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ABSTRACT: Catalase-peroxidases (KatGs) are bifunctional enzymes possessing both catalase and peroxidase
activities. Four crystal structures of different KatGs revealed the presence of a novel Met-Tyr-Trp cross-
link which has been suggested to impart catalatic activity to the KatGs. To decipher the individual roles
of the two cross-links in the Met-Tyr-Trp adduct, we have focused on recombinantMycobacterium
tuberculosisKatG(M255I). UV-visible spectroscopic and mass spectrometric studies of the peptide
fragments resulting from tryptic digestion of KatG(M255I) confirmed the presence of the single Tyr-Trp
cross-link, as well as a 2e- oxidized form which is postulated to be an intermediate generated during
Met-Tyr-Trp cross-link formation. KatG(M255I) lacking the Tyr-Trp cross-link was also prepared,
and incubation with peroxyacetic acid, but not 2-methyl-1-phenyl-2-propyl hydroperoxide, resulted in
complete formation of the Tyr-Trp cross-link. A mechanism for Tyr-Trp autocatalytic formation by
KatG compound I is proposed from these studies. Optical stopped-flow studies with KatG(M255I) were
performed, allowing characterization of compounds I, II, and III. Interestingly, two compound II
intermediates were identified: (KatG•)(Por)FeIII -OH, where KatG• represents a protein-based radical, and
oxoferryl (KatG)(Por)FeIVdO. Insight into the contributions of the individual Tyr-Trp and Met-Tyr
cross-links to catalase activity is presented, as is the overall contribution of the Met-Tyr-Trp cross-link
to the structure-function-spectroscopy relationship and catalase-peroxidase mechanism in KatG.

Catalase-peroxidases (KatGs)1 are bifunctional hemopro-
teins belonging to class I of the peroxidase superfamily
(plants, fungi, and bacteria) and exhibit both catalatic (H2O2

f H2O + 1/2O2) and peroxidatic (2AH+ H2O2 f 2A• +
2H2O) activities (1). KatGs are anomalies: they have a high
degree of sequence homology with eukaryotic peroxidases,
including fungal cytochromec peroxidase and plant ascorbate
peroxidase (2), and as such possess substantial peroxidase
activity, yet they also exhibit catalatic activity equivalent to
that of the monofunctional catalases despite having little
sequence homology with the latter (3). Additional enzymatic
functions for KatGs have been described, including Mn2+-
dependent peroxidase (4, 5), cytochrome P450-like oxyge-
nase (6), and peroxynitritase activities (7).

The crystal structures of KatG fromHaloarcula maris-
mortui (8), Burkholderia pseudomonas(9), Synechococcus

PCC 7942 (10), andMycobacterium tuberculosis(11) each
show the presence of two covalent bonds between three
amino acid side chains, Trp107, Tyr229, and Met255 (Mtb
numbering), located on the distal side of the heme active
site (Figure 1). The consistent observation of this Met-Tyr-
Trp cross-link suggests that it is a characteristic common to
all KatGs. As such, KatG is one of a growing number of
metalloenzymes that have aromatic amino acids covalently
modified in their active sites. Cytochromec oxidase (His240-
Tyr244; hemea3-CuB) (12-14), catalase HPII (His392-
Tyr415; heme) (15), galactose oxidase (Tyr272-Cys228;
copper) (16, 17), catalase-1 (Cys356-Tyr379; heme) (18),
and amine oxidase (2,4,5-trihydroxyphenylalanine quinone;
copper) (19) are but a few examples. Side chain covalent
bond formation in these systems is believed to occur through
metal-mediated autocatalytic processes, with the resulting
modified amino acids possessing altered redox and pKa

properties that affect enzyme chemistry (20-23).

We have previously (24) demonstrated that the Met-Tyr-
Trp cross-link forms in an autocatalytic process that is solely
dependent upon compound I [(Por•)FeIVdO, oxoferryl por-
phyrin π-cation radical] as the oxidizing species, and we
proposed a mechanism for its formation on the basis of these
results. The presence (WT KatG) or absence [KatG(Y229F)]
of the Met-Tyr-Trp cross-link also had a marked effect
on the UV-visible spectrum of compound II, which we
interpreted as two distinct electronic states, either as (KatG•)-
(Por)FeIII -OH for WT KatG or as (KatG)(Por)FeIVdO for
KatG(Y229F). Additionally, as we and others (25-28) have
noted, the absence of the cross-link completely abolishes
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catalase (but not peroxidase) activity and, as it is not found
in the monofunctional peroxidases, implies that this structural
element imparts catalatic activity to the KatGs (11). Thus, a
structure-function-spectroscopy relationship exists in the
KatGs that is not observed in other peroxidases. Namely,
the presence of the cross-link correlates with both catalase
activity and compound II being (KatG•)(Por)FeIII -OH (“cata-
lase-peroxidase-like”), whereas the absence of the cross-link
leads to only peroxidase activity, as well as observation of
an oxoferryl compound II [(KatG)(Por)FeIVdO] intermediate,
similar to that observed in the monofunctional peroxidases.

Despite the progress made in understanding this structure-
function-spectroscopy relationship, many questions still
need to be addressed. How does the cross-link impart catalase
activity to what is essentially a peroxidase? What role does
the sulfonium ion play in the Met-Tyr-Trp cross-link? In
its absence, what will be the effect on the spectral features
of compound II? Can we deconvolute the contributions of
the Tyr-Trp cross-link to autocatalytic formation, enzyme
catalysis, and spectroscopy from those of the Met-Tyr-
Trp cross-link? If so, can we detect any Tyr-Trp species
that may act as an intermediate in Met-Tyr-Trp cross-link
formation? To address these and other questions, we describe
here our biochemical and spectroscopic investigations of
KatG(M255I), whose Metf Ile mutation leads only to Tyr-
Trp cross-link formation. We have employed stopped-flow
UV-visible spectroscopy to characterize the compound I,
II, and III intermediates of KatG(M255I), and have shown

that this mutant leads to observation of both oxoferryl and
(KatG•)(Por)FeIII -OH compound II species, affording us a
better understanding of the relationship between this inter-
mediate and catalase activity. We have been able to express
KatG(M255I) lacking the Tyr-Trp cross-link, and followed
its formation under conditions known to generate either
compound I or II, thereby allowing us to investigate the
individual steps involved in the autocatalytic formation of
the Met-Tyr-Trp cross-link. Thus, through comparison with
WT KatG (Met-Tyr-Trp cross-link present) and KatG-
(Y229F) (cross-link absent), it is possible to investigate the
role of just the Tyr-Trp cross-link in both enzymatic activity
and spectroscopic properties of reactive intermediates, from
which we can deduce the role of the Met-Tyr bond in the
fully formed cross-link. The relevance of these results is
discussed with respect to the catalase-peroxidase mechanism.

EXPERIMENTAL PROCEDURES

Materials.Buffer salts and acetonitrile (HPLC grade) were
purchased from Fisher Scientific. All other reagents and
biochemicals, unless otherwise specified, were of the highest
grade available from Sigma-Aldrich. 2-Methyl-1-phenyl-2-
propyl hydroperoxide (MPPH) was synthesized according
to published procedures (29, 30).

Plasmid Preparation, Protein Expression, and Purifica-
tion. The plasmid pKatG(M255I) was prepared using mu-
tagenic primers [5′-ATTCGCGAGACGTTTCGGCGCATCG-
CCATGAACGACGTCGAA-3′ (sense) and 3′-GCGCCGA-
AACGTCTCGCGAATGTCGAC-5′ (antisense)] by PCR
amplification of pMRLB11 [Colorado State University, Fort
Collins, CO; National Institute of Allergy and Infectious
Diseases (NIAID) Contract N01 AI-75320] under conditions
identical to those reported elsewhere (31). Protein expression
and purification were performed as previously described for
WT KatG without modification (31, 32).

Spectroscopic Studies.Optical spectra were recorded on
a Hewlett-Packard 8452A diode array spectrophotometer
equipped with a thermostated cell holder at 25°C. Protoheme
content was measured by the pyridine hemochrome assay
using a∆ε557 of 20.7 mM-1 cm-1 (reduced- oxidized) for
iron protoporphyrin IX (33, 34).

Catalase and Peroxidase ActiVity Measurements.Mea-
surements were carried out using a SpectraMax Plus384 96-
well UV-visible plate reader as previously described (24,
31). The concentrations of KatG(M255I) employed were 20
µM and 500 nM for the catalase and peroxidase activity
measurements, respectively.

Tryptic Digest, HPLC Separation, and Mass Spectrometric
Identification of the Tyr-Trp Adduct in KatG(M255I).In a
protocol similar to that described previously for WT KatG
(24), 250µL of a 50µM solution of KatG(M255I) (∼1 mg
of protein) in 100 mM KPi (pH 7.5) was incubated with 5
µg (200:1 protein:protease ratio) of sequencing grade modi-
fied trypsin (Promega) for 3 h at 37°C. Following proteolytic
digestion, the peptide fragments were separated using HPLC
[ProSphere (Alltech) C18, 5 µm, 100 Å; buffer A composed
of H2O and 0.1% trifluoroacetic acid (TFA); buffer B
composed of MeCN and 0.1% TFA; linear gradient from 0
to 60% B over 4 h at 0.5mL/min; UV-visible spectroscopic
monitoring (diode array), 200-600 nm]. Fractions (∼0.5-1
mL) were collected and concentrated (SpeedVac). LC-MS

FIGURE 1: Active site ofMtb KatG (A) depicting the Met-Tyr-
Trp cross-link (B) and its proximity to the heme cofactor.
Coordinates were obtained from the Protein Data Bank (entry 1SJ2)
and displayed using the Swiss PDB Viewer.
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analyses of the appropriate manually collected tryptic frac-
tions were performed using a nanoHPLC system, consisting
of an Eksigent nanopump and a Spark autosampler (column,
C-18, 75µm × 150 mm; solvent A composed of 0.1% formic
acid in H2O; solvent B composed of 0.1% formic acid in
acetonitrile; flow rate of∼300 nL/min; linear gradient from
5 to 50% B over 30 min), and a QSTAR Pulsar (Applied
Biosystems) quadrupole-orthogonal-acceleration-time-of-
flight hybrid tandem mass spectrometer as a detector.
Fractions were infused for CID analysis, and CID data were
acquired in MCA mode with manual adjustment of the
collision energy.

OVerexpression of Apo-KatG(M255I) and Heme Recon-
stitution.Apo-KatG(M255I) deficient in heme was overex-
pressed, purified, and reconstituted with heme [resulting in
RKatG(M255I)] as described for WT KatG without modifi-
cation (24).

Autocatalytic Formation of the Tyr-Trp Cross-Link.A
250 µL sample of a 50µM solution of RKatG(M255I) in
100 mM KPi (pH 7.5) and 5µM EDTA was incubated with
peroxyacetic acid (PAA; 0, 0.5, 1.0, 1.25, 1.5, 1.75, 2.0, 2.25,
2.5, 2.75, 3.0, 4, 5, 7.5, and 10 equiv) or MPPH (4, 8, or 25
equiv) for 1 h at 25°C. The samples were then digested
with trypsin and analyzed by HPLC as described above, with
the exception that a linear gradient from 30 to 38% buffer
B over 25 min was employed to elute the peptide fragments
containing the Tyr-Trp cross-link (CLPFs). Peptide forma-
tion was determined via peak integration (A220chromatogram;
area under the curve from 43 to 48 min), with 3.5 equiv
(maximum value of CLPFs determined by integration)
normalized to 100%. The experiment was repeated in
triplicate, and the data are reported as the average( the
standard deviation.

Stopped-Flow UV-Visible Spectrophotometry.Experi-
ments were performed on a Hi-Tech SF-61 DX2 double
mixing stopped-flow system employing a diode array spec-
trophotometer, and were carried out at 25°C in 100 mM
KPi (pH 7.5) containing 5µM EDTA. The initial (premixing)
concentrations were as follows: 20µM KatG, 20, 50, or
200 µM MPPH, 20, 50, or 200µM PAA, and 0.02, 0.2, 2,
and 20 mM H2O2. Data were collected (300 scans) over 0.6,
6, 60, and 600 s using the KinetAsyst software package (Hi-
Tech), and analyzed using the Specfit Global Analysis
System software package (Spectrum Software Associates)
as pseudo-first-order reactions and fit from one to three
exponential curves where applicable.

RESULTS

UV-Visible Spectroscopic Analysis of KatG(M255I).The
electronic absorption spectrum of KatG(M255I) is shown in
Figure 2, and is contrasted with those observed for WT KatG
(Met-Tyr-Trp cross-link present) and KatG(Y229F) (Met-
Tyr-Trp cross-link absent). Relevant spectral features and
analysis are presented in Table S1 of the Supporting
Information. The optical purity ratio (Reinheitzahl orRz,
defined asASoret/A280) for KatG(M255I) was found to be 0.56.
The pyridine hemochrome assay of KatG(M255I) yielded
0.97( 0.04 heme/monomer, indicating stoichiometric heme
incorporation, suggesting that the slightly lowerRz value
when compared to that of WT KatG (0.63) or KatG(Y229F)
(0.59) is most likely due to a smaller heme extinction and
not the presence of the apoenzyme.

In lieu of electron paramagnetic or resonance Raman
spectroscopic studies, analysis of the UV-visible spectrum
of KatG(M255I) by the methodology employed by Ma-
gliozzo and co-workers (35) provides insight into the
electronic nature of the heme prosthetic group. KatG(M255I)
(A614/A645 ) 1.19) (Table S1) has a significantly greater
relative population of six-coordinate HS heme present than
either WT KatG (1.05) or KatG(Y229F) (0.85), with all three
lacking a detectable (by optical spectroscopy) low-spin heme
component. The narrow range of theASoret/A380 ratio (1.68-
1.79) precludes any relative population assignments.

Catalase and Peroxidase ActiVities of KatG(M255I).
Kinetic parameters (kcat, Km, and catalytic efficiency,kcat/
Km) for the catalase and peroxidase activities of KatG(M255I)
are presented in Table 1. As conventional catalases do not
follow typical Michaelis-Menten kinetics, kinetic constants
reported here for catalase activity are “apparent” values (36,
37). KatG(M255I) exhibited saturable catalase activity under
the conditions employed for this kinetic study. Thekcat (1.1
( 0.1 s-1) andKm (40.2 ( 6.1 mM) values are similar to
those reported for KatG(Y229F) (Met-Tyr-Trp cross-link
absent; 0.1 s-1 and 39.8 mM, respectively), but are signifi-
cantly different from those observed for WT KatG (Met-
Tyr-Trp cross-link present; 6000 s-1 and 2.5 mM, respec-
tively). The result that catalase activity is severely disrupted
for KatG(M255I) versus WT KatG (kcat/Km ∼105 lower) is
consistent with literature observations (26, 28, 38) which
show that an intact Met-Tyr-Trp cross-link is essential for
catalatic activity.

KatG(M255I) exhibited saturable peroxidase activity for
the one-electron oxidation of ABTS to the corresponding

FIGURE 2: UV-visible spectra of KatG(M255I) (blue), WT KatG
(black), and KatG(Y229F) (red). Conditions: 10µM enzyme in
100 mM potassium phosphate at pH 7.5 and 25°C.

Table 1: Kinetic Parameters for Catalase and Peroxidase Activities
of KatG(M255I) andRKatG(M255I)

KatG(M255I) RKatG(M255I)

Catalase
kcat (s-1) 1.1( 0.1 1.0( 0.1
Km (mM) 40.2( 6.1 37.3( 8.8
kcat/Km (M-1 s-1) 27.0( 4.1 26.8( 6.3

Peroxidase
kcat (s-1) 0.164( 0.002 0.157( 0.001
Km (mM) 3.40( 0.08 3.30( 0.05
kcat/Km (M-1 s-1) 48.1( 1.2 46.1( 0.7
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radical cation, ABTS•+, in the presence oftert-butyl hydro-
peroxide. An increase inkcat (0.164 ( 0.002 s-1) and a
decrease inKm (3.4( 0.1 mM) were noted for KatG(M255I)
when compared to those of the wild-type enzyme (0.062 s-1

and 8.4 mM, respectively), but not to the extent of those
observed for KatG(Y229F) (0.843 s-1 and 2.7 mM, respec-
tively). The increase in peroxidase activity forMtb KatG-
(Y229F) has been noted previously by Magliozzo and co-
workers (38), who suggested that upon loss of the covalent
adduct the increase in peroxidase activity (with a concomitant
loss of catalase function) is due to enhanced formation and/
or an increased level of stabilization of the compound II
intermediate, which plays a role in the peroxidase, but not
catalase, cycle.

Tryptic Digestion of KatG(M255I).The HPLC chromato-
gram (A220 monitoring) of the tryptic digest of KatG(M255I)
is shown in Figure 3 (blue), along with those previously
reported (24) for WT KatG (black) and KatG(Y229F) (red).
In general, the number of peptide fragments (as well as their
retention times) correlated well among all three enzymes.
However, in the region which we have previously assigned
as containing the WT KatG Met-Tyr-Trp CLPF (cross-
linked peptide fragment; Figure 3, boxed area) (24), KatG-
(M255I) also exhibits four peptides (one major and three
minor) in a tight cluster which are absent from KatG(Y229F).
The similarity with WT KatG and the difference with KatG-
(Y229F) were highly suggestive of the presence of Tyr-
Trp cross-linked peptide fragments in KatG(M255I) (Figure
4B, henceforth called the Tyr-Trp CLPF), predicted from
trypsin cleavage sites to incorporate105MAWHAAGTYR114

and 215DLENPLAAVQMGLI YVNPEGPNGNPDPMAA-
AVDIR249. The255MAMNDVETAALIVGGHTFGK 274 frag-
ment of the Met-Tyr-Trp CLPF found in WT KatG (Figure
4A) was precluded from partaking in any cross-link in KatG-
(M255I) by the Metf Ile mutation.

The HPLC chromatograms of the tryptic digest of KatG-
(M255I), monitored atλ values of 220 (peptide backbone),

280 (tyrosine/tryptophan), and 330 nm (cross-linked pep-
tides), are shown in Figure 5A. The Tyr-Trp CLPFs of
KatG(M255I) exhibited two distinct UV-visible spectra,
with unusual absorptions extending as far as 330 nm (Figure
5A, top). The major Tyr-Trp CLPF (Figure 5B, blue) had
spectral features (λmax) at 296 and 252 (sh) nm, similar to
those observed for the Met-Tyr-Trp CLPF from WT KatG
(Figure 5B, red) (24), but markedly different from the
absorption spectrum of a “typical” peptide observed in this
tryptic digest (Figure 5B, black; specifically shown is the
peptide eluting at 195 min). The three minor Tyr-Trp CLPFs
exhibited a UV-visible spectrum (λmax ) 252, 308, and 320
nm; Figure 5B, green) markedly different from that observed
for either the major CLPF or the Met-Tyr-Trp CLPF. As
we have discussed in detail for the Met-Tyr-Trp cross-
link (24), the presence of these large bathochromic shifts in
the UV-visible spectra of the CLPFs is suggestive of the
presence of peptide cross-links. Structural differences be-
tween the two types of Tyr-Trp CLPF in KatG(M255I) were
inferred from mass spectrometric studies (vide infra).

Mass Spectrometry.The four putative Tyr-Trp CLPFs
isolated by HPLC and identified by their characteristic
electronic absorptions at∼300 nm were subjected to LC-
MS/MS analysis in an information-dependent manner. The
calculated MH+ value of the Tyr-Trp CLPF (Figure 4B) is
4822.31 Da. The major CLPF was represented by ions at
m/z 1206.35 (4+) and 965.26 (5+) (Figure 6A, top) and
yielded a monoisotopic MH+ value (4822.4 Da), which is
in good agreement with the calculated value. To prove the
identity of this molecule, a CID experiment was performed
using the quadruply charged ion as the precursor. The results
(Figures 6B, top) provided all the necessary proof needed.

FIGURE 3: HPLC chromatogram (A220detection) of the tryptic digest
of KatG(M255I) (middle). A detailed enlargement of the area
between 100 and 200 min is provided in Figure 5A. For comparison,
the chromatograms of WT KatG (bottom) and KatG(Y229F) (top)
are also shown. The region around 185 min, corresponding to the
CLPF, is highlighted.

FIGURE 4: Schematic representation of the CLPFs in KatG(M255I)
and WT KatG.
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Two of the minor isolated CLPFs were found to contain
molecular ions atm/z964.86 (5+) and 1205.83 (4+) (Figure
6A, bottom), corresponding to a MH+ value of 4820.32 Da,
or a mass 2 Da lower than that calculated for the Tyr-Trp
adduct. CID experiments using the quadruply charged ion
as the precursor (Figure 6B, bottom) reveal that the 2 Da
lower mass is centered on the Tyr-Trp cross-link, as residues
prior to Y229 [105-114 and 215-228] were found at their
non-oxidized mass, while each residue identified after the
Tyr-Trp cross-link was found 2 Da lower. We propose that
the 2e- oxidation of the Tyr-Trp CLPF would most likely
result in formation of a quinone-like intermediate, best
described as aQLTyr-Trp CLPF (Figure 4C). Oxidation of
the Tyr-Trp CLPF due to enzymatic turnover of the
recombinant protein during overexpression would result in
only the native trans conformation being observed, whereas
oxidation occurring post-proteolytic digestion would yield
both cis and trans conformations due to free rotation about
the Cη2(Trp107)-Cε1(Tyr229) bond. Given that two sepa-
rable peaks (∼3:1 relative area) are observed in the HPLC
chromatogram, we suggest that both native trans and
scrambled cis conformations of theQLTyr-Trp CLPF are
observed, with the more abundant of the two peaks probably
arising from predigestion Tyr-Trp oxidation, and the less
abundant one (cis) being derived from solely the postdiges-
tion oxidation.

The final minor isolated CLPF exhibited relatively abun-
dant ions atm/z1051.51 (4+) and 841.20 (5+), correspond-

ing to an MH+ value of 4203.03 Da. We attribute this mass
to a nonspecific cleavage occurring at position H108 (i.e.,
loss of residues 108-114) of theQLTyr-Trp CLPF, whose
calculated MH+ value (4203.15 Da) is in good agreement
with the experimentally determined mass.

Autocatalytic Formation of the Tyr-Trp Cross-Link in
RKatG(M255I). The presence of the Tyr-Trp CLPFs in
recombinant KatG(M255I) is most likely due to their
autocatalytic formation during overexpression inEscherichia
coli because of the presence of hydrogen peroxide or
alkylhydroperoxides in the in vivo system, although the
intervention of a cellular assembly system cannot be

FIGURE 5: (A) HPLC chromatogram (100-200 min region) of the
tryptic digest of KatG(M255I) monitored at 330 (top), 280 (middle),
and 220 nm (bottom). The CLPFs at∼185 min are highlighted.
(B) UV-visible spectra of the Tyr-Trp CLPF (blue) andQLTyr-
Trp (green) are compared to that of either a peptide lacking a cross-
link (black) or the Met-Tyr-Trp cross-link (red) of WT KatG.

FIGURE 6: (A) Tyr-Trp CLPF [top,m/z1206.35 (4+)] andQLTyr-
Trp CLPF [bottom,m/z 1205.83 (4+)] precursor ions for the CID
(MS/MS) experiments. (B) Fragment assignments from the CID
experiment for the Tyr-Trp CLPF (top) andQLTyr-Trp CLPF
(bottom). B-Type (N-terminal) ions are depicted above the corre-
sponding amino acid residue, and y-type ions (C-terminal) are
depicted below. Ions depicted in red denote the 2 Da shift to a
lower mass upon oxidation of the Tyr-Trp CLPF to theQLTyr-
Trp CLPF.
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excluded. Thus, to study the formation of the Tyr-Trp cross-
link under controlled conditions in vitro, it was necessary to
first isolate KatG(M255I) which had not undergone in vivo
catalysis. The strategy employed was identical to that used
for studying the autocatalytic formation of the Met-Tyr-
Trp cross-link in WT KatG (24), namely, to overexpress and
isolate heme-deficient (apo) KatG incapable of undergoing
any autocatalytic processes that could generate the Tyr-
Trp cross-link. Apo-KatG(M255I) grown under low-iron
conditions exhibited anRz value of 0.07 (Figure S1),
indicating only 8% holoenzyme present (when compared to
anRz of 0.56 for normal growth conditions). Tryptic digestion
and HPLC analysis of this heme-deficient KatG revealed only
6.1 ( 1.8% of the Tyr-Trp CLPFs formed during protein
expression. Reconstitution of apo-KatG(M255I) with heme
was accomplished using denaturing conditions to expose the
heme-binding pocket, followed by refolding of the protein
in the presence of hemin. The resulting reconstituted KatG-
(M255I) [henceforth calledRKatG(M255I)] exhibited anRz

value (0.55) (Figure S1) andkcat andKm values for catalase
and peroxidase activities consistent with those found for
KatG(M255I) (Table 1).

Incubation of RKatG(M255I) with peroxyacetic acid
(Figure 7A), a two-electron oxidant that leads to compound
I formation in WT KatG (39), led to an increase in the
amount of Tyr-Trp CLPFs observed after tryptic digestion
and HPLC analysis (Figure 7B), with a maximum achieved
after the addition of 3.5 equiv. By contrast, in the absence
of PAA, only 9.0( 3.2% (relative to this maximum) of the

CLPFs was detected, an amount nearly identical to that found
for apo-KatG (6.1( 1.8%), indicating that heme reconstitu-
tion alone does not contribute to CLPF formation. With more
than 4 equiv, however, CLPF yields diminished, with only
∼5% remaining after treatment with 10 total equivalents
PAA. This contrasts with the previously reported behavior
observed for the Met-Tyr-Trp adduct, where the maximum
level of CLPF formation was observed after the addition of
6 equiv of PAA, and remained at that level even after 25
equiv.

To determine if compound II is involved in Tyr-Trp
cross-link formation,RKatG(M255I) was incubated with 4,
8, and 25 equiv of 2-methyl-1-phenyl-2-propyl hydroperoxide
(MPPH), a reagent which undergoes homolytic O-O bond
cleavage (40), preferentially yielding compound II rather than
compound I (vide infra, stopped-flow UV-visible discus-
sion). At 4 and 8 equiv of MPPH added per heme, the
amount of CLPF determined was within error (8.4( 2.5
and 8.1( 2.8%, respectively) of the amount determined prior
to MPPH addition (9.0( 3.2%). At 25 equiv of MPPH, a
minor decrease (5.3( 1.3%) in CLPF was observed. Overall,
these results indicate that, unlike compound I, compound II
is incapable of directly contributing to the formation of the
cross-link.

Stopped-Flow UV-Visible Characterization of Com-
pounds I and III in KatG(M255I).Stopped-flow UV-visible
spectroscopic methods were employed to detect the high
valent iron-oxo compound I and oxyferrous compound III
intermediates of KatG(M255I). For characterization of
compound I, rapid mixing (2 ms) of a solution of ferric KatG-
(M255I) with 10 equiv of H2O2 yielded within 85 ms a new
species [UV-visible spectrum, 407 (Soret,ε ) 74 mM-1

cm-1), 518, 560 (sh) nm] (Figure 8) whose spectral features
matched neither those for compound II [UV-visible spec-
trum for WT KatG, 410 (Soret), 628 nm; UV-visible
spectrum for KatG(Y229F), 417 (Soret), 531, 561 nm] nor
those for compound III [UV-visible spectrum for WT KatG,
418 (Soret), 545, 580 nm; UV-visible spectrum for KatG-
(Y229F), 418 (Soret), 545, 581 nm] (Table 2). The spectral
features, however, were consistent (with respect toλmax and
extinction) with the previously characterized compound I
intermediates ofSynechocystisPCC 6803 KatG(M275I)
[UV-visible spectrum, 407 (Soret exhibits∼20% hypo-
chromicity), ∼522, ∼570 (sh) nm] (26) and Mtb KatG-
(Y229F) [UV-visible spectrum,∼408 (Soret exhibits∼8%
hypochromicity),∼520,∼555 (sh) nm]. On the basis of these
spectral similarities, as well as the distinct hypochromicity
of the Soret band, we assign this intermediate observed here
as Mtb KatG(M255I) compound I. Values ofkobs for
compound I formation were linearly dependent on H2O2

concentration (10-100-fold excess per heme), giving a
bimolecular rate constant of (3.8( 0.3)× 105 M-1 s-1. This
rate is approximately 30-fold faster than that found for WT
KatG (39), but ∼10-fold slower than that found for KatG-
(Y229F) (38) (Table 2), suggesting that the presence of the
cross-link does impact the rate of compound I formation,
but not its spectroscopic properties.

Under these conditions of excess peroxide, the compound
I intermediate was found to be unstable at pH 7.5 and 25
°C, and rapidly converted (3.7( 0.4 s-1) in a H2O2

concentration-independent manner to a second intermediate
whose spectral features [417 (Soret), 538, 578 nm] (Figure

FIGURE 7: (A) HPLC chromatograms (CLPF region) of the tryptic
digests ofRKatG(M255I) after incubation with 0-10 equiv of PAA
prior to proteolytic digestion. (B) CLPF formation as a function of
PAA concentration. Maximal CLPF formation occurred at 3.5 equiv
of PAA, with the remaining data normalized to this value.
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8B) match well those previously assigned (31, 32, 38, 39)
to KatG compound III (Table 2). A similar conversion of
compound I to compound III under conditions of excess
peroxide has been noted for bothMtb KatG(Y229F) (38)
andSynechocystisPCC 6803 KatG(Y249F) (41). The oxy-
ferrous intermediate was also found to be unstable under
these conditions, with either a slow decay (0.013( 0.001
s-1) back to the resting enzyme at low H2O2 concentrations
(100µM) or bleaching of the compound III spectrum at high
H2O2 concentrations (1-10 mM). At high concentrations of
H2O2 (1000-fold excess), the reaction with KatG(M255I)
proceeded at such an accelerated rate that compound I was
formed within the mixing time of the stopped-flow apparatus.

ObserVation of the Oxoferryl Compound II [(KatG)(Por)-
FeIVdO] Intermediate in KatG(M255I).In contrast to the
observations of compounds I and III with excess hydrogen
peroxide, stopped-flow rapid mixing of KatG(M255I) with
1 equiv of H2O2 revealed a completely new intermediate
[UV-visible spectrum, 415 (Soret,ε ) 82 mM-1 cm-1),
531, 560 nm] (Figure 9) whose spectral features matched
neither those of KatG(M255I) compound I nor those of
compound III (vide supra, Table 2). The spectral features
(λmax andε) match well those of the previously characterized
oxoferryl-type [(KatG)(Por)FeIVdO] compound II intermedi-
ate of KatG(Y229F) [UV-visible spectrum,∼417 (Soret),
∼531,∼561 nm] (24, 38), with the compound II spectrum

of SynechocystisPCC 6803 KatG(Y249F) [UV-visible
spectrum, 418 (Soret), 530, 558 nm] (28), as well as for the
classical oxoferryl compound II intermediates observed in
HRP and other peroxidases (42). The value forkobsfor KatG-
(M255I) oxoferryl compound II formation measured under
these stoichiometric conditions was determined to be (1.4
( 0.1) × 105 M-1 s-1, similar to the rate observed for
compound I formation (vide supra), and suggests that
oxoferryl compound II is formed upon a very fast endog-
enous reduction of compound I, whose formation is rate-
limiting.

The oxoferryl intermediate was found to be unstable under
these conditions, converting (0.011( 0.001 s-1) to a new
species whose spectral features [408 (Soret), 556 (sh), 615
nm] (Figure 9B) matched those of (KatG•)(Por)FeIII -OH
compound II (vide infra) (Figure 10B). Decay of this species
resulted in re-formation of the resting enzyme (0.006( 0.002
s-1).

ObserVation of Compound II [(KatG•)(Por)FeIII -OH] in
KatG(M255I).Once a solution of ferric KatG(M255I) with
MPPH had been rapidly mixed (2 ms) (Figure 10A), a new
species was observed [UV-visible spectrum, 408 (Soret,ε
) 110 mM-1 cm-1), 556 (sh), 615 nm] (Figure 10B) whose
spectral features did not match those of KatG(M255I)
compound I, II (oxoferryl), or III (vide supra, Table 2). The
spectral features, however, were highly consistent with those
of the previously characterized (KatG•)(Por)FeIII -OH com-
pound II intermediates of WT KatG (24), KatG(R418L) (31),
KatG(S315T) (31), SynechocystisPCC 6803 KatG (43), and
Anacystis nidulansKatG (44). Values ofkobs for formation
of this new species were linearly dependent on MPPH
concentration (2.5-10-fold excess per heme), giving a
bimolecular rate constant of (1.0( 0.2) × 104 M-1 s-1, on
a par with that determined for WT KatG under identical
conditions (4.8× 104 M-1 s-1) (24). The intermediate was
found to be unstable under these conditions, with a slow
decay (0.004 s-1) resulting in re-formation of the resting
(ferric) enzyme, concomitant with a slight bleaching (∼3%)
of the heme Soret band. On the basis of these UV-visible
spectroscopic observations and the known chemical reactivity
of the MPPH oxidant (40, 45), we assign the new species
detected here as the (KatG•)(Por)FeIII -OH compound II
intermediate ofMtb KatG(M255I).

Reaction of KatG(M255I) with Peroxyacetic Acid.Stopped-
flow mixing of a solution of ferric KatG(M255I) with 1 equiv
of PAA led to the formation of a new species [UV-visible
spectrum, 409 (Soret,ε ) 108 mM-1 cm-1), 556, 615 nm]
(Figure S2) whose spectral features matched those of
(KatG•)(Por)FeIII -OH compound II as generated with MPPH.
The bimolecular rate constant of (9.2( 0.4)× 104 M-1 s-1

was determined for the single concentration of 10µM PAA.
The compound II intermediate was found to be unstable
under these conditions, with a slow decay (0.006( 0.001
s-1) resulting in re-formation of the resting (ferric) enzyme.
Bleaching of the heme Soret band was not observed under
these conditions.

At higher PAA concentrations (4-20-fold excess) (Figure
S3), the first observed intermediate was that of oxoferryl
compound II [UV-visible spectrum, 415 (Soret,ε ) 82
mM-1 cm-1), 531, 560 nm]. Values ofkobs for formation of
this new species were linearly dependent on PAA concentra-
tion (4-20-fold excess per heme), giving a bimolecular rate

FIGURE 8: (A) Stopped-flow UV-visible spectroscopic monitoring
of the reaction (300 scans, 6 s) between KatG(M255I) (10µM)
and a 10-fold excess of H2O2. See Experimental Procedures for
details. (B) Calculated UV-visible spectra for both resting (black),
compound I (blue), and compound III (purple) KatG(M255I). The
rapid-scanning data from panel A were compiled and fitted to a
double-exponential reaction model using the Specfit global analysis
program.
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constant of (1.8( 0.4)× 104 M-1 s-1, similar to the rate of
compound I formation (vide supra), which again suggests
that compound II is derived from a fast endogenous reduction
of compound I. The oxoferryl species was transiently stable
under these conditions, slowly converting (0.051( 0.003
s-1) to (KatG•)(Por)FeIII -OH compound II [408 (Soret), 558

(sh), 615 nm] (Figure S3). Decay of this species resulted in
re-formation of the resting enzyme with minor bleaching of
the heme Soret band at the higher peroxide concentrations.

Stoichiometric Reaction of WT KatG with H2O2 or PAA
As ReVealed by Stopped-Flow UV-Visible Spectroscopy.
Once a solution of ferric WT KatG with 1 equiv of either

Table 2: UV-Visible Spectroscopic Data and Kinetic Parameters for the Oxidized Intermediates of KatG(M255I), WT KatG, and
KatG(Y229F)

λmax (mM-1 cm-1) (ε) kobs (M-1 s-1) ref

KatG(M255I)
ferric (resting) 406 (101), 500, 540, 620 not applicable a
compound I 407 (74), 518, 560 (sh) (3.8( 0.3)× 105 a
compound II- (KatG•)(Por)FeIII -OH 408 (110), 500, 556, 615 (1.0( 0.2)× 104 b a
compound II- (KatG)(Por)FeIVdO 415 (82), 531, 560 (1.4( 0.1)× 105 c (1.8( 0.4)× 104 d a
compound III 417 (94), 538, 578 3.7( 0.4 s-1e a

WT KatG
compound I 411, 550, 590, 655 1.21× 104 e 39
compound II- (KatG•)(Por)FeIII -OH 410, 628 (4.8( 0.4)× 104 24
compound III 418, 545, 580 >109 31

KatG(Y229F)
compound I 408,∼520,∼555 (sh) 4× 106 38
compound II- (KatG)(Por)FeIVdO 417, 531, 561 (5.8( 0.7)× 106 24
compound III 418, 545, 581 (9.2( 0.2)× 105 31

a From this work.b When formed with MPPH.c When formed with 1 equiv of H2O2. d When formed with PAA.e Measurement of compound I
to compound III conversion.

FIGURE 9: (A) Stopped-flow UV-visible spectroscopic monitoring
of the reaction (300 scans, 60 s) between KatG(M255I) (10µM)
and 1 equiv of H2O2. See Experimental Procedures for details. (B)
Calculated UV-visible spectra for resting (black) and oxoferryl
[(KatG)(Por)FeIVdO] compound II KatG(M255I) (green). The
rapid-scanning data from panel A were compiled and fitted to a
double-exponential reaction model using the Specfit global analysis
program.

FIGURE 10: (A) Stopped-flow UV-visible spectroscopic monitoring
of the reaction (300 scans, 6 s) between KatG(M255I) (10µM)
and a 10-fold excess of MPPH. See Experimental Procedures for
details. (B) Calculated UV-visible spectra for both resting (black)
and (KatG•)(Por)FeIII -OH compound II KatG(M255I) (red). The
rapid-scanning data from panel A were compiled and fitted to a
single-exponential reaction model using the Specfit global analysis
program.
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H2O2 (Figure S4) or PAA (Figure S5) had been rapidly mixed
(2 ms), a new species was observed [UV-visible spectrum,
410 (Soret,ε ) 110 mM-1 cm-1), 628 nm] whose spectral
features matched those previously (24) described for WT
KatG compound II, (KatG•)(Por)FeIII -OH, generated with
MPPH (Table 2). The bimolecular rate constants of (7.1(
0.3)× 105 and (4.8( 0.8)× 105 M-1 s-1 were determined
for a single concentration (10µM) of H2O2 and PAA,
respectively. The intermediate was found to be unstable under
these conditions, with a slow decay (0.003( 0.001 s-1)
resulting in re-formation of the resting (ferric) enzyme.
Bleaching of the heme Soret band was not observed under
these conditions.

DISCUSSION

In our previous work in deciphering the mechanism of
Met-Tyr-Trp cross-link formation and its role inMtb KatG
catalysis, we focused on WT KatG and KatG(Y229F), a
mutant in which no cross-link could be formed (24). While
we gained much insight into overall Met-Tyr-Trp cross-
link formation, questions still remained with regard to
formation of the individual bonds (i.e., Tyr-Trp and Met-
Tyr), as well as the putative intermediates proposed to form
along the reaction pathway. To address these and other
relevant issues, we have studied the mutant KatG(M255I),
whose Metf Ile substitution leads to only a Tyr-Trp cross-
link, thus allowing us to deconvolute the effect of this
individual component on enzyme catalysis and spectroscopy
from that of the entire Met-Tyr-Trp cross-link. Differences
in reactivity between Tyr-Trp and Met-Tyr-Trp cross-
link-containing enzymes can also shed light on the contribu-
tion of the Met-Tyr bond.

We employed tryptic digestion of KatG in combination
with high-pressure liquid chromatography and mass spec-
trometry to identify the presence of a peptide fragment
containing the Tyr-Trp cross-link (CLPF). A similar ap-
proach was taken in identifying the Met-Try-Trp cross-
link in WT KatG, with isolation of the CLPF by HPLC prior
to mass spectrometric characterization allowing for quanti-
fication as well as confirmation of its presence. Identification
of a candidate for the Tyr-Trp CLPF was simplified by
comparison of the HPLC chromatograms obtained for the
tryptic digest of KatG(M255I) to those of KatG(Y229F),
which has been shown to lack any CLPF as a consequence
of its Tyr f Phe mutation. Several peptide fragments which
clustered together in the former but not latter digest exhibited
unusual UV-visible spectra for polypeptides. The major
peptide fragment displayed large bathochromic shifts of the
protein absorption bands [λmax ) 252 (sh) and 296 nm],
similar to the UV-visible spectrum observed for the CLPF
of WT KatG, and highly suggestive of the presence of a
cross-link in KatG(M255I). Surprisingly, the minor isolated
peptide fragments exhibited even larger bathochromic shifts
[λmax ) 252 (sh), 308, and 320 nm], suggesting two possible
structures of the Tyr-Trp CLPFs in KatG(M255I).

Isolation of these CLPF candidates, and subsequent
characterization by mass spectrometry, conclusively dem-
onstrated the existence of the Tyr-Trp cross-link in KatG-
(M255I). The major CLPF was found to contain the
unmodified Tyr-Trp cross-link (Figure 4B), whose structure
was confirmed by CID and MS/MS/MS analyses. For the

remaining minor CLPFs, the unusual observed masses are
all derived from a species whose mass is 2 Da lower than
that of the Tyr-Trp CLPF, with the loss in mass centered
on either Trp107 or Tyr229 (or both), and not on the other
residues comprising the CLPF. We propose that the structure
of this intermediate is best represented by theQLTyr-Trp
quinone-like species (Figure 4C), and we have previously
proposed that this intermediate is formed in the autocatalytic
mechanism of Met-Tyr-Trp cross-link formation (vide
infra).

Overexpression of apo-KatG(M255I), followed by in vitro
reconstitution with heme in the absence of exogenously
added peroxide, yieldedRKatG(M255I), a holoenzyme lack-
ing the Tyr-Trp cross-link normally found in the recombi-
nant enzyme. This allowed for the study of cross-link
formation under oxidizing conditions that proceed through
either compound I (PAA) or compound II (MPPH) inter-
mediates. Incubation ofRKatG(M255I) with peroxyacetic
acid (0-10 equiv/heme) revealed a reaction stoichiometry
(for full Tyr-Trp CLPF formation) of 3.5 equiv of PAA
per KatG (monomer). Higher stoichiometries led to loss of
the CLPF, a behavior that was not observed for the Met-
Tyr-Trp cross-link-containing CLPF in WT KatG, and
suggests that further oxidation of the Tyr-Trp cross-link
beyond theQLTyr-Trp intermediate results in a species that
is too unstable for isolation. The finding that Tyr-Trp CLPF
formation (one cross-link bond) is most prominent after the
addition of∼3.5 equiv of PAA is in good agreement with
the midpoint value of 3 equiv determined for Met-Tyr-
Trp CLPF formation (two cross-link bonds present, 6 equiv
of PAA).

Given that peroxyacetic acid is a two-electron oxidant, the
disparity between the seven oxidizing equivalents needed for
what is formally a two-electron oxidation (formation of the
single covalent bond in the Tyr-Trp cross-link) leads us to
conclude that under the conditions studied, cross-link forma-
tion is only ∼30% efficient. In WT KatG, cross-link
formation was similarly inefficient (∼33%). We suggest that
additional oxidizing equivalents may generate protein radicals
outside the heme active site, as has been previously observed
for bothMtb (38, 46, 47) andSynechocystisPCC 6803 (26,
48) KatGs. Alternatively, higher efficiency may occur in vivo
in the presence of the bound substrate, or by the intervention
of a cellular assembly system.

Incubation ofRKatG(M255I) with a large excess of MPPH,
which preferentially oxidizes KatG to compound II over
compound I (as demonstrated by stopped-flow UV-visible
spectroscopic studies), yielded no increase in the level of
Tyr-Trp CLPFs detected, similar to what was previously
observed for the Met-Tyr-Trp cross-link in WT KatG (24).
This suggests that both oxidizing equivalents must be present
simultaneously to achieve bond formation. In the only other
example of a Tyr-Trp bond, CcP(H52Y) (49), the histidine
f tyrosine mutation allows for the formation of a C-N bond
(as opposed to the C-C bond inMtb KatG) between the
indolic N (Nε1) of Trp51 and Cε1 of Tyr52. Poulos and
co-workers argue that given the short lifetimes of protein
radicals, two sequential one-electron oxidations by two
compound I intermediates (resulting from two enzyme
turnovers) yielding the Tyr-Trp bond are unlikely to occur
in CcP(H52Y) (49). Rather, they contend that any mechanism
for bond formation between two protein side chains must
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support concurrent radical formation on both protein residues,
and our data which demonstrate the lack of Tyr-Trp CLPF
formation derived from KatG(M255I) compound II (one
oxidizing equivalent above the resting state) support this
notion.

On the basis of the results given above, we propose the
following mechanism for Tyr-Trp bond formation in KatG-
(M255I): Formation of compound I (Figure 11, step a) either
by a peracid (in vitro) or by hydrogen peroxide (in vivo)
leads to oxidation of both Tyr229 and Trp107 (step b). From
the crystal structure ofMtb WT KatG, the indole ring of
Trp107 is nearly coplanar and stacked above the pyrrole B
ring of the heme cofactor at a distance of 3.53 Å (3.4 Å in
Burkholderia pseudomalleiKatG), while Tyr229 is also
within ∼5.4 Å (Cδ2 to pyrrole A) of the heme periphery
(11). Both of these redox active residues are therefore within
the threshold for long-range electron transfer (50, 51) and
are capable of being oxidized by compound I with concomi-
tant formation of Trp107• and Tyr229•. As both protein
radicals are formed simultaneously from a single turnover
event, their lifetimes are not an issue, and coupling of the
two radicals (step c) results in formation of the Tyr-Trp
bond (step d) between Cη2 of Trp107 and Cε1 of Tyr229.

Formation of a second compound I intermediate (step e)
results in further oxidation of the Tyr-Trp cross-link (steps
f), leading to the quinone-like intermediateQLTyr-Trp (step
g), as suggested by the mass spectrometric results. In KatG-
(M255I), further reaction with this oxidized species is not
possible. However, in WT KatG, nucleophilic attack of the
sulfur atom of Met255 onQLTyr-Trp (step g′) occurs,
resulting in formation of a bond between Cε2 of Tyr229 and
Sδ of Met255 (steps h and i), yielding the Met-Tyr-Trp
cross-link. This proposed mechanism accounts for the study
by Obinger and co-workers who found that the mutation of
the tryptophan residue did not yield any Met-Tyr-Trp
cross-link inSynechocystisPCC 6803 KatG (27). Thus, a
sequential process of bond formation between Tyr229 and
Trp107, followed by Tyr229 and Met255, is proposed.

The UV-visible spectral features of compounds I and III
do not vary significantly among KatG(M255I), WT KatG,
and KatG(Y229F), suggesting that the presence or absence
of either the Tyr-Trp or Met-Tyr-Trp cross-link does not
greatly alter the spectroscopic properties of these intermedi-
ates despite the strong influence on enzymatic activity. The
UV-visible spectrum of compound II does, however, vary
considerably among the three enzymes, and we have previ-

FIGURE 11: Proposed mechanism for the formation of the Tyr-Trp and Met-Tyr-Trp cross-links in KatG(M255I) and WT KatG,
respectively. All oxidation states are ferric except where indicated.

15102 Biochemistry, Vol. 44, No. 46, 2005 Ghiladi et al.



ously reported (24) that the spectral dependency of compound
II correlates to enzyme function: WT KatG (Met-Tyr-
Trp cross-link present) has both catalase and peroxidase
activities, and the compound II species exhibits spectral
features that are catalase-peroxidase-like (slight hyperchro-
micity of the Soret band, with little to no shift observed vs
the ferric resting enzyme, and the presence of an∼625 nm
feature). On the other hand, KatG(Y229F) (Met-Tyr-Trp
cross-link absent) has only peroxidase activity, and exhibits
the classical peroxidase-like oxoferryl compound II spectrum
(red shift in the Soret band by∼10 nm, as well as prominent
∼530 and 560 nm features). In this study, we show that
KatG(M255I) (Tyr-Trp cross-link present) exhibits both
compound II spectra yet retains only peroxidase activity.
Therefore, simply exhibiting a specific compound II spectrum
is not enough to determine whether catalase activity is
observed; rather, the absence of any oxoferryl spectrum
appears to be the primary requisite.

The spectral differences between the two compound II
intermediates may be explained in light of two isoelectronic
structures for a 1e- oxidized state of KatG, (KatG)(Por)-
FeIVdoxo or (KatG•)(Por)FeIII -OH, where KatG• represents
a protein radical not electronically coupled to the heme (42,
52, 53). The former represents the “classical” oxoferryl
species of the peroxidases, whereas the latter represents the
catalase-peroxidase compound II, whose structure has been
suggested to have an absorption spectrum only slightly
perturbed from that of the resting enzyme (42-44). Both of
these compound II species can be formed directly, but only
the oxoferryl species (KatG)(Por)FeIVdoxo interconverts to
that of the protein radical (KatG•)(Por)FeIII -OH, suggesting
that protein side chain-based reduction of the oxoferryl
intermediate is favorable.

The question of why compound II is different in the
catalase-peroxidases versus the monofunctional peroxidases
arises. What could the mechanistic advantage of (KatG•)-
(Por)FeIII -OH be over (KatG)(Por)FeIVdO? The latter species
is inactive with respect to catalase activity (formation of
compound III ensuing upon reaction with a second equivalent
of H2O2). However, we have previously suggested that the
former may still possess catalase activity (24). In (KatG•)-
(Por)FeIII -OH, the heme is essentially in the resting state
(protonation of the axial hydroxide ligand to water by the
extensive H-bonding network in KatG upon peroxide binding
notwithstanding), and therefore capable of reducing H2O2

to yield compound I (the first step common to both catalase
and peroxidase cycles). Thus, by transferring the oxidizing
equivalent to the protein, an oxoferryl intermediate can be
prevented and catalase activity is maintained. This possibility
would be unique only to the KatGs, as preventing compound
II from forming is a conundrum which only a bifunctional
enzyme employing a common intermediate (i.e., a catalase-
peroxidase using compound I in both catalytic mechanisms)
must address. Catalases themselves lack peroxidase-
substrate binding sites, and are thus unlikely to undergo
reduction of compound I to compound II by an exogenous
electron source, a process which the KatGs must overcome.
On the other hand, peroxidases are able to perform two
sequential one-electron oxidations, and the presence of a
relatively stable classical oxoferryl compound II in the
absence of a second reducing substrate would inhibit any
subsequent catalase activity in a KatG. Accordingly, the

function of the cross-link may be to protect the catalase-
peroxidase by promoting oxoferryl reduction with concomi-
tant oxidation of a protein side chain, thereby ensuring that
the heme cofactor remains in a catalytically competent state
for both enzyme activities during turnover.

One interesting possibility is that WT KatG accomplishes
this by promoting a rapid two-electron reduction of com-
pound I. Support for this is provided by stopped-flow UV-
visible spectroscopic studies in which KatG is reacted with
a stoichiometric equivalent of H2O2 (identical results were
also obtained with 1 equiv of PAA). Under such “single-
turnover” conditions, catalase activity is not possible, al-
lowing for comparisons to the wild-type enzyme. For
KatG(Y229F), reaction with 1 equiv of H2O2 led to formation
of the oxoferryl compound II intermediate (38), presumably
due to initial reduction of compound I by Trp107. Similarly,
in the 1:1 reaction of KatG(M255I) with H2O2, the oxoferryl
intermediate is observed first, most likely due to a rapid
reduction of compound I by the Tyr-Trp cross-link.
However, in a departure from what is observed with KatG-
(Y229F), oxoferryl compound II slowly converts to (KatG•)-
(Por)FeIII -OH compound II, and we suggest that this second
reducing equivalent is also donated by the Tyr-Trp cross-
link. This two-electron oxidation would yield theQLTyr-
Trp species as observed in our mass spectrometric studies,
and this species is suggested to be a key intermediate in the
formation of the Met-Tyr-Trp cross-link in WT KatG. For
the WT enzyme, only (KatG•)(Por)FeIII -OH compound II is
observed upon reaction with a stoichiometric amount of
H2O2, suggesting that a two-electron reduction of WT KatG
compound I readily occurs. We propose that the first electron
is provided by the Met-Tyr-Trp cross-link. This is similar
to KatG(Y229F) or KatG(M255I), where either Trp107 or
the Tyr-Trp cross-link, respectively, reduces compound I
to the catalase-inactivating oxoferryl compound II. However,
unlike these two catalase-deficient enzymes, WT KatG
rapidly reduces oxoferryl compound II to (KatG•)(Por)FeIII -
OH compound II, thereby maintaining catalase activity.

With regard to the origin of the second electron donor in
WT KatG, several possibilities exist. Mutagenesis studies
(48) in conjunction with EPR spectroscopy onSynechocystis
PCC 6803KatG suggest it may be Trp106 (Trp91 inMtb).
Trp91 is part of an integral H-bonding network that includes
Trp107 of the Met-Tyr-Trp cross-link, several waters, the
heme propionate arm, and the catalytically important distal
histidine (His108) and arginine (R104) residues, making it
a good candidate for reducing oxoferryl compound II inMtb
KatG. On the other hand, Magliozzo and co-workers have
found evidence for a tyrosyl radical in both WT KatG (54)
and KatG(Y229F) (38), with mutagenesis studies suggesting
that Tyr353 may be the specific residue that is involved (46).
In either case, however, with two oxidizing equivalents stored
on the protein, formation of the oxoferryl intermediate is
circumvented, thereby preventing this catalase-inactivating
species.

While the Met-Tyr-Trp cross-link may be capable of
acting as a two-electron donor, thereby forming aQLMet-
Tyr-Trp species (similar toQLTyr-Trp, but possessing the
additional Met-Tyr cross-link), we disfavor this possibility
for several reasons. First, the presence of the sulfonium ion
likely raises the reduction potential of the cross-link, making
it progressively harder for the cross-link to donate electrons.
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Second, unlike theQLTyr-Trp CLPF, we were unable to
identify the correspondingQLMet-Tyr-Trp CLPF by mass
spectrometry. Finally, the stability afforded by theQLMet-
Tyr-Trp species would most likely limit its ability to
function in the peroxidase cycle in two independent one-
electron steps. Thus, it appears that the role of the sulfonium
ion may be to preventQLMet-Tyr-Trp cross-link formation,
thereby promoting oxoferryl compound II reduction from one
of the aforementioned redox active protein side chains.

Other plausible explanations that could account for the
two different compound II spectra exist. Protein environment
strongly influences the spectral properties of the heme
prosthetic group, and mutations which affect the cross-link
are expected to have a cascade effect on the overall protein
architecture of the active site: the side chain of Tyr229 is
covalently bound to the side chain of Trp107, which itself
is part of the aforementioned active site H-bonding network.
Such changes in the active site may affectπ-stacking
interactions between Trp107 and the heme, influence the
geometry of the heme in its binding pocket, weaken or
strengthen the iron-oxo bond, or disrupt distal side hydrogen
bonding networks, all of which could in turn influence the
electronic absorption spectrum of compound II. In support
of the latter, several KatG mutations have been shown to
disrupt active site hydrogen bonding networks (25, 55, 56),
and it is conceivable that such an alteration in H-bonding to
the oxo moiety of compound II may alter its spectroscopic
signature.

We have been able to show that the Tyr-Trp cross-link
in KatG(M255I) forms autocatalytically, that its presence
alters the spectral features of KatG compound II which may
form during catalysis, and that this correlates well to changes
in enzymatic function, particularly catalase activity. An
oxidized form of the Tyr-Trp cross-link has been observed
which supports our previous mechanism for Met-Tyr-Trp
cross-link formation. In addition, we suggest a mechanism
of protection against catalase inactivation by oxoferryl
compound II which is predicated solely upon the Met-Tyr-
Trp cross-link, establishing a molecular basis for the cross-
link which correlates with catalase activity. It is clear from
this work that an enzyme structure-spectroscopy-activity
relationship is readily observed in the catalase-peroxidases
which is solely attributed to the presence of the Tyr-Trp
and Met-Tyr-Trp cross-links.
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reconstitution [asRKatG(M255I)] (Figure S1); stopped-flow
UV-visible spectra and analysis of the reaction of 1 and 4
equiv of PAA (Figures S2 and S3, respectively) with KatG-
(M255I); and stopped-flow UV-visible spectra and analysis
for the reaction between WT KatG and 1 equiv of H2O2

(Figure S4) or PAA (Figure S5). This material is available
free of charge via the Internet at http://pubs.acs.org.
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