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ABSTRACT: Crystals ofBurkholderia pseudomalleiKatG retain their ability to diffract X-rays at high
resolution after adjustment of the pH from 5.6 to 4.5, 6.5, 7.5, and 8.5, providing a unique view of the
effect of pH on protein structure. One significant pH-sensitive change lies in the appearance of a perhydroxy
group attached to the indole nitrogen of the active site Trp111 above pH 7, similar to a modification
originally observed in the Ser324Thr variant of the enzyme at pH 5.6. The modification forms rapidly
from molecular oxygen in the buffer with 100% occupancy after one minute of soaking of the crystal at
room temperature and pH 8.5. The low temperature (4 K) ferric EPR spectra of the resting enzyme, being
very sensitive to changes in the heme iron microenvironment, confirm the presence of the modification
above pH 7 in native enzyme and variants lacking Arg426 or Met264 and its absence in variants lacking
Trp111 or Tyr238. The indole-perhydroxy group is very likely the reactive intermediate of molecular
oxygen in the NADH oxidase reaction, and Arg426 is required for its reduction. The second significant
pH-sensitive change involves the buried side chain of Arg426 that changes from one predominant
conformation at low pH to a second at high pH. The pH profiles of the peroxidase, catalase, and NADH
oxidase reactions can be correlated with the distribution of Arg426 conformations. Other pH-induced
structural changes include a number of surface-situated side chains, but there is only one change involving
a displacement of main chain atoms triggered by the protonation of His53 in a deep pocket in the vicinity
of the molecular 2-fold axis.

The first example of a catalase-peroxidase was identified
(1) and sequenced (2) in Escherichia coliwhere the name
KatG1 was assigned (3). The enzyme has since been
characterized in many other bacteria, archaebacteria, and a
few fungi (4). While originally named for its obvious
bifunctionality with catalase and general peroxidase activities,
more recent work has shown that some examples of the
enzyme also have associated NADH oxidase, INH lyase, and
isonicotinoyl-NAD synthase activities (5). The latter two

activities are responsible for the activation of isoniazid as
an anti-tubercular drug inMycobacterium tuberculosis(6-
10), a cause for considerable interest in the enzyme.

Catalase-peroxidases are most commonly isolated as
homodimers with each subunit having two distinct but
sequence-related domains. The domains are also related to
the single domain of peroxidases from higher organisms both
in sequence and structure. It is conjectured that the two-
domain structure of KatGs evolved in a gene duplication and
fusion event (11) and then subsequently evolved back to the
single-domain peroxidase found in eukaryotes (4). The
unique structural features responsible for imparting catalase
activity to the core of KatG, which is essentially a peroxidase,
were lost during this subsequent evolution.

The catalase and peroxidase reactions both involve com-
pound I formation (reaction 1), with the heme initially
oxidized to the oxoferryl state (FeIVdO) and a porphyrin
cation π-radical (Por°+) and subsequently undergoing in-
tramolecular electron transfer to form protein-based radical
intermediates in some enzymes. In particular, the formation
of a [Por°+-FeIVdO] intermediate inSynechocystisPCC6803
KatG is followed by tryptophanyl and tyrosyl radical
intermediates in the absence of reducing substrate (reaction
2) (12). It is in the reduction of compound I back to resting
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state that catalases and peroxidases differ. In catalases,
compound I is reduced in a single two-electron transfer from
H2O2 (reaction 3), whereas peroxidases undergo two sequen-
tial one-electron transfers, usually from organic donors, and
involve an intermediate called compound II (reactions 4 and
5).

While NADH can serve as the electron donor in the
peroxidase reaction in KatGs (reactions 4 and 5), it is also
a substrate for an oxidase reaction in BpKatG in which
electrons are transferred to molecular oxygen generating
H2O2 between pH 6 and 8 (reaction 6) and superoxide ion
between pH 8 and 10 (reaction 7) (5).

Detailed structural information of KatGs is available from
the crystal structures of the enzymes fromHaloarcula
marismortui, HmKatG (13, 14), Burkholderia pseudomallei,
BpKatG (15, 16), Synecococcussp. (17), andMycobacterium
tuberculosis, MtKatG (18). These structures in combination
with the biochemical characterization of variants of EcKatG
(E. coli KatG), SyKatG (SynechocystisKatG), and BpKatG,
lead to the identification of a number of catalase-specific
residues, including the cross-linked adduct of Trp111,
Tyr238, and Met264, unique to KatGs, and Arg426, Asp141,
and Asn142 (all numbering is for BpKatG unless otherwise
stated) (5, 19-25). His112 in the distal heme pocket is
required for both catalase and peroxidase reactions. Finally,
Arg108, also in the distal heme pocket, is usually considered
to be essential at least for the peroxidase reaction, but its
removal only slightly lowers catalase and peroxidase activi-
ties provided Trp111 is present, suggesting that Trp111 can
effectively replace Arg108 in both compound I formation
and reduction.

Of these catalase-specific residues, Arg426 is unique in
occupying two conformations, the relative proportions of
which vary among the different crystal structures. In one
position, the guanidinium group forms an ionic association
with Tyr238 in the Trp-Tyr-Met adduct (conformation Y),
and in the second position, it is shifted to a region containing

two other arginine residues (conformation R). The proportion
of conformation Y varies from about 0% in MtKatG (18),
to 30% in BpKatG (16), to 80% in SyKatG (17, 26) and
100% in HmKatG (14), presenting a striking correlation with
the pH values of crystallization, pH 4.5 for MtKatG, pH 5.6
for BpKatG, pH 6.3 for SyKatG, and pH 8.1 for HmKatG.
The apparent correlation between the conformation of
Arg426 and the pH of crystallization was tentatively
confirmed by increasing the pH of a crystal of BpKatG to
8.0 causing an increase in the amount of conformation Y to
about 100% (26).

The apparently facile movement of the side chain of
Arg426 coupled with its key role in catalase activity
suggested that it can act as a molecular switch reversibly
interacting with the Trp-Tyr-Met adduct to inductively alter
heme reactivity. The correlation between the pH sensitivity
of the Arg426 conformation and its role as a molecular switch
of enzyme reactivity presented an unusual phenomenon that
warranted further investigation. In this report, a systematic
study of changes occurring in the structure of BpKatG as
the pH of crystals is varied across the pH range from 4.5 to
8.5 is reported. In addition to movement of some side chains
including that of Arg426, the active site Trp111 is shown to
suffer rapid oxidation above pH 7. EPR spectroscopy
confirms the presence of the Trp modification in some
variants and not in others, suggesting its role as an
intermediate in the NADH oxidase reaction.

MATERIALS AND METHODS

Variants of BpKatG were prepared as described previously
using oligonucleotide primers with appropriate sequences
(27) and, along with native BpKatG, were purified from the
catalase-deficientE. coli strain UM262 and crystallized as
previously described (15, 16). For pH change, crystals were
soaked for 1 min in 20% PEG 4K, 20% MPD, and 100 mM
of the appropriate buffer, that is, sodium acetate pH 4.5 or
100 mM Tris-HCl at pH 6.5, 7.5, or 8.5 before flash cooling
for data collection. Attempts to generate an oxoferryl species
at pH 7.5 involved soaking the crystal for 1 min in 20%
PEG 4K, 20% MPD, and 100 mM Tris-HCl pH 7.5 and then
soaking with 1 mM peroxyacetic acid in the same pH 7.5
Tris buffer for 1 min, followed by flash cooling and data
collection. Diffraction data were obtained from crystals
cooled with a nitrogen cryo-stream. As before, crystals were
primitive orthorhombic space groupP212121 with one dimeric
molecule in the crystal asymmetric unit. The diffraction data
sets were processed using the program DENZO and scaled
with program SCALEPACK (28). 5% of the measured
reflections in every data set were reserved forRfreemonitoring
during automatic refinement (Table 1). The resulting map
showed clear continuity over the complete length of BpKatG
from Asn35 to Ala748 in both subunits. Refinement was
completed using the program REFMAC (29) and the graphics
program O (30). All figures were prepared using SETOR
(31).

Low temperature (4 K) 9-GHz EPR measurements were
performed using a Bruker ER 300 spectrometer with a
standard TE102 cavity equipped with a liquid helium cryostat
(Oxford Instrument) and a microwave frequency counter
(Hewlett-Packard 5350B). Samples were prepared by buffer
exchange using Centricon 10 microconcentrators (Amicon)

Enz (Por-FeIII ) + H2O2 f

Cpd I (Por°+-FeIVdO) + H2O (1)

Cpd I (Por°+-FeIVdO) f

CpdI (Por-FeIV-OH Trp°) f

CpdI (Por-FeIV-OH Tyr°) (2)

Cpd I (Por°+-FeIVdO) + H2O2 f

Enz (Por-FeIII ) + H2O + O2 (3)

Cpd I (Por°+/Trp°/Tyr°-FeIV-OH) + AH f

CpdII (Por-FeIV-OH) + Aox (4)

CpdII (Por-FeIV-OH) +AH f

Enz (Por-FeIII ) + H2O + Aox (5)

NADH + H+ + O2 f NAD+ + H2O2 (6)

NADH + 2O2 f NAD+ + 2O2
- + H+ (7)
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and 20 mM TRIS-maleate buffer for pH 5.5, 6.4, 7.6, and
8.4 or 20 mM succinate buffer for pH 4.3. EPR samples
were measured as frozen solutions in 4-mm quartz tubes.

Catalase activity was determined by the method of Rorth
and Jensen (32) in a Gilson oxygraph equipped with a Clark
electrode. One unit of catalase is defined as the amount that
decomposes 1µmol of H2O2 in 1 min in a 60 mM H2O2

solution at pH 7.0 at 37°C. Peroxidase activity was
determined using 2,2′-azinobis(3-ethylbenzothiazolinesulfon-
ic acid) (ABTS) (33). One unit of peroxidase is defined as
the amount that decomposes 1µmol of ABTS in 1 min in a
solution of 0.3 mM ABTS (ε ) 36 800 M-1 cm-1) and 2.5
mM H2O2 at pH 4.5 and 25°C. Free radical production for
NADH oxidase determination at 540 nm was assayed by
NBT (nitroblue tetrazolium) reduction to a monoformazan
(ε ) 15 000 M-1 cm-1). NADH oxidase activity was also
determined spectrophotometrically at 340 nm usingε ) 6300
M-1 cm-1 for NADH. One unit of NADH oxidase is defined
as the amount that produces 1 nmol of radical or that
decomposes 1 nmol of NADH in a solution of 250µM
NADH at 25°C at pH 8.75. Protein was estimated according
to the methods outlined by Layne (34).

RESULTS

Changes in pH Affect the Structure of BpKatG.In the four
KatGs so far crystallized, the equivalent of BpKatG Arg426
adopts two conformations, the relative amounts of which
vary, seemingly as a function of the pH of crystallization
(26). The effect of pH change on the structure of BpKatG

was therefore investigated by soaking crystals originally
grown at pH 5.6 at pH 4.5, 6.5, 7.5, and 8.5 prior to X-ray
diffraction data collection (Table 1). In all cases, the electron
density maps defined main chain and side chain atoms of
1426 amino acids, two metal ions, two heme groups, and a
variable number of waters in two subunits. As in the original
BpKatG structure obtained at pH 5.6, the 34 N-terminal
residues are not visible, but the maps show clear continuity

Table 1: Data Collection and Structural Refinement Statistics for BpKatG at pH 4.5, 6.5, 7.5, and 8.5a

pH 4.5 pH 5.6 pH 6.5 pH 7.5 pH 8.5

Data Collection Statistics
unit cell parameters
space group P212121 P212121 P212121 P212121 P212121

a (Å) 101.0 100.7 100.5 100.3 100.4
b (Å) 114.9 113.5 114.8 114.9 114.9
c (Å) 174.7 174.8 174.6 174.9 174.0
R, â, γ (deg) 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90
resolution (Å) 30-2.0 30-1.8 30-1.9 50-2.0 20-1.9

(2.07 2.00) (1.92 1.85) (1.97 1.90) (2.10 2.05) (2.00 1.95)
unique reflections 136981 171198 158979 126202 133778

(12282) (17006) (15673) (7891) (9181)
completeness (%) 98.6 (89.4) 99.6 (99.9) 99.8 (99.7) 99.2 (94.4) 91.2 (95.0)
Rsym (%) 7.5 (54.5) 8.3 (48.7) 7.5 (38.0) 11.6 (48.1) 9.9 (48.1)
〈I/σI〉 10.8 (1.9) 10.4 (3.2) 10.8 (5.6) 8.0 (2.2) 7.9 (2.4)
redundancy 3.6 (3.0) 4.4 (4.4) 7.4 (7.5) 4.4 (3.4) 4.8 (4.6)

Model Refinement Statistics
resolution 20-2.0 20-1.9 20-1.9 20-2.0 20-1.9

(2.05 2.00) (1.95 1.90) (1.95 1.90) (2.10 2.05) (2.00 1.95)
no. of reflections 128885 149135 150790 119528 126909

(8418) (10,868) (10,947) (8168) (9,518)
free reflections 6790 (458) 7796 (555) 7888 (558) 6350 (461) 6673 (488)
Rcryst (%) 15.7 (23.4) 18.2 (26.1) 14.3 (17.0) 14.6 (20.4) 15.0 (20.4)
Rfree (%) 20.6 (29.5) 22.4 (33.3) 17.9 (24.0) 19.5 (30.9) 19.7 (28.5)
no. residues 1428 1428 1428 1428 1428
no. waters 1386 1506 1516 1527 1537
average B-factor (Å2)

protein 33.01 16.96 27.30 21.78 17.13
water 36.27 21.66 32.77 26.04 22.62
all atoms 33.30 18.51 27.91 22.26 17.78

rms deviations
bond lengths (Å) 0.04 0.02 0.03 0.03 0.03
bond angles (deg) 2.76 1.62 2.01 2.32 2.26

a Values in parentheses correspond to the highest resolution shell.

Table 2: Summary of pH Induced Changes in the Structure of
BpKatG

pH 4.5 pH 5.6 pH 6.5 pH 7.5 pH 8.5

(a) Changes in the Vicinity of Arg426
Thr119 70:30 70:30 50:50 25:75 100
Arg426 (R:Y) >90:<10 70:30 50:50 25:75 <5:>95
W-OOHa 0 0 0 75 100

(b) Changes in the Core Near the 2-Fold Axis
His53 100A 100B 100B 100B 100B
His55 100A 100B 100B 100B 100B
Glu198 50:50 100B 100B 100B 100B

(c) Other Changes
Arg255 100A 100A 70:30 50:50 50:50
Arg403 50:50 100A 100A 100A 100A
Thr571 70:30 50:50 30:70 100B 100B
Glu589 100A 100A 100A 70:30 50:50
Arg610 100A 100A 100A 100B 100B
Gln647 30:70 100B 100B 100B 100B
Glu657 100A 100A 100A 70:30 50:50

(d) Residues Adopting Two Conformations That Do Not Change
Val633 50:50 50:50 50:50 50:50 50:50
Gln711 50:50 50:50 50:50 50:50 50:50

a W-OOH is the perhydroxy modification on the indole nitrogen
of W111.
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from Asn35 to Ala748 in two subunits. All soaked crystals
diffracted to 2.0 Å or better, very similar to the original
crystals at pH 5.6.

Comparison of the structures reveals remarkably few
changes, which is evident in the extremely small average
0.3 Å rmsd in main chain atom location between pH 4.5

FIGURE 1: Changes in the conformation of His53 and His55 and the associated main chain atoms with pH. (A) The 2Fo - Fc electron
density map atσ ) 1.0 from the crystal at pH 4.5 is shown with the model superimposed. (B) The 2Fo - Fc electron density map atσ )
1.0 from the crystal at pH 8.5 with the models from both pH 8.5 and pH 4.5 superimposed to show the significant changes in location of
the side chains of His 53 and His55. The association between His53 and the main chain nitrogen of Ala628 at pH 8.5, which is broken as
a result of protonation of the imidazole ring at pH 4.5, is shown with a dashed line.

FIGURE 2: Stereoview of the environment surrounding the Tris binding site. The 2Fo - Fc electron density map drawn atσ ) 1.0 corresponding
to the three waters in the crystal at pH 4.5 is shown in red. The 2Fo - Fc electron density map drawn atσ ) 1.0 corresponding to the Tris
molecule in the crystal at pH 8.5 is shown in blue. Of particular interest is the hydrogen bond with Arg492 which is situated close to
Arg426 in the R conformation.
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and 8.5, and the fact that only 10 (including the poorly
defined Lys64 and Arg161 not listed in Table 2) of 713 side
chains exhibit rmsd’s greater than 2 Å. Such limited changes
in protein structure across a span of 4 pH units, despite the
ionization of histidines and possibly a few other residues
with unique microenvironments such as Tyr238, provides a
unique view of the inherent stability in a protein structure.
In BpKatG there is only one significant main chain distortion
(rmsd greater than 1Å) in the region of residues 52-55 that
is triggered by a change in protonation of His53 (Figure 1).
The conserved His53, when unprotonated, forms a hydrogen
bond with the main chain nitrogen of Ala628, and this is
disrupted by protonation. As in the structure of Ser324Thr
variant (35), the perhydroxy modification on the heme found
in the first BpKatG structure determined (16) was absent

from all of the structures presented here. This would seem
to be the result of batch specific variation, but the cause is
not understood.

Among the other catalogued changes (Table 2), there are
two that are significant because they have mechanistic
implications. One is the appearance at high pH of a covalent
modification on the indole N of Trp111 in the heme cavity
similar to a modification originally observed in the structure
of the Ser324Thr variant of BpKatG (35). The second is the
gradual change in conformation of Arg426 from predomi-
nantly conformation R at pH 4.5 to predominantly conforma-
tion Y at pH 8.5. In addition to these structural changes, the
models at pH 6.5, 7.5, and 8.5 also contain one very well
defined molecule of Tris, used in the buffers to change the
pH, bound to each subunit (Figure 2), and the models at pH

FIGURE 3: Stereo diagrams showing the appearance of a covalent modification on the indole nitrogen of Trp111 with pH. In A, at pH 4.5
there is<10% occupancy of the modification on the indole nitrogen of Trp111 and two waters are closely associated in the heme cavity.
The 2Fo - Fc electron density map is drawn atσ ) 1.0. The distances between water W2 and the heme iron and imidazole of His112 are
2.8 and 2.7 Å, respectively. In B, at pH 8.5, the 2Fo - Fc electron density map atσ ) 1.0 is consistent with a perhydroxy modification
covalently attached to the indole nitrogen and waters W1 and W2 are displaced. The distances between O2 of the perhydroxy modification
and the heme iron and imidazole of His112 are 2.8 and 2.9 Å respectively. In the second subunit, a small amount of the water #1 is
retained.

Table 3: Comparison of the Catalase, Peroxidase, and Oxidase Activities in BpKatG at Different pHs and the Arg426 Variants at the Optimum
pHa for Each Reaction

catalase peroxidase oxidase(340) oxidase(560)

units/mg
BpKatG

pH 4.5 2021( 140 8.9( 0.2 0.2( 0.03 ndb

pH 5.6 3010( 210 1.6( 0.07 0.5( 0.07 nd
pH 6.5 4300( 300 0.6( 0.04 1.9( 0.3 nd
pH 7.5 2020( 140 nd 4.3( 0.6 0.7( 0.1
pH 8.5 560( 39 nd 6.6( 0.6 7.1( 1.1

R426A 95( 9.0 10.8( 1.4 0.57( 0.19 0.16( 0.03
R426E 110( 5.0 10.3( 0.8 0.54( 0.18 0.25( 0.01
R426L 110( 4.0 11.0( 2.4 0.74( 0.01 0.06( 0.01
R426K 3000( 250 10.6( 0.4 0.37( 0.01 0.16( 0.03

a The optimum pHs were catalase pH 7.0, peroxidase pH 4.5, oxidase (both) pH 8.75.b nd, not detectable.
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6.5 and 7.5 both contain a second Tris with a slightly lower
occupancy. Given the lack of success in demonstrating
substrate binding to a KatG, particularly of INH, it is
heartening that Tris presents as the first ligand to have its
binding demonstrated.

Perhydroxy Modification on the Indole of Trp111.A major
pH-related change in the structure of BpKatG lies in the
modification of the Trp111 indole in the heme cavity (Figure
3; Table 2). At pH 4.5, no extraneous electron density is
evident in the vicinity of the indole N except for two nearby
waters, W1 and W2, 2.8 and 2.6 Å away (Figure 3).
However, as the pH is increased from 5.6 to 8.5, electron
density adjacent to the indole N increases, suggesting the
gradual appearance of a modification from a small amount
(∼5 to 10% occupancy) to 100% occupancy. (Figure 3, Table
2). The electron density at pH 7.5 suggests a modification
similar to that previously observed in the S324T variant of

BpKatG (35), ascribed to a perhydroxy group with the O-2
atom adopting two different conformations, displacing either
water 1 or water 2 depending on the conformation. The
electron density in one subunit at pH 8.5 is different in that
it suggests a perhydroxy group adopting one conformation
with O-2 situated 2.7 Å from the heme iron and both waters
1 and 2 absent (Figure 3). Because there is no reason to
expect a pH dependence in the conformation of the perhy-
droxy modification, it is likely that the perhydroxy modifica-
tion in crystals at pH 8.5 and 7.5 and the S324T variant
actually occupies only one conformation, and water 2 is
present in varying amounts associated with O-1, to give the
appearance of two conformations. Crucially, the pH-depend-
ent EPR spectrum correlates with the presence of the Trp
modification at pHg 7.0 (see below).

The effect of the indole modification on oxoferryl forma-
tion to compound I was investigated by attempting to form
the oxoferryl intermediate at pH 7.5 when there is about 70%
occupancy of the indole modification. Unlike oxoferryl
formation at pH 5.6 which proceeded rapidly (26), the
attempts at pH 7.5 did not yield a definitive oxoferryl species
and did not increase the amount of R conformation Arg426

FIGURE 4: Change in the conformation of Arg426 with pH. The
2Fo - Fc electron density maps atσ ) 1.0 corresponding to Arg426
in crystals changed to pH 4.5 (A), pH 6.5 (B), and pH 8.5 (C). In
A >90% of Arg426 is in conformation R in close proximity to
Arg492, Arg497, and Asp495. At pH 8.5, Arg426 is>90% in
conformation Y associated with Tyr238. At pH 6.5, there is
approximately a 50:50 mixture of conformations R and Y.

FIGURE 5: The 9-GHz EPR spectra of wild-type (left panel) and
distal side variants (right panel) ofB. pseudomalleicatalase-
peroxidase in the resting (ferric) state and as a function of pH. Only
the expansion of theg ≈ 6 region of the spectra is shown for clarity.
The axial (arrow) and the rhombically distorted (vertical dotted
lines) signals contributing to the spectra are shown. The comparison
of the ferric signal of the S324T variant and the wild-type enzyme
is shown in the bottom panel. All spectra were recorded at 4 K,
5G modulation amplitude, 1 mW microwave power, 100 kHz
modulation frequency.

5176 Biochemistry, Vol. 45, No. 16, 2006 Carpena et al.



(data not shown). Thus, there is a correlation between the
lack of oxoferryl formation and the presence of the perhy-
droxy modification on the indole, but this cannot be separated
from the alternate explanations that increased Arg426-Tyr238
association at the higher pH interferes with oxoferryl
formation (26) or that oxoferryl formation is slower at higher
pH.

Influence of Arg426 MoVement on Enzymatic ActiVity. The
gradual change in the location of Arg426 with pH ranges
from about 10% conformation Y at pH 4.5 to>95% at pH
8.5, with intermediate amounts of 30, 50, and 75% at pH
5.6, 6.5, and 7.5, respectively (Figure 4; Table 2). The
relative amounts of Y and R conformations at different pHs
are also correlated with the relative amounts of the two
rotamers of Thr119 and the occupancies of several water
molecules, located in the vicinity of the guanidinium group
of Arg426 in the R conformation (Table 2). These correlated
changes emphasize that a number of interactions, besides
the dominant association between Arg426 and Tyr238,
contribute to the relative stability of the Y and R conforma-
tions.

The catalase and NADH oxidase reactions are similar in
that there is an initial oxidation step (the heme to compound
I in catalase and Trp111 to indole-perhydroxy in oxidase)
followed by a reduction step (compound I to water in catalase
and indole-perhydroxy to superoxide in oxidase). Given the
importance of the Met-Tyr-Trp adduct to both reactions, it
was anticipated that Arg426 might have a role in modulating
the oxidase reaction as well as the catalase reaction. This is
clearly evident in variants lacking Arg426 that all exhibit
significantly lower NADH oxidase, reflecting their lower
catalase activities (Table 3).

pH-Induced Changes Detected by 9 GHz EPR Spectros-
copy.EPR spectroscopy, performed at liquid helium tem-
peratures on frozen solution samples was used as a comple-
mentary approach to monitor the pH-induced changes in the

heme active site of BpKatG. The high sensitivity of the EPR
spectrum to subtle modifications in the heme environment
induced by distal and proximal side mutations has proved
to be an important tool to better understand changes in the
activity of SyKatG (12). The low temperature (4 K) 9 GHz-
EPR spectrum of resting BpKatG is characteristic of high-
spin (S) 5/2) pentacoordinated ferric heme enzymes, with
two main resonances atg ≈ 6 andg ≈ 2. Specifically, the
EPR spectrum of the resting enzyme shows the contribution
of two predominant forms (Figure 5, left panel): a rhomb-
ically distorted signal, withgBx ) 6.50,gBy ) 5.10 andgBz

) 1.97 and an axial signal, withgA⊥ ) 5.90 andgA| ) 1.99.
As previously shown for SyKatG (see Figure 1 in ref 12),
the relative contribution of each signal to the EPR spectrum
of BpKatG is pH-dependent, with the axial signal becoming
predominant at acidic pH (see arrow in Figure 5, left panel).
Interestingly, the comparison of the previously characterized
pH-dependent EPR spectra of SyKatG to that of BpKatG
show a similar trend of the relative contributions of the axial
and rhombically distorted signals in both enzymes below pH
7. In the spectra at pH 7.3 and 8.3, the axial signal becomes
predominant for SyKatG, whereas for BpKatG the relative
contribution of the axial signal is rather low (Figure 5, left
panel). Residues in the heme active sites of KatG’s are highly
conserved making an enzyme-specific difference in proto-
nation unlikely. Therefore, the differences observed in the
EPR spectra of BpKatG at pHg 7 as compared to SyKatG
must be the result of some other change in the interactions
of the heme iron with its microenvironment. The EPR
spectrum (g tensor) is highly sensitive to small differences
in relative positioning of the iron, the water(s) and the
imidazole or indole nitrogens; the perhydroxy modification
on Trp111 with its reorganized water matrix in the heme
cavity presents an obvious explanation. Consequently, the
resulting subtle changes in relative distances and/or hydrogen
bonding strengths in the heme iron environment induced by
the perhydroxy modification on Trp111 observed in the
crystal structure are significant enough to modify the ferric
EPR spectrum. The absence of the indole modification
predicted by the EPR spectrum of SyKatG and the correlation
of the modification with the NADH oxidase activity suggests
that SyKatG should exhibit very low NADH oxidase levels,
and this is indeed the case (data not shown).

The EPR spectra of three distal side variants affecting
Trp111 to different extents (W111F, Y238F, and M264L)
are also consistent with the influence of the perhydroxy
modification on the BpKatG EPR spectrum. The EPR
spectrum of the M264L variant, where the cross-link between
Trp111 and Tyr238 is present (23) and no significant
geometry change on the microenvironment of the iron is
expected, is very similar to that of native BpKatG at pH 8.4
(Figure 5, right panel), with a predominant rhombically
distorted signal. In contrast, the EPR spectra of both W111F
and Y238F at pH 8.4 have a predominant axial signal (Figure
5, right panel), indicative of differences in the microenvi-
ronment of the heme iron which can be rationalized by the
absence of the perhydroxy modification either because
tryptophan is absent (W111F) or not cross-linked to Tyr238
(Y238F). This is also consistent with the absence of oxidase
activity in both variants (5, 26). In particular, the EPR spectra
of the Arg426 variants, represented by R426A (the spectra
of R426K and R426I are identical) in Figure 5 (right panel),

FIGURE 6: Scheme showing a possible mechanism for the oxidation
of the indole nitrogen of Trp111. The dotted arrow in the top panel
is intended to demonstrate electron flux from the tyrosinate ion
toward the indole. The dashed lines in the lower panel denote
associations of the O2-H of the perhydroxy with the heme iron
(2.7 Å) and the His112 imidazole (2.9 Å).
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are indistinguishable from the native BpKatG spectra over
the whole pH range, suggesting the presence of the perhy-
droxy modification despite the lack of oxidase activity.

The perhydroxy-indole modification was originally ob-
served in the structure of the S324T variant at pH 5.6 (35),
whereas no such modification is evident in the structure of
the native enzyme at the same pH. Significantly, the ferric
EPR spectrum of the S324T variant at pH 5.7 clearly shows
a lower contribution of the axial signal (gA⊥ ) 5.90 andgA|

) 1.99) as compared to the native enzyme at the same pH
(Figure 5, bottom panel) that could be explained by the
presence of the perhydroxy-indole modification on Trp111.
The small difference in theg values of the rhombically
distorted signal of the S324T variant (gBx ) 6.36,gBy ) 5.17
andgBz ) 1.97) as compared to the native enzyme can be
accounted for by the geometrical changes induced by the
hydrogen bonding of the introduced Thr residue with the
heme propionates (35).

DISCUSSION

The appearance of a perhydroxy modification on the indole
nitrogen of Trp111, situated on the distal side of the heme,
is one of two significant pH-induced changes observed in
BpKatG. The rapidity of perhydroxy-indole formation, 100%
yield after just 1 min soaking of the crystal at pH 8.5,
suggests a very facile reaction with molecular oxygen in the
buffer at high pH, which correlates well with the pH optimum
of 8.75 for the NADH oxidase reaction (5). The covalent
attachment of oxygen to the indole creates a very different
molecular species compared to its noncovalent binding to
heme iron in other oxygen binding proteins (Figure 6). The
fact that NADH is too large to fit into the heme cavity
necessitates electron transfer from a remotely bound NADH
to the oxygen most likely through the protein, and covalent
linkage of the oxygen to the indole makes possible direct
electron transfer from the protein. It is also important that
the perhydroxy-indole modification was detected by both
X-ray crystallography and EPR spectroscopy, because it
suggests that the modification forms in aqueous solution upon
buffer exchange prior to freezing the solution samples for
EPR measurements. This is consistent with the previous
evidence that frozen solution samples of CcP used for the
EPR measurements mimic very well the geometry of the
heme active site revealed by the crystal structure of the
enzyme (36, 37).

The perhydroxy modification was first observed in the
S324T variant of BpKatG at pH 5.6, accompanied by 70%
conformation Y as compared to 30% in the native enzyme
at that pH (35). At the time, the significance of the indole
modification and conformational change of Arg426 in the
S324T variant were not obvious, and no attempt was made
to provide an explanation. Subsequently, the EPR spectrum
of the S324T variant at pH 5.7 has been found to be
consistent with the presence of the modification. The
additional Thr324 methyl group must facilitate indole oxida-
tion and influence the Arg426 conformation, as well as
constrict the heme access channel interfering with INH
activation. The significance of W111 indole reactivity being
modified by such a subtle and remote structural change lies
in the context of the other unusual reactions in the BpKatG
active site, including the perhydroxy-heme modification

present in some batches of protein and the cross linked Met-
Tyr-Trp adduct.

The formation of the perhydroxy-indole modification
appears to be correlated with the movement of Arg426 from
R to Y conformation. However, the independence of the two
processes is demonstrated by the EPR spectra of the R426
variants being consistent with the presence of the modifica-
tion at pH>7 despite the absence of Arg426. There is,
however, a clear requirement for Arg426 in the oxidase
reaction (Table 3) implying that, if Arg426 is not required
for perhydroxy-indole formation, it must be required for
perhydroxy-indole reduction. Furthermore, because Arg426
is in conformation Y at pH 8.5, its role is similar to that in
the catalase reaction, inductively lowering electron density
on the indole and facilitating the reduction reaction.

The second pH-induced change in structure is the shift in
equilibrium between conformations R and Y of Arg426,
which can be correlated with and explain, at least in part,
the pH optima for the peroxidase, catalase, and NADH
oxidase reactions of 4.5, 6.5, and 8.75, respectively (5). At
pH 4.5, Arg426 is predominantly in the R conformation,
remote from Tyr238, allowing the tyrosinate charge to
delocalize onto the heme, enhancing oxoferryl formation and
the peroxidase reaction (26). The equal proportions of Y and
R at pH 6.5 suggest a facile equilibrium providing optimum
conditions for both oxoferryl formation (conformation R) and
oxoferryl reduction by H2O2 (conformation Y) required for
the catalase reaction. At pH 8.5, Arg426 occupies predomi-
nantly conformation Y, associated with Tyr238, which
inductively lowers electron density on the heme and adduct
favoring perhydroxy-indole reduction in the oxidase reaction.

The properties of the R426K variant with the lysine side
chain partially replacing the arginine in the catalase reaction
but not in the oxidase reaction require some explanation.
Modeling suggests that the lysine side chain at residue 428
cannot approach the Tyr238 tyrosinate ion as close as the
arginine guanidinium without main chain distortion. This
conclusion is consistent with the K426-Tyr238 interaction
being too weak to facilitate perhydroxy-indole reduction, but
it begs the question of how it is sufficiently strong to facilitate
oxoferryl reduction in the catalase reaction. Several explana-
tions are possible including the differences in structures of
the oxoferryl and perhydroxy-indole structures, in their
locations relative to K426-Tyr238, in the electron donors
(H2O2 and NADH), in their binding locations, and possibly
even in the ratio of Y and R conformations of the Lys426
side chain.
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