g% -0.031 g 97
8 -0.5 -
10 1 2 -0.036 T T
5 - 0.00 030 060 -1 1
Time (s) 154
0 T T )
0 1000 2000 3000 -2 T T T v
Aniline (uM) -04  -0.2 0 0.2 0.4 0.6
(6]
50000 Ficure 4: Hammett plot of the rate constant of cyanobacterial
(B) catalase-peroxidase compound | with meta- and para-substituted
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FiGure 3: (A) Pseudo-first-order rate constants for compound | 05 -
reduction by aniline at pH 7.0. The inset depicts a typical sequential
stopped-flow time trace of the reaction of compound k) with 0
aniline (2004M) monitored at 407 nm. (B) Effect of pH on the 05 -
second-order rate constants calculated from plots as shown in panel '
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Table 2: Rate Constant&fy for the Reduction of FIGUReE 5: Hammett plot of the rate constant of cyanobacterial

Catalase Peroxidase Compound | with Meta- and Para-Substituted catalase-peroxidase compound | with meta- and para-substituted
Anilines and Phenols in 50 mM Phosphate Buffer at pH 7.0 and 15 phenols at pH 7.0 and 18C. kx is the rate constant for the
°C and Hammettr Values of the Aromatic Compounds substituted phenol ank, for phenol, ando is the Hammetio
value: (1)p-hydroxyaniline, (2)p-hydroxyanisole, (3) phenol, (4)

aromatic compound Kapp(M " s°) d m-hydroxyanisole, (5)p-hydroxybenzenesulfonic acid, and (6)
anilines p-chlorphenol.
p-hydroxyaniline (3.6:0.1)x 1¢¢ —0.357
g’gicl’ilﬁéd'”e gg(l)i éggi ig _8'17 hydroxybenzenesulfonic acid to (3#60.1) x 106 M1 st
m-aminobenzoic acid (7.2 0.9) x 17 0.103 for the reaction withp-hydroxyaniline.
mraminoacetophenone (110.3) x 10° 0.306
sulfanilic acid (2.1£0.6)x 1C¢  0.38 DISCUSSION
phenols Here we describe the design and construction of a system
p-hydroxyaniline (3.6£0.1)x 10° —0.66 . - .
p-hydroxyanisole (3.8 0.4)x 100  —0.13 for the high-level production oSynechocysti®CC 6803
phenol (2.3 0.2) x 10° 0 catalase-peroxidase irkE. coliand demonstrate its utility for
mrhydroxyanisole - (5507)x 16 0.115 studying the functional properties of this enzyme. Both
p-hydroxybenzenesulfonic acid ~ (560.1)x 1 0.38 physical and kinetic properties demonstrated the similarity
p-chlorophenol (1.%0.1) x 10* 0.227

of the recombinant enzyme and the wild-type protein. Thus,
significant quantities of fully intact KatG for the first time
react with compound | via the same mechanism. From the permitted comprehensive transient-state kinetic studies of the
corresponding Hammett plots of ldg(ky) versuso (Figures reaction of the KatG compound | with classical peroxidase
4 and 5), the value of the susceptibility factpr was substrates. Since there are striking sequence homologies
determined to be-3.4 + 0.4 for the phenols and5.1 + between bifunctional catalas@eroxidases and both ascor-
0.8 for the anilines. The negative slope of the plots indicates bate peroxidases (APXs) and cytochronperoxidase (CCP)
that electron-donating groups facilitate oxidation of anilines (2) but dramatic differences in enzyme reactivities, the kinetic
and phenols. Depending on the nature of the substituent, theand spectral investigation of enzyme intermediates of cata-
rate constants varied by 4 orders of magnitude, e.g., fromlase-peroxidases is a prerequisite for understanding their
(5.0 £ 0.1) x 1® M! st for the reaction withp- bifunctional behavior.
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One of the remarkable differences between catalase even alternate binding sites for different one-electron donors
peroxidases and both CCP and APX is the high catalasesuch as ascorbate and aromatic molec8s (ii) Second,
activity of the bacterial enzyme. With CCP and APX, the the catalase reaction does not involve compound I, and (iii)
reaction between the resting enzyme and hydrogen peroxidethird, the observed compound | species actually contains only
can be followed by conventional stopped-flow spectroscopy. one oxidizing equivalent. Whereas none of the first two
The transient-state kinetics of compound | formation of pea scenarios can be excluded at the moment, both the spectrum
cytosolic APX revealed second-order rate constants of 8.3 of compound | and the spectrum and kinetic behavior of its
x 100 M~1s71(29) and 4.0x 10/ M1 s (30), respectively, reduction product compound Il rule out the latter possibility.
and for yeast CCP 16-10® Mt st (31-33). On the As can be seen in Figures 4 and 5, Hammett's rule applies
contrary, we failed in assessing the formation of KatG for reduction of KatG compound | by monosubstituted
compound | because of the high catalase activity (i.e., phenols and anilines with different substituents in the meta
hydrogen peroxide as the two-electron donor of compound or para positions. The negative slope of the Hammett plots
). Since the enzyme in the ferric form has been shown to indicates that electron-donating groups facilitate the oxidation
be the dominant intermediate during hydrogen peroxide of phenols and anilines, suggesting that the removal of one
degradation, we assume that the actual rate constant of KatGelectron from the substrate is the rate-controlling step in the
compound | reduction by hydrogen peroxide exceeds its oxidation reaction. The experimental data are better cor-
formation by a factor of at least%5. This implies a steady  related by the Hammegi relationship than by the Brown
state of 15% compound | or a hypochromicity at the Soret Okamatgoo™ relationship; the correlation coefficients in the
region of about 6%, which fits well with the hypochromicities Hammett relationship were 0.83 (anilines) and 0.87 (phenols),
observed in the reaction of ferric KatG with peroxoacetic and less than 0.61 in the Browi®©kamato relationship. This
acid (Figure 2B) and hydrogen peroxide (Figure 2C). indicates that the loss of one electron from a substrate is
Consequently, we used peroxoacetic acid as a pseudosubaccompanied by the simultaneous loss of a proton so that a
strate of KatG. The utility of alkyl hydroperoxides as positive charge at the reaction site is not formed. A
pseudosubstrates for monofunctional catalases was firstmechanism similar to ours has been suggested for horseradish
demonstrated by Chancg4j and, finally, also the usefulness peroxidase and lactoperoxidase by different authd8gs-(
of peroxoacetic acid in the investigation of the peroxidatic 43). Our data are in agreement with the behavior of phenols
properties of catalase compound3b). KatG compound I, and anilines for oxidation by HRP compound 39} and
formed with peroxoacetic acid, is remarkably stable, although compound 1l 40—42). The reaction constanto) in the
a very slow regeneration of the spectrum of free KatG occurs. Hammett equation obtained in this study wa8.4 + 0.4
Its spectrum is reminescent of what occurs with plant for oxidation of phenols and-5.1 + 0.8 for oxidation of
peroxidases (including ascorbate peroxidases) that formanilines. The corresponding values of HRP compound |
porphyrinsr-cation radicals in combination with an iron(IV)  reduction have been determined to-66.92 (phenols) and
center 86). —7.0 (anilines) 89), whereas the substituent susceptibilities

Upon addition of aromatic molecules, the decay of of HRP compound Il reactions were4.6 + 0.5 (phenols)
compound | exhibited a typical single-exponential behavior and—6.0 + 0.7 (anilines) 40, 41). Thus, KatG compound
and was strongly dependent on the electron donor concentrad exhibits a lower reactivity toward aromatic electron donors
tion. Since reduction of compound I resulted in an intermedi- than HRP compound | and resembles in its reactivity much
ate which was not a stable end product but was convertedmore HRP compound Il than compound I. The difference
to ferric KatG (Figure 2D), we conclude that compound | in the sensitivity of HRP compounds | and Il to electron-
contains two oxidizing equivalents, indicating that, in this donating substituents has been explained by Dunford and
respect, KatG is similar to other peroxidases. co-workers in terms of the relative simplicity of the reactions

KatG compound | is the point of intersection of the (40, 41), since differences in reactivity could not be ascribed
peroxidase and the catalase cycle. The following evidenceto redox potentials. These are very similar for the two HRP
suggests different binding sites for two-electron donors (e.g., intermediates in the region at pH %4).
hydrogen peroxide) and one-electron donors (phenols or Since SynechocystiKatG compound | and HRP com-
anilines). In contrast to addition of one-electron donors, pound | share similar spectral characteristics, it is reasonable
addition of hydrogen peroxide to preformed compound I did to assume the presence of a ferryl oxygen in combination
not result in formation of ferric KatG as should be expected with a porphyrinsz-cation radical in both enzyme intermedi-
from steady-state experiments of hydrogen peroxide degrada-ates. During the oxidation of phenols or anilines by HRP
tion. Apparently, electron donation from hydrogen peroxide compound |, the electron-deficient porphyrin moiety of
seemed to be blocked. There are several possibilities incompound | acts as the direct target for an electron donated
explaining this behavior. (i) First, the access for hydrogen from the substrate, while in the case of the HRP compound
peroxide is blocked by excess peroxoacetic acid, but the sitell reaction, in addition to the transfer of an electron to iron-
of reduction by one-electron donors is not affected. It is (IV), two protons are also transferred to the ferryl oxygen
known from horseradish peroxidase that suicide substrateforming a water molecule which leaves from the inner
inhibition results in the addition of organic groups to the coordination sphere of the irod1). Thus, reduction of HRP
0-meso carbon of the heme and leads to the loss of activity compound Il is a more complex process than reduction of
by sterically blocking access of aromatic electron donors to compound 1, since it involves bond-breaking and bond-
the heme edged(). In addition, the crystal structure of HRP  formation steps. Recently, the different reactivities of the
complexed with the inhibitor benzhydroxamic acid shows two enzyme states have been also described by application
binding near this exposed heme ed§8&)( And, recently, of the Marcus equatiorf), explaining the lower reactivity
evidence was presented that indicates that in APX there areof HRP compound Il with its longer electron-transfer
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