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ABSTRACT: KatG fromMycobacterium tuberculosisis a heme-containing catalase-peroxidase, which belongs
to the class I peroxidases and is important for activation of the prodrug isoniazid (INH), a front-line
antituberculosis drug. In many clinical isolates, resistance to INH has been linked to mutations on the
katG gene, and the most prevalent mutation, S315T, suggests that modification of the heme pocket has
occurred. Electronic absorption and resonance Raman spectra of ferric wild-type (WT) KatG and its INH-
resistant mutant KatG(S315T) at different pH values and their complexes with INH and benzohydroxamic
acid (BHA) are reported. At neutral pH, a quantum mechanically mixed spin state (QS) is revealed, which
coexists with five-coordinate and six-coordinate high-spin hemes in WT KatG. The QS heme is the major
species in KatG(S315T). Addition of either INH or BHA to KatG induces only minor changes in the
resonance Raman spectra, indicating that both compounds do not directly interact with the heme iron.
New vibrational modes are observed at 430, 473, and 521 cm-1, and these modes are indicative of a
change in conformation in the KatG heme pocket. The intensity of these modes and the relative population
of the QS heme are stable in KatG(S315T) but not in the WT enzyme. This indicates that there are
differences in heme pocket stability between WT KatG and KatG(S315T). We will discuss the stabilization
of the QS heme and propose a model for the inhibition of INH oxidation by KatG(S315T).

Mycobacterium tuberculosisinfection is the second leading
cause of death worldwide among known infectious diseases
(1). Isoniazid (INH)1 has been the cornerstone in tuberculosis
chemotherapy for almost half a century since its discovery
as a potent antituberculosis drug in 1952 (2). Although its
mechanism of action is not fully understood, two enzymes
involved in mycolic acid synthesis, InhA (NADH-dependent
enoyl-ACP reductase) and kasA (â-ketoacyl-ACP synthase),
are believed to be inhibited by a metabolite of INH (3-5),
which is generated by functional catalase-peroxidaseM.
tuberculosisKatG (6-11). Immediately after its introduction,
resistance to INH was observed, and in the majority of
clinical isolates, mutations of thekatG gene encoding
catalase-peroxidase were linked to INH resistance (11). The
most frequently encountered mutation is the S315T substitu-

tion, which has been found in>50% of resistant isolates
(12-20). On the basis of sequence homologies with cyto-
chrome c peroxidase (CCP) and ascorbate peroxidases
(APXs), the bacterial catalase-peroxidases have been clas-
sified as class I peroxidases (21). Peroxidases belonging to
the superfamily of plant peroxidases are generally divided
in three classes according to their origin. Class I includes
the intracellular peroxidases of prokaryotic origin, class II
constitutes the secretory fungal peroxidases, and class III
contains the classical secretory plant peroxidases (21). KatGs
are homomultimeric proteins with monomers approximately
double in size compared to those of CCP or APXs, due to
gene duplication (22). Sequence alignment of catalase-
peroxidases (23) suggests that they also have conserved the
amino acid triad Arg/Trp/His in the distal heme pocket and
the triad His/Trp/Asp in the proximal heme pocket similar
to class I peroxidases. Despite the striking sequence homolo-
gies, there are significant differences in catalytic activity and
substrate specificity between KatGs and class I peroxidases.
KatGs exhibit both catalase activity comparable with cata-
lases and typical peroxidase activity with broad specificity
(6).

The M. tuberculosiscatalase-peroxidase (KatG) is a
bifunctional enzyme that exists as a homodimer of 80 kDa
subunits, both of which contain one heme iron (24, 25).
Besides the catalase-peroxidase activity, Mn2+-dependent
peroxidase, cytochrome P450-like oxygenase, and peroxy-
nitritase activities have also been reported (6, 11, 24-28).
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Although crystals have been grown of several catalase-
peroxidases, no crystal structure of a KatG was available
until very recently when the crystal structure of a catalase-
peroxidase fromHaloarcula marismortuiwas determined at
2.0 Å resolution (29-31). On the basis of sequence align-
ment withSaccharomyces cereVisiaeCCP andHmCP KatG,
the M. tuberculosis KatG amino acid residue Ser315
(analogous to CCP Ser185 andHmCP Ser305) hydrogen
bonds to a heme propionate, which suggests that modification
of the heme pocket gives rise to INH resistance in KatG-
(S315T). Structural information about the KatG active site
has mainly been obtained by spectroscopic techniques and
comparison to the crystal structures of CCP and APX based
on sequence homology (32-41). Recent spectroscopic data
have revealed a histidine residue with imidazolate character
as the proximal heme ligand inM. tuberculosisKatG (36).
UV-vis and resonance Raman data suggest that the distal
heme environment of ferric and ferrous KatG(S315T) is
altered relative to wild-type (WT) KatG as demonstrated by
a greater population of six-coordinate, low-spin (6-c LS)
heme in KatG(S315T) (36, 37). In these studies, some 6-c
LS was reported for WT KatG (36), while in a similar study
only a trace amount of a 6-c LS ferric heme could be detected
(35). In the latter case, the majority of the heme iron species
is five-coordinate, high spin (5-c HS), but heterogeneity in
heme spin state increases as the isolated enzyme ages during
storage (41, 35). A recent report on KatG from the cyano-
bacteriumSynechocystisdemonstrated the presence of 5-c
HS, 6-c HS, and 6-c LS heme species, underscoring the heme
spin state heterogeneity in KatGs (42). Resonance Raman
studies on the CO complexes of WT KatG and KatG(S315T)
also indicated differences in the heme environment of these
two enzymes, though INH did not disturb the heme environ-
ment of the heme-CO complex (37).

The affinity of INH to WT KatG has been reported to be
cooperative with a dissociation constant of 2.2µM, while
INH concentrations as high as 1 mM do not induce a change
in the absorption spectrum of KatG(S315T) (38). Even
though there are large differences in affinity, it has been
observed that KatG(S315T) oxidizes INH with a rate
equivalent to that of the WT enzyme after addition of alkyl
peroxides (39; R. S. Magliozzo, unpublished results). On the
basis of NMR15N relaxation measurements, the distance
between the heme iron and an INH amide nitrogen has been
estimated to be approximately 4 Å for both WT KatG and
KatG(S315T) (38, 40). EPR and resonance Raman data
indicate that addition of INH to the WT enzyme and the
mutant induces a small change in heme coordination state
from 6-c HS to 5-c HS, in agreement with the 2 nm blue
shift of the Soret absorption band of WT KatG (36, 38).

In this work, we use electronic absorption and resonance
Raman spectroscopies to investigate the heme pocket proper-
ties of our ferric WT KatG and KatG(S315T) preparations
and their complexes with INH and benzohydroxamic acid
(BHA) to obtain a better understanding of the effect of the
S315T mutation and INH binding on the heme and its protein
environment. Our study reveals the existence of a 5-c
quantum spin (QS) heme that coexists with 5-c and 6-c HS
heme species. To the best of our knowledge, this is the first
time that such a species has been observed in a class I
peroxidase. Furthermore, we observe enhancement of new
vibrational modes of the heme cofactor at 430, 473, and 521

cm-1 after addition of INH to WT KatG, in the S315T
mutant, and at alkaline pH. The QS heme and the enhance-
ment of the low-frequency vibrations were not observed in
earlier resonance Raman investigations of KatGs (37, 42).
The enhancement of the low-frequency vibrations suggests
that conformational changes have occurred in the KatG heme
pocket. We investigate the origin of the QS heme and the
enhancement of these vibrations by comparison of KatG with
BHA-bound horseradish peroxidase isozyme C (HRP-C) (43)
and the recent crystal structure ofHmCP KatG (31). Finally,
we discuss a model for the inhibition of INH oxidation in
KatG(S315T).

MATERIALS AND METHODS

Materials.The plasmid pKAT II (a gift from Stewart Cole,
Institut Pasteur, Paris) (24) was used as an overexpression
vector for KatG and as the source for thekatG gene which
was cloned into pKS II+ to generate pSY15 used for
mutagenesis.Escherichia colistrain DH5R was used as a
host for the plasmids and cloning procedures; BMH71-18
mutS was used in the mutagenesis step. Strain UM262 (recA
katG::Tn10 pro leu rpsL hsdMhsdR endl lacY) (44) was used
for KatG and KatG(S315T) overexpression. The site-directed
mutagenesis kit was from Clontech (Palo Alto, CA). H2

18O
(95% enrichment) was purchased from Medical Isotopes, Inc.
All other reagents were from Sigma-Aldrich.

Site-Directed Mutagenesis of the M. tuberculosis katG
Gene.Mutagenesis was performed using the Transformer
site-directed mutagenesis kit from Clontech (Palo Alto, CA).
The 1.0 kb ClaI-XhoI fragment of thekatG gene was
subcloned into the pKS II+ vector in a two-step cloning
process to generate pSY15, in which site-directed mutagen-
esis was performed. The mutagenesis primer was CGAT-
CACCACCGGCATCGAGGT (S315T); the selection primer
was CTGTGACTGGTGAGATCTCAACCAAGTC; a unique
restriction site (ScaI) was replaced by a new unique restric-
tion site (BglII) (letters in boldface type indicate base(s)
changed during mutagenesis; the underlined portion of the
sequence represents the restriction enzyme site after conver-
sion). Sequence confirmation was done on double-stranded
plasmid DNA by the Sanger method (45) through Gene Link,
Inc. (Hawthorne, NY), to confirm the desired nucleotide
substitution. The confirmed mutatedkatG insert was excised
from the pKS II+ vector using restriction enzymesNheI and
XhoI. This NheI-XhoI fragment containing the S315T
mutation was ligated to the pKAT vector to replace the
corresponding wild-type fragment and generate pSY31.

Isolation and Purification of M. tuberculosis Catalase-
Peroxidase.The catalase-peroxidase used in this study was
isolated and purified from an overexpression system inE.
coli strain UM262 (KatG minus) expressing theM. tuber-
culosis katG gene. The bacteria were grown in the presence
of the heme biosynthetic precursor,δ-aminolevulinic acid.
The enzyme was purified by FPLC according to a published
procedure with minor modification (26). The purified enzyme
was in 20 mM potassium phosphate buffer at pH 7.2. All of
the samples used in this study were 2 weeks old to avoid
changes in heme spin state distribution due to aging of the
protein unless stated otherwise. These changes associated
with purification procedures and storage are well documented
in a recent publication (41). For the pH studies, KatG samples
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were transferred to 20 mM citrate buffer at pH 5 or 20 mM
borate buffer at pH 10. The D2O samples were prepared by
diluting the protein in the corresponding D2O buffer solutions
and concentrating to yield 90-95% enrichment. KatG was
dissolved in H2O, D2O, and H2

18O buffered solutions and
left to exchange for 1 day.

Electronic Absorption and Resonance Raman Spectros-
copy.Electronic absorption spectra were recorded at room
temperature with a UV-vis spectrophotometer (Lambda P40
Perkin-Elmer). The resonance Raman spectra were obtained
using a single spectrograph (TriAx 550, JY/Horiba) and a
N2(l)-cooled CCD detector (Spectrum One, JY/Horiba) with
a UV-enhanced 2048× 512 pixel chip (EEV). The Rayleigh
scattering was removed by using a 413.1 nm holographic
notch filter (Kaiser Optical). The samples were excited with
either the 406.7 or the 413.1 nm line from a Kr+ laser
(Coherent, I-302). The samples were placed in a spinning
cell under an N2 atmosphere and kept at 6( 2 °C during
the experiments. Sample concentration was 40µM, and the
laser power incident on the sample was 10 mW. The KatG-
INH, KatG-BHA, and KatG(S315T)-INH complexes were
prepared by addition of 10, 15, and 500 equiv of the
corresponding compound, respectively. The resonance Ra-
man spectra were corrected for a background by subtracting
a polynomial function. The vibrational modes were labeled
and assigned following the literature unless indicated dif-
ferently (46-48). Toluene was used to calibrate the reso-
nance Raman spectra. To determine relative peak intensities
and positions, a curve-fitting program was used to simulate
experimental spectra using Lorentzian line shapes. A band-
width of 13.5 cm-1 was used for the simulation of theν3

region following the literature (49).

RESULTS

Electronic absorption spectra of KatG and KatG(S315T)
are shown in Figure 1. The Soret band appears at 407 nm

for both proteins, whereas a broad porphyrin-to-metal charge
transfer band (CT1) is observed at 630 nm. The CT1 band,
which is observed only in ferric high-spin heme proteins,
ranges from 600 to 637 nm for 6-c hemes and ranges from
640 to 652 nm for 5-c hemes with an imidazole as the
proximal ligand. The absorption spectra in Figure 1 are
therefore indicative of high-spin heme. No low-spin heme
absorption bands are observed between 565 and 580 nm for
either the wild type or the mutant at the three pHs studied
(39). Furthermore, the extinction coefficients for theR and
â bands of 6-c LS peroxidase complexes are nearly 5-fold
larger than those at similar wavelengths for HS ferric
peroxidases (50). Therefore, no significant amount of low-
spin heme is present in our samples.

Figure 2 shows the high-frequency resonance Raman
spectra of KatG and of its 6-c LS complexes with imidazole
and cyanide and its 6-c HS complex with fluoride at 280 K
and at the indicated pH and excitation wavelength. The heme
vibrations above 1300 cm-1 have been shown to be sensitive
markers of the oxidation state, the coordination number, and
the spin state of the heme as well as of the CdC vinyl
stretching vibrations (51). Theν4 band, which is known as
the oxidation state marker, is observed at 1376 cm-1 for WT
KatG (A), a frequency typical of an Fe(III) heme. The
resonance Raman spectrum of WT KatG shows a compli-
catedν3 region. Curve fitting of theν3 band reveals three
almost equally populated components at 1487, 1495, and
1503 cm-1 (Table 1; fits are shown in Supporting Informa-
tion). Theν3 mode at 1495 cm-1 is typical of a 5-c HS ferric
heme. The vibration at 1487 cm-1 is attributed to a 6-c HS
ferric heme, and it has a slightly higher frequency than in

FIGURE 1: UV-vis spectra of wild-type KatG (A) and KatG-
(S315T) (B) at pH) 7.2. FIGURE 2: High-frequency resonance Raman spectra of ferric wild-

type KatG obtained with 406.7 nm excitation at pH) 7.2 (A), its
complex with imidazole at pH) 10 with 413.1 nm excitation (B),
its complex with cyanide at pH) 10 with 413.1 nm excitation
(C), and its complex with fluoride at pH) 7.2 with 406.7 nm
excitation (D). Inset:ν3 region of wild-type KatG at pH) 7.2
with 406.7 and 413.1 nm excitation.
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the 6-c HS fluoride complex (D). Theν3 vibration with a
frequency of 1503 cm-1 could be interpreted as a 6-c LS
heme species, but three observations argue against such an
assignment. First, as mentioned above, the absorption
spectrum of WT KatG shows no bands due to a LS heme.
Second, low-temperature EPR spectroscopy indicates that the
amount of 6-c LS heme in our preparation is small (<10%)
in WT KatG (41). Third, excitation of WT KatG at 413.1
nm to enhance a potential low-spin heme does not result in
an increase of the intensity of the 1503 cm-1 vibration
(Figure 2, inset). This is in contrast with an earlier study on
M. tuberculosisKatG where small and large increases in the
intensity of the 1503 cm-1 band were observed in WT KatG
and KatG(S315T), respectively, when a LS heme was excited
at 413.1 nm (36). Moreover, addition of imidazole and
cyanide to KatG to form a low-spin heme results inν3

vibrations with higher frequencies at 1505 and 1508 cm-1,
respectively. An alternative assignment of theν3 band at 1503
cm-1 is to a quantum mechanically mixed spin (QS) species,
which results from the admixture of high (S ) 5/2) and
intermediate (S ) 3/2) spin states (52, 53) and has been
reported forChromatiumferricytochromec (52, 54) and
several class III peroxidases (48, 55-59; Table 2), but its
observation in a class I peroxidase is new.

Figure 3 shows the high-frequency resonance Raman
spectra of KatG excited at 406.7 nm at acidic, neutral, and
alkaline pH at 280 K. Theν4 band is observed at 1376 cm-1,
for all three pH values, but the coordination and spin states
of the heme are affected by variation of pH (Table 1; fits
are shown in Supporting Information). The three heme
species are observed at acidic and neutral pH with similar

relative intensities, and the 5-c HS species dominates slightly.
At pH 10, the QS species, withν3 at 1503 cm-1, gains
intensity at the expense of the 6-c HS and becomes the major
spin species. At pH 5, theν2 region shows a band centered
at 1570 cm-1 with two shoulders at 1590 and 1552 cm-1.
As the pH is raised from 5 to 10, theν2 mode at 1570 cm-1

and theν19 mode at 1590 cm-1 upshift, theν11 mode at 1552
cm-1 band becomes more resolved, and theν38 mode at 1526
cm-1 gains intensity. The large overlap of bands in theν2

region and the presence of three heme species complicate a
straightforward assignment of the above-mentioned vibra-
tions. However, the shift patterns observed with increasing
pH are in agreement with a change from 6-c HS (ν2 ) 1568
cm-1) to 5-c QS (ν2 ≈ 1582 cm-1) (48, 60). The resonance
Raman spectral region between 1600 and 1650 cm-1 is also
complex. In this region, the vinyl stretching vibrations and
the porphyrinν10 modes are expected. The band at 1623 cm-1

and a shoulder around 1634 cm-1 are tentatively attributed
to the vinyl stretching vibrations (60). It has been proposed
that when the protein matrix exerts no constraints on the
vinyl groups, two distinct vinyl stretching modes should be
observed in their resonance Raman spectrum: one band,
around 1620 cm-1, assigned to a nearly in-plane vinyl group
and the other band, around 1630 cm-1, to an out-of-plane
vinyl group (61). In CCP, the bulky Met172 residue is in
close proximity to vinyl 2, and the vinyl stretching modes
are found to coincide at 1623 cm-1 (60; Table 2). The Ile266
residue inM. tuberculosisKatG aligns with CCP Met172
andHmCP Ile255 (34) and may cause less steric hindrance

Table 1: Contribution (%) of the Three Heme Spin States

ν3 )
1487 cm-1,

6-c HS
heme (%)

ν3 )
1495 cm-1,

5-c HS
heme (%)

ν3 )
1503 cm-1,

QS
heme (%)

KatG WT
pH ) 5 34( 1 37( 2 29( 1
pH ) 5 + INH 25 40 35
pH ) 7.2 33( 1 35( 4 32( 3
pH ) 7.2+ INH 27 36 37
pH ) 7.2+ BHA 28 39 33
pH ) 10 22( 3 37( 1 40( 3
pH ) 10 + INH 23 38 39

KatG(S315T)
pH ) 5 43 36 21
pH ) 7.2 13 38 49
pH ) 7.2+ INH 11 40 50
pH ) 10 10 39 51

fresh KatG WT 8 38 54
fresh KatG(S315T) 42 58

Table 2: Assignment of Resonance Raman Bands (cm-1) Observed for FerricM. tuberculosisKatG, Cytochromec Peroxidase (CCP),C.
cinereusPeroxidase (CIP), Horseradish Peroxidase Isozyme A2 (HRPA2), and Tea Cationic Ascorbate Peroxidase Isoenzyme II (TcAPXII)

KatG CCPa (class I) CIPb (class II) HRPA2c (class III) TcAPXIId (hybrid)

assignment
ν10 1629 1631 1618, 1629, 1637 1620, 1628, 1637
ν(CdC) 1623, 1634 1620 1625 1622, 1631 1620, 1632
ν2 1571 1570 1566 1564, 1572 1572
ν3 1487, 1495, 1503 1494 1493 1485, 1492, 1503 1485, 1490, 1501
ν4 1376 1372 1371 1374

spin state 6-c HS, 5-c HS, QS 5-c HS 5-c HS 6-c HS, 5-c HS, QS 6-c HS, 5-c HS, QS
a Reference82. b Reference83. c Reference57. d Reference49.

FIGURE 3: High-frequency resonance Raman spectra of ferric wild-
type KatG obtained with 406.7 nm excitation at pH) 5 (A), pH
) 7.2 (B), and pH) 10 (C).
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compared to Met172 in CCP, giving rise to two distinct
ν(CdC) vibrations. A reproducible 1 cm-1 upshift is
observed for the 1623 cm-1 band at alkaline pH. Theν10

modes of the 5- and 6-c HS hemes are hidden by the vinyl
stretching bands, and a small intensity around 1638 cm-1

can be attributed to theν10 mode of the QS heme spin state
(56). Raman polarization spectra of KatG obtained with 406.7
nm excitation (see Supporting Information) support these
assignments, since they reveal polarized bands for the vinyl
modes (1623, 1634 cm-1) and a depolarized band at 1638
cm-1 for the ν10 mode.

The low-frequency resonance Raman spectra of KatG at
280 K at acidic, neutral, and alkaline pH are shown in Figure
4. Although a full assignment of the low-frequency bands is
not straightforward, a tentative assignment of several bands
can be made on the basis of the heme assignment in
metmyoglobin (62). The bands at 444 and 403 cm-1 are
attributed to bending modes of the vinyl groups,δ(CâCaCb).
The other bands, occurring at 379, 350, and 334 cm-1, are
assigned to the bending mode of the propionate groups
[δ(CâCcCd)], ν8, and γ6, respectively. The presence of an
intenseγ6 band, the steady intensity of the 379 cm-1 band,
and the absence of a band around 418 cm-1 are additional
evidence for the absence of a 6-c LS heme (63). The
frequency of δ(CâCcCd) (379 cm-1) is relatively high,
indicating a strong hydrogen-bonding environment of the
propionate groups (64-66). This is not surprising, because
the HmCP structure shows up to four hydrogen bonds to
propionate 7 and two hydrogen bonds to propionate 6 (31).
No changes are observed in the low-frequency region as the
pH is raised from 5 to 7.2. At alkaline pH, however, the
intensity of the 379 and 403 cm-1 bands slightly decreases,
the 444 cm-1 band broadens, the shoulder at 473 cm-1 of
the 477 cm-1 band gains intensity, and two new vibrations
appear at 430 and 521 cm-1. Overlapped and difference
spectra that emphasize these changes are provided in the
Supporting Information. The fact that the bending frequencies
of the propionate groups do not change indicates that they
remain firmly held by hydrogen bonds from the protein
matrix. Although the new modes at 430, 473, and 521 cm-1

lose intensity in D2O, they are not isotope sensitive in H2
18O

(Figure 4, inset), which indicates that they cannot be due to
Fe-OH or Fe-OH2 vibrational modes. In contrast, the 379
and 403 cm-1 bands gain intensity in H218O but not in D2O.
The observation of H218O sensitivity of the propionate
bending mode is peculiar. However, our experiments were
performed at pH 10, and the C(4)dO of riboflavin can be
exchanged with18O in 1 M Na18OH at 25°C (76). Therefore,
we hypothesize that, in WT KatG at pH 10, the oxygens of
one of the propionate groups can be exchanged with18O,
giving rise to the isotope sensitivity. We are currently
conducting further experiments to test this hypothesis.

Figure 5 shows the resonance Raman spectra of ferric
KatG(S315T) acquired at acidic (A), neutral (B), and alkaline
(C) pH. Curve fitting to theν3 region at pH) 7.2 (see
Supporting Information) reveals the existence of two major
heme species, namely, a 5-c HS (1494 cm-1) and a 5-c QS
(1502 cm-1) with a minor 6-c HS heme population at 1487
cm-1 (Table 1). The absence of bands around 565-580 nm
in the electronic absorption spectrum (Figure 1) as well as
the low amount of a LS heme species in the EPR data (41)
excludes the presence of a LS heme, as already concluded
for the WT enzyme. In contrast with a previous resonance
Raman study, excitation at 413.1 nm does not enhance the
1502 cm-1 vibration (Figure 5, inset), also arguing against
a LS heme species (36). The QS heme species is dominant
in the S315T mutant (Table 1), and the 6-c HS species is
almost absent, while the latter has a notable intensity in WT
KatG. As the pH is raised from 7.2 to 10, the amount of the
QS species does not increase, while in WT KatG an increase
of the QS species is observed at alkaline pH. Polarization
studies show that two vinyl stretching modes are present:
one at 1623 cm-1 and one at 1634 cm-1 closely overlapped
with the ν10 vibration of the 5-c QS heme, because its
depolarization relative to the 1623 cm-1 mode is too low
for a pure ν10 vibration and too high for a pure vinyl
stretching mode (see Supporting Information). In the low-
frequency region (Figure 5, panel II), the vibrations at 430,
473, and 521 cm-1 are clearly observed even at neutral pH
and further enhanced at alkaline pH. The 473 and 477 cm-1

vibrations also gain intensity, and the propionate bending

FIGURE 4: Low-frequency resonance Raman spectra of ferric wild-
type KatG with 406.7 nm excitation at pH) 5 (A), pH ) 7.2 (B),
and pH) 10 (C). Inset: resonance Raman spectra of wild-type
KatG with 406.7 nm excitation at alkaline pH in H2

16O, D2O, and
H2

18O buffered solutions.

FIGURE 5: High-frequency (I) and low-frequency (II) resonance
Raman spectra of KatG(S315T) with 406.7 nm excitation at pH)
5 (A), pH ) 7.2 (B), and pH) 10 (C). Inset: ν3 region of
KatG(S315T) at pH) 7.2 with 406.7 and 413.1 nm excitation.

Conformational Changes inMtb KatG Biochemistry, Vol. 42, No. 13, 20033839



mode at 378 cm-1 slightly decreases in intensity at alkaline
pH (see Supporting Information for overlapped and differ-
ence spectra). At acidic pH, a remarkable decrease of the
amount of the QS (1502 cm-1) is observed with a concurrent
increase of the 6-c HS species (1487 cm-1, Table 1). In the
low-frequency region (Figure 5, panel II), there are no bands
observed at 430 and 521 cm-1, while the intensity of the
473 cm-1 band has significantly decreased.

On addition of INH to WT KatG, the Soret band blue shifts
2 nm and the CT1 band red shifts∼4 nm, indicating a slight
increase in 5-c heme in the presence of the drug (data not
shown). Addition of the INH structural analogue BHA
(Figure 6) to WT KatG induces similar changes in the
absorption spectrum, also implying an increase in the
population of the 5-c heme species (data not shown). Panel
I in Figure 7 compares the resonance Raman spectra of KatG
and of its complexes with INH and BHA at neutral pH taken
with Soret excitation. Only minor but reproducible changes
occur upon the binding of INH and BHA. Curve fitting to
the ν3 region of the KatG-INH complex reveals a small
decrease in the intensity of the 6-c HS species (1487 cm-1)
with a concurrent small increase of the intensity of the QS
species (1502 cm-1) with respect to resting KatG (Table 1).
These small but reproducible changes noted for theν3

vibration are also reflected in the other vibrational modes.
Theν2 region shows a 2 cm-1 upshifted band, compared to
resting KatG, centered at 1573 cm-1 with a more resolved
shoulder at 1552 cm-1 and a 2 cm-1 upshifted band at 1592
cm-1. The vinyl stretching vibration upshifts 1 cm-1, while
a slight increase in the intensity around 1638 cm-1, ν10 of
the QS heme, is observed. Binding of BHA induces the same
changes in theν2 region. Curve fitting to theν3 region of
the KatG-BHA complex reveals a slight increase in the

intensity of the 5-c HS (1495 cm-1) at the expense of the
6-c HS species (1487 cm-1) (Table 1), which is in contrast
with the effect of INH. In the low-frequency region (Figure
7, panel II, and panel III in Supporting Information), two
new vibrational modes are enhanced in the presence of INH
at pH 7.2. These are the vibrations at 430 and 521 cm-1,
which are also observed at alkaline pH in resting KatG
(Figure 4) and in the S315T mutant at pH) 7.2 (Figure 5).
The same modes are weakly enhanced in the presence of
BHA.

Soret-excited resonance Raman spectra of the INH com-
plexes of KatG at acidic, neutral, and alkaline pH are shown
in Figure 8. At acidic pH, the 6-c HS (1487 cm-1) species
loses intensity upon addition of INH while the 5-c HS (1495
cm-1) and QS (1503 cm-1) slightly gain intensity (Table 1,
Figures 3 and 8). The formation of a minor amount of 6-c
LS heme upon addition of the drug cannot be excluded as
indicated by the shoulders at 1506 and 1640 cm-1, which
could be tentatively assigned to theν3 andν10 modes of a
LS heme, respectively. The band centered at 1570 cm-1 in
ligand-free KatG (pH 5) upshifts 3 cm-1 in the presence of
the drug while the 1552 cm-1 band becomes more resolved
and the 1590 cm-1 mode upshifts. In the low-frequency
region, no changes are observed with respect to WT KatG
at pH 5 (Figures 4 and 8). At alkaline pH, addition of the
drug does not induce any further changes in either the high-
or the low-frequency region compared to the WT enzyme
at pH 10 and its INH complex at pH 7.2.

Figure 9 compares the resonance Raman spectrum of WT
KatG (A) to that of fresh WT KatG (B), the S315T mutant
(C), and WT KatG with its 10-fold isoniazid complex (D)
in both high- and low-frequency regions at neutral pH. It is
clearly shown that the amount of the QS species is increased
in the mutant enzyme with a concurrent decrease of the 6-c
HS species and a slight increase of the 5-c HS species
compared to the WT enzyme (Table 1). Also, the amount of
the QS in fresh WT enzyme is comparable to that in the
mutant enzyme (Table 1). In the low-frequency region, the
bands at 473 and 521 cm-1 are enhanced in KatG(S315T)
while a new band appears at 430 cm-1. For comparison, the
spectra of WT KatG in the presence of INH at pH 7.2 are
shown. On addition of INH to KatG(S315T), no further

FIGURE 6: Structures of isoniazid (INH) and benzohydroxamic acid
(BHA).

FIGURE 7: High-frequency (I) and low-frequency (II) resonance
Raman spectra of ferric wild-type KatG with 406.7 nm excitation
at pH ) 7.2 (A) and its complex with INH (B) and BHA (C).

FIGURE 8: High-frequency (I) and low-frequency (II) resonance
Raman spectra with 406.7 nm excitation of ferric wild-type KatG
complexes with INH at pH) 5 (A), pH ) 7.2 (B), and pH) 10
(C).
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changes are observed (data not shown). It should be
emphasized that the resonance Raman spectra of fresh WT
KatG and KatG(S315T) are nearly identical. The QS state
dominates in both preparations, and the enhancement of the
low-frequency vibrations is observed in both fresh WT and
mutant KatG. It should be noted that both the QS population
and the intensity of the low-frequency vibrations decrease
in WT KatG after storage, while they remain stable in the
S315T mutant.

DISCUSSION

Coordination and Spin States of the Heme in Wild-Type
KatG and KatG(S315T).The location of the oxidation state
marker band,ν4, at 1376 cm-1 in the wild-type and mutant
KatG is typical of a ferric heme, and theν3 region reveals
the existence of three heme spin states with characteristic
frequencies at 1487, 1495, and 1503 cm-1 in both WT KatG
and KatG(S315T). The 1487 and 1495 cm-1 vibrations are
assigned to a 6-c HS and a 5-c HS ferric heme, respectively
(50). Theν3 vibration at 1503 cm-1 is assigned to a 5-c QS
heme and not a 6-c LS heme on the basis of electronic
absorption and EPR spectra (41) and our resonance Raman
data obtained with 406.7 and 413.1 nm excitation. The
relative contributions of these vibrations are different for the
two enzymes (Table 1). KatG(S315T) has significantly more
5-c QS heme at the expense of 6-c HS heme compared to
WT KatG. Fresh WT KatG, however, has a population of
heme species very similar to KatG(S315T) (Figure 9, Table
1). Theν3 vibration of the 6-c HS heme is slightly higher
than for a typical 6-c HS heme, and a small admixture of an
intermediate state (S) 3/2) cannot be excluded (67). On the
basis of EPR and resonance Raman experiments, admixture
of an intermediate state has been proposed for the 6-c HS
heme of the KatG-chloride complex, which has aν3

vibration at 1489 cm-1 (41). Higher frequencies for certain
skeletal vibrations have also been reported for the 6-c
complex of recombinant horseradish peroxidase C (HRP-C)
and some mutants, as well as for BHA complexes of some
peroxidases (63, 67).

The 5-c QS results from the admixture of high (S ) 5/2)
and intermediate (S) 3/2) heme spin states (53, 54). Owing

to only partial occupation of the dx2-y2 orbitals, the in-plane
bonds to the heme iron are shortened in the QS state
compared to the HS state, and the core size in the QS state
is expected to be similar to that of a LS heme (55).
Accordingly, the core-size marker band frequencies are also
expected to be similar to those of the LS form (51). In
support of our assignment, EPR results at 4 K revealed a
rhombic signal characteristic of 5-c heme (g1, g2, g3 ) 6.3,
5.2,∼2), of which the intensity correlates with the intensity
of the 1503 cm-1 band in various KatG samples. More
importantly, comparison of freshly isolated KatG and KatG
after storage demonstrated a decrease in the intensity of this
EPR signal concomitant with a decrease in the QS hemeν3

band intensity (41). Furthermore, the mutant KatG(S315T)
exhibits more QS heme in resonance Raman spectra at room
temperature and a greater intensity of the same EPR signal
at 4 K compared to WT KatG. These observations provide
strong support for the assignment of the 1503 cm-1 band to
a 5-c QS heme rather than to a 6-c LS heme (41). Since
heme spin state populations may be affected at cryogenic
temperatures (68), low-temperature resonance Raman experi-
ments are planned to corroborate the correlation between the
EPR and Raman results.

The observation of a QS heme state in a class I catalase-
peroxidase is rather striking, because it has been observed
only in class III peroxidases, barley peroxidase and HRPA2
at both room and low temperature (56, 57), in soybean
peroxidase (59), and in HRP-C at low temperature (50, 58).
The class III tea cationic ascorbate peroxidase II, which has
been shown to combine spectroscopic characteristics and
substrate specificities of both class I and class III peroxidases,
also has a QS heme (49). Our observation of a QS heme in
M. tuberculosisKatG is the first report of a quantum
mechanically mixed spin heme species in a class I peroxi-
dase, and this observation is different from that in an earlier
resonance Raman study ofM. tuberculosisKatG and a more
recent study ofSynechocystisKatG (36, 42). The origin of
these differences is not clear but may be related to differences
in overexpression, isolation, or purification procedures.
Potential factors that affect the stabilization of the QS heme
will be addressed below. The absence of an endogenous
strong field ligand at the sixth ligand position in the crystal
structure ofHmCP is in agreement with the absence of a
6-c LS heme (31). Furthermore, the constant relative
abundance of 5-c HS heme is consistent with EPR results,
and we suggest here that this observation may reflect
differences between the heme pocket within each monomer
of the dimer such that one is flexible while the other is not.
The X-ray structure ofHmCP also suggests that the two heme
pockets are different (31).

Effect of INH Binding on the Heme Spin State Distribution.
At physiological pH, the heme spin state distribution in WT
KatG is about equal for the three different spin states, while
in KatG(S315T) the QS state is favored at the expense of
the 6-c HS state (see Table 1). Addition of INH to WT KatG
changes the heme spin state distribution slightly in favor of
the 5-c QS state at the expense of 6-c HS species. The
addition of INH (500-fold excess) to KatG(S315T) has no
significant effect on its heme spin state distribution. The
intensity changes observed in the resonance Raman spectra
upon addition of INH are in agreement with those previously
described for the electronic absorption spectra and resonance

FIGURE 9: High-frequency (I) and low-frequency (II) resonance
Raman spectra of ferric wild-type KatG with 406.7 nm excitation
at pH) 7.2 (A), of ferric wild-type fresh KatG (B), of KatG(S315T)
at pH ) 7.2 (C), and the WT KatG-INH complex (D).
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Raman experiments (35, 38). The minor but reproducible
changes induced by INH binding indicate that INH does not
interact directly with the heme iron. This is consistent with
NMR relaxation studies, which estimated the Fe-INH amide
nitrogen distance at∼4 Å for both proteins (38, 40).

Since a crystal structure of INH-boundM. tuberculosis
KatG is not yet available, we took advantage of another
organic ligand, benzohydroxamic acid (BHA), to investigate
the enzyme-substrate interactions. BHA has been exten-
sively used as a convenient probe for the aromatic donor
binding site in peroxidases. INH and BHA have similar size
and functional groups (Figure 6), and the binding affinities
of BHA and INH for KatG are very similar (data not shown),
both in the micromolar range, comparable to that of BHA
for the class III peroxidase HRP-C (69). A similar binding
mode has been proposed for BHA and INH to HRP-C despite
its low affinity for INH (Kd ) 1 mM) (70). In HRP-C, BHA
binding induces the formation of a 6-c QS heme, most likely
by stabilizing a water molecule near the heme iron (67). In
contrast, addition of BHA to WT KatG results in a small
increase of the 5-c HS state at the expense of the 6-c HS
species (Table 1). From this observation, we propose that
BHA and INH displace the water molecule more in KatG
than BHA does in HRP-C, giving rise to the interconversion
of 6-c HS heme to 5-c HS and 5-c QS hemes, respectively.
This is consistent with previously reported data where INH
binding has been suggested to promote changes in the distal
pocket that include loss of coordinated water (38). This idea
is supported by the distance between the amide nitrogen of
BHA and the heme iron in HRP-C, which is larger than that
of the INH amide nitrogen to the heme iron in KatG, about
5.6 Å versus about 4 Å, respectively (43, 40).

Stabilization of the Quantum Spin Heme.Although fresh
WT KatG contains the same amount of QS heme as
KatG(S315T), the purified WT enzyme contains a smaller
but stable amount of a QS heme (Table 1). An increase in
the population of the QS heme in WT KatG is observed on
binding of INH or raising the pH and in the S315T mutant.
Since the proximal ligand of the KatG heme has an
imidazolate character (31, 36; data not shown) we rule out
that the QS state in KatG is due to a weak proximal ligand
as previously proposed for model compounds (71). Our
results support the more recently proposed mechanism for
the stabilization of the QS heme state, the saddling of the
heme (55, 72). Since the effect of INH on the stability of
the QS heme is relatively small, we will focus our discussion
on the effect of pH and the S315T mutation on QS heme
stability.

Both WT KatG and KatG(S315T) show a pH dependence
of the population of the QS heme state. In WT KatG, the
increase in the population of 5-c QS heme and the concomi-
tant loss of 6-c HS heme occurs between pH 7.2 and pH 10,
while it occurs between pH 5 and pH 7.2 in the S315T
mutant (Table 1). Although we cannot rule out that we are
measuring a process that occurs outside of the heme pocket,
there are several amino acid residues of interest inside the
heme pocket that may be involved in the transition from 6-c
HS to 5-c QS heme. The fact that mutation of Ser315 has
an effect on this transition and makes a hydrogen bond with
the heme 7-propionate (31) suggests that the orientation of
the heme 7-propionate plays a role in this transition. By using
theHmCP heme pocket as a model forM. tuberculosisKatG

(31), we can identify three residues that form hydrogen bonds
to the heme propionate groups: Ser315, His276, and Lys274
(Figure 10). Furthermore, there is an extensive network of
water molecules in the distal pocket in peroxidases and
HmCP and, presumably, in KatG. InHmCP, water molecule
188 forms a hydrogen bond between Arg92 and the heme
propionates (Figure 10). It is expected that the pKas of the
protons involved in hydrogen bonding are raised, because
they are stabilized by the hydrogen bonds. In WT KatG, the
largest increase in 5-c QS population occurs in the pH range
from 7.2 to 10, which indicates that the pKa of the group
involved in this process is within this range. Ser and Lys
have pKa values above 9, which will be only higher in their
hydrogen-bonded form. The pKa value of the imidazole
proton of histidine is 6.0 in water, and stabilization of this
proton by hydrogen bonding can raise its pKa within the pH
range that is observed for 6-c HS to 5-c QS heme transition
in WT KatG. Therefore, we propose that His276 plays an
important role in this transition. The 6-c HS to 5-c QS heme
transition in KatG(S315T) occurs between pH 5 and pH 7.2,
which is closer to the normal pKa of His. We propose that
the S315T mutation weakens the hydrogen bond between
His276 and the heme 7-propionate group due to steric
hindrance of the Thr methyl group, thereby bringing its pKa

closer to its normal value.
The high frequency of the propionate bending mode

δ(CâCcCd) at 379 and 378 cm-1 in WT KatG and
KatG(S315T), respectively, is in agreement with the presence
of a strong hydrogen-bonding environment most likely
involving the Ser315, His276, and Lys274 residues that
firmly anchor the heme moiety into the protein matrix.
Removal of one hydrogen bond by deprotonation of His276
is expected to result in lowering the frequency of the
δ(CâCcCd) mode (64-66, 73). Such a change in hydrogen
bonding to the heme 7-propionate could result in an increase
in nonplanar heme deformation, which leads to formation
of the 5-c QS heme state due to heme saddling (72).
Although we observe a small decrease in the intensity of
the δ(CâCcCd) mode, we do not observe the expected
frequency decrease when the population of 5-c QS heme
changes. In the case of KatG, however, the heme 7-propi-
onate accepts up to four hydrogen bonds, and the removal
of one hydrogen bond may not be as dramatic, because the
remaining hydrogen bonds will still firmly secure the heme
propionate group in the protein matrix. Furthermore, changes
in one of the two hydrogen bonds to the heme 7-propionate
in Mb does not always change the frequency of the

FIGURE 10: Active site of HmCP based on the X-ray crystal
structure (31). The labels between parentheses are the residues of
M. tuberculosisKatG based on sequence homology with CCP and
HmCP.
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δ(CâCcCd) mode (74). Therefore, our proposal that the
frequency of theδ(CâCcCd) mode in WT KatG would not
change when only one out of four hydrogen bonds is altered
is not unprecedented. The small decrease in the intensity of
this vibration may actually indicate a reorientation of the
propionate involving the CâCcCdC torsional angle, inducing
more nonplanarity onto the heme plane while keeping the
carboxylate group firmly anchored to the protein matrix.
Nonplanar heme deformation due to an increase in pH and
the S315T mutation is also supported by the observation of
three new low-frequency vibrations, of which the origin will
be discussed in the next section. We propose that removal
of one hydrogen bond, presumably between His276 and the
heme 7-propionate, induces more nonplanar heme deforma-
tion, e.g., saddling of the heme, which has been associated
with stabilization of QS heme (72). Interactions between the
heme propionates and the protein have already been reported
to influence the heme conformation in ferricytochromesc3

(75), and the recent crystal structure ofHmCP also shows a
strongly deformed, nonplanar heme, in agreement with our
proposal (31). A combination of mutagenesis, EPR, and
resonance Raman studies is planned to sort out the effect of
specific residues on the heme spin state.

Origin and Enhancement of Low-Frequency Vibrations.
At physiological pH, the S315T mutation and addition of
INH to WT KatG result in enhancement of the vibrations
observed at 473 and 521 cm-1 and the appearance of a mode
at 430 cm-1, while addition of INH to the mutant also induces
an increase in the intensity of these vibrations. A significant
increase in the intensities of these vibrations occurs by
increasing the pH from 5 to 10 in both WT KatG and
KatG(S315T). The enhanced vibrations have frequencies that
have been associated with Fe-OH2 and Fe-OH complexes
(70, 71). Although our experiments carried out in D2O show
that these vibrations are isotope sensitive, our experiments
in H2

18O did not show any isotope sensitivity of these modes,
which indicates that they are associated with neither Fe-
OH nor Fe-OH2 vibrational modes. Furthermore, when a
significant amount of 6-c HS is present in WT and
KatG(S315T) at pH 5, the vibrations at 430, 473, and 521
cm-1 are not observed. Their isotope sensitivity in D2O may
be related to deuteration of amino acids that donate hydrogen
bonds to the heme propionate groups.

The exact composition of the enhanced vibrational modes
associated with these low-frequency bands is not known, but
a tentative assignment can be made. On the basis of
resonance Raman data of tetragonal and triclinic crystalline
forms of nickel octaethylporphyrin, the band at 521 cm-1

could be equivalent to aδ2 [δ(CâC1C2)sym] mode, the 473
cm-1 could be equivalent to aδ4 [(δ(CâC1C2)sym], and the
one at 430 cm-1 to a δ1 [δ(CâC1C2)asym] mode, the
symmetric and asymmetric ethyl bending modes, respectively
(77). In the tetragonal crystals, the ruffled porphyrin ring
causes the enhancement of the out-of-plane modes. Pyrrole
folding modes have also been suggested for vibrations
between 500 and 600 cm-1 (77). These vibrations would also
be enhanced when the heme is nonplanar. Furthermore, the
lack of vibrations at 430, 473, and 521 cm-1 at acidic pH is
consistent with previously reported observations on Ni-Cyt
c (78) that at lower pH a decrease in the amount of the
nonplanar relative to the planar porphyrin conformer occurs.
The increase in the intensity of the 430 cm-1 mode occurs

concomitant with a decrease in the intensity of the 403 cm-1

vibration. Therefore, appearance of the 430 cm-1 mode may
be due to a transition from an in-plane vinyl conformer at
403 cm-1 to an out-of-plane conformer at 430 cm-1 (62, 79),
induced by the heme deformation, whereas a pyrrole folding
mode is more likely the assignment for the 521 cm-1 mode,
because its frequency is too high for a vinyl or a propionate
bending vibration.

In contrast with the stabilization of the 5-c QS heme, which
has been proposed to correlate with a saddling deformation
(55, 72), the enhancement of the low-frequency vibrations
has been associated with a ruffling deformation of the heme
plane (77). Despite the difference in the heme deformation,
the same interactions between heme and the KatG heme
pocket residues that we identified for stabilization of the 5-c
QS heme in WT KatG are most likely responsible for the
enhancement of the vibrations at 521, 473, and 430 cm-1.
Changes in the hydrogen bonding of the propionate groups
that are induced by INH binding, alkaline pH, and the S315T
mutation can result in nonplanar heme deformations as
discussed above. Therefore, the same interactions can lead
to stabilization of 5-c QS heme and enhancement of the low-
frequency vibrations, but the type of heme deformation is
most likely different, i.e., saddling and ruffling, respectively.
The most important observation is that the low-frequency
vibrations are indicative of a conformational change of the
heme cofactor and the heme pocket, which occurs on INH
binding to WT KatG, on mutation of Ser315 to Thr at
physiological pH, and on increasing pH.

Relation between QS Heme and Low-Frequency Vibra-
tions. In the previous sections, we argued that the enhance-
ment of the low-frequency vibrations and the stabilization
of the QS heme are associated with different heme deforma-
tions, i.e., ruffling and saddling, respectively. A correlation
between the QS species and the low-frequency vibrations
can be ruled out. Between pH 7.2 and pH 10, the vibrations
at 430 and 521 cm-1 become strongly enhanced in
KatG(S315T), while the population of the QS species does
not change. A comparison of the percentage of QS and the
intensity of the 521 cm-1 mode, which is given in Table 3,
emphasizes this conclusion. This is consistent with the
observation that ruffling does not have any significant
influence on stabilizing the QS state (55). A correlation with
the 6-c HS heme can also be ruled out. This heme species
has its largest population at pH 5, while the low-frequency
vibrations are not observed at this pH. Finally, the 5-c HS
heme does not show any correlation either. When the pH is
raised from 7.2 to 10 in both WT KatG and KatG(S315T),
the population of 5-c HS heme remains stable (Table 1),
while the intensity of the low-frequency vibrations increases
significantly. Therefore, there is no direct correlation between
the enhancement of the low-frequency vibrations and any
of the three heme species, even though the QS heme may

Table 3: Comparison of Percentage of QS Heme and Intensity of
the 521 cm-1 Vibration after Normalization of Spectra on theν7

Vibration

pH
WT
QS

WT
521 cm-1

WT + INH
QS

WT + INH
521 cm-1

S315T
QS

S315T
521 cm-1

5 29 1.4 35 1.7 21 1.6
7.2 32 2.9 37 5.6 49 7.4

10 40 8.3 39 9.9 51 16.8
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result from similar conformational changes in the heme
pocket.

Mode of Inhibition of INH Oxidation in KatG(S315T).Two
important differences between WT KatG and KatG(S315T)
should be pointed out. First, the QS heme population in
KatG(S315T) is rather stable and does not vary much when
the enzyme ages (Table 1). In fresh WT KatG, the population
of QS can be as high as in KatG(S315T), but when WT KatG
ages, the population of the QS heme decreases to a stable
population of about 32% (41; Table 1). Second, fresh WT
KatG shows significant enhancement of the 430, 473, and
521 cm-1 vibrations, which lose intensity as the enzyme ages.
In contrast, the intensity of these vibrations is not affected
when KatG(S315T) ages. Therefore, the S315T mutation
seems to stabilize the heme pocket conformation in KatG
such that a nonplanar heme conformation is favored.

Since the QS heme is the major heme species in fresh
WT KatG, we rule out that the QS state is responsible for
the inhibition of INH oxidation in KatG(S315T). Recently,
it has been proposed that the QS state in HRP-C constitutes
the heme reactivity (80). Furthermore, QS heme states have
also been observed in situ (81), providing further support
that the QS heme can be a native functional state of a heme
enzyme. The appearance of the low-frequency vibrations in
fresh WT KatG indicates that both WT and mutant enzyme
share similar heme and heme pocket conformations. There-
fore, we suggest that the inhibition of INH oxidation does
originate from neither a modification of the active site nor
an alteration in the chemical reactivity due to the QS heme.
Actually, the S315T mutation seems to preserve the active
site structure of KatG, while it is subject to a slow
conformational change over time in the WT enzyme (41),
resulting in a more planar heme conformation. To explain
the inhibition of INH oxidation, the S315T mutation has to
induce a structural change in another part of the enzyme.
On the basis of the crystal structure ofHmCP, the heme in
KatG is buried inside the N-teminal domain, and substrate
access to the active site is through a narrow, cylindrical
channel which is∼3.5 Å in diameter at Ser305 (Ser315 in
KatG) around the heme iron, and its width increases from
Ser305 to the molecular surface (31). Therefore, our results
and conclusions support the proposal that the loss of INH
activation in the S315T mutant may arise from steric
hindrance induced by the extra methyl group of the Thr
residue, which is situated along the access channel and
consequently blocks the entrance to the heme distal site (31),
rather than from modification of the active site of the enzyme
(37).

Concluding Remarks.The combined analysis of UV-vis
and resonance Raman spectroscopy revealed the existence
of a QS heme state, besides 6-c HS and 5-c HS heme states,
in both WT KatG and KatG(S315T). The population of the
QS species is dominant and stable in KatG(S315T) at
physiological pH, while it decreases in WT KatG to about
32% after purification. The QS heme becomes more promi-
nent in WT KatG after addition of INH at physiological pH
and by raising the pH. Since the relative population of the
5-c HS heme remains constant, we believe that this may
reflect differences between the heme pocket within each
monomer of the dimer. Besides the QS heme, two new low-
frequency vibrations are observed at 430 and 521 cm-1 in
KatG(S315T), which are also present in fresh WT KatG. The

enhancement of these vibrations may be associated with a
ruffled heme plane, and the stabilization of the QS may be
due to saddling of the heme, which suggests that the heme
pocket conformation in KatG(S315T) and fresh WT KatG
is different from aged WT KatG. Furthermore, we propose
that the hydrogen bond between His276 and the heme
7-propionate can be titrated to stabilize the QS state and to
enhance the low-frequency vibrations due to formation of a
more nonplanar heme conformation. We rule out that neither
the QS heme nor the heme pocket conformation causes the
inhibition of INH oxidation inM. tuberculosisKatG(S315T).
Finally, our data support the proposal that the inhibition of
INH oxidation by the S315T mutant arises from the steric
hindrance introduced by the methyl group of the Thr residue,
which prevents INH to access the distal heme pocket.

SUPPORTING INFORMATION AVAILABLE

Curve fitting of theν3 region of the resonance Raman
spectra of WT KatG and KatG(S315T), overlapped resonance
Raman spectra of WT KatG and KatG(S315T) in the low-
frequency region, and polarized resonance Raman spectra
of WT KatG and KatG(S315T) at pH) 7.2 with 406.7 nm
excitation. This material is available free of charge via the
Internet at http://pubs.acs.org.
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