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ABSTRACT. KatG, the catalase-peroxidase fravtycobacterium tuberculosihas been characterized by
resonance Raman, electron spin resonance, and visible spectroscopies. The mutant KatG(S315T), which
is found in about 50% of isoniazid-resistant clinical isolates, is also spectroscopically characterized. The
electron spin resonance spectrum of ferrous nitrosyl KatG is consistent with a proximal histidine ligand.
The Fe-His stretching vibration observed at 244 tfor ferrous wild-type KatG and KatG(S315T) confirms

the imidazolate character of the proximal histidine in their five-coordinate high-spin complexes. The ferrous
forms of wild-type KatG and KatG(S315T) are mixtures of six-coordinate low-spin and five-coordinate
high-spin hemes. The optical and resonance Raman signatures of ferric wild-type KatG indicate that a
majority of the heme exists in a five-coordinate high-spin state, but six-coordinate hemes are also present.
At room temperature, more six-coordinate low-spin heme is observed in ferrous and ferric KatG(S315T)
than in the WT enzyme. While the nature of the sixth ligand of LS ferric wild-type KatG is not completely
clear, visible, resonance Raman, and electron spin resonance data of KatG(S315T) indicate that its sixth
ligand is a neutral nitrogen donor. Possible effects of these differences on enzyme activity are discussed.

Mycobacterium tuberculosi@itb)! is the cause of 23 strains is KatG(S315T)(, 15, 16). The drug sensitivity of
million human fatalities per year and is the second largest these INH-resistant strains is restored upon introduction of
killer among infectious disease topped only by HIV/AIDS a plasmid-borne functionatatG (17, 18), suggesting that
according to the latest World Health Organization repbrt ( INH is a prodrug that is activated by KatG.

This fatality rate, while striking, may worsen in light of . .
emerging drug-resistant strainsMtb. Recent outbreaks of Mtb andMycobacterium smegmati§atGs contain pros-

drug-resistant strains dfitb throughout the world Z, 3) the_tic_:'protoheme cgnters and exhibit several enzymatic
underscore the importance of understanding resistance at &ctivities (9-21). Wild type (WT) Mtb KatG and KatG-
level sufficient to support treatment development. The first (S315T) proteins are both competent catalase-peroxidase
line of defense againsMtb relies heavily on multiple ~ €nzymesZ22, 23). While peroxidase activity of KatG(S315T)
antibiotics including the drug isoniazid (isonicotinic acid IS comparable to that of WT KatG, KatG(S315T) is less
hydrazide, INH) 4—6). Although it is known that this  €efficient at converting INH to isonicotonic acid via a
antituberculosis drug inhibits mycolic acid synthesi$/tb mechanism involving superoxide as oxidag#)( The Keat
(7—9), its mechanism of action is not fully understood. for INH oxidation catalyzed by KatG(S315T) is 7 times
Screening of INH-resistant isolates has revealed that thesmaller than for WT KatGZ2). Titration of ferric WT KatG

majority contain a point mutation in thieatG locus (0— with INH yields an absorbance difference spectrum that is
13), which encodes a heme-containing catalase-peroxidasenot observed for the analogous titration of KatG(S312b).(
(14). The most common mutation causing INH-resisteltid The correlation between KatG(S315T) akfib resistance

to INH represents an opportunity to probe the molecular basis
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rR, resonance Raman; ESR, electron spin resonance; INH, isonicotinic . 15 .
acid hydrazide; CCP, cytochrome peroxidase; MnP, manganese two KatG proteins. HoweverfH- and**N-NMR relaxation

peroxidase; CIPCoprinus cinereuperoxidase; APX, pea cytosolic ~measurements indicate that INH binds at approximately the

ascorbate peroxidase; HRP-C, horseradish peroxidase isoenzyme Cgame distance from the heme iron in both WT and KatG-
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myoglobin; HbA, hemoglobin A. KatG(S315T) is intact. Indeed, INH is able to competitively
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inhibit KatG(S315T) with aK, comparable to that of WT ' ' ' A,
(25). i
In this study, we present the first resonance Raman (IR)

characterization of the ferric and ferrous forms of WT KatG.
Elucidation of its spectral features will be used to ascertain
which properties KatG has in common with CCP and other
peroxidases. Second, the characterization of the differences
in the heme of WT KatG and KatG(S315T) is pursued to
determine structural criteria for INH activation.
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EXPERIMENTAL METHODS Applied Field (Gauss)

. . . Ficure 1: ESR spectrum of ferrous nitrosyl WT KatG,,Ais the
Protein Isolation and Sample Preparatiddtb WT KatG electron-nuclear hyperfine coupling constant fog b the proximal
and KatG(S315T) proteins were overexpressed and purifiedhistidine, and Ao is that for the N nucleus of the NO ligand. The

from E. coli using the previously reported protocd?j. sample was 38&M in WT KatG-NO and 80 mM in sodium

dphosphate, pH 7.5. Instrument parameters: temperature, 77 K;

Protein concentrations were determined using the Bradfor microwave power. 20 mW: field modulation amplitude, 5 G:

assay with bovine serum albumin as the stgndam wr spectrometer frequency, 9.240 GHz; field modulation frequency,
KatG and KatG(S315T) samples at various pHs were 100 kHz; time constant, 1 s; and sweep width, 400 G.

obtained by dialysis against the desired buffer. The following

buffers were used: 50 mM citric acid/sodium citrate, pH of HS and LS features. Integrals were correctedgfealue
5.0 and 5.3, 50 mM sodium phosphate, pH 7.5, 50 mM Tris/ differences according to the method of Aasa arich¢yéad
HCI, pH 7.8 and 8.0, and 50 mM glycine, pH 10.0. (28).

Reduced WT KatG and KatG(S315T) samples were The ferrous nitrosyl adduct was generated from ferric WT
prepared anaerobically by addition of an aliquot of a fresh KatG by addition of 10 equiv of sodium dithionite (from a
buffered stock sodium dithionite solution. The extent of 0.15 M stock dithionite solution in 0.5 M sodium phosphate,
reduction was evaluated by UWisible spectroscopy. All pH 7.5) followed by exposure to 1 atm of NO. The ESR
UV —visible spectra were recorded on a scanning double spectrum in Figure 1 was acquired at 9.240 GHz and 77 K.
beam spectrometer under microcomputer control at ambientThe ESR signals were referenced to solid pitch diluted in
temperature. KCI.

Fluoride complexes of the ferric KatG proteins were
generated by titration wita 1 M buffered stock sodium RESULTS

fluoride solution until no further change was observed in  proximal Heme Ligation in KatGThe ESR spectrum of
the UV—visible and rR spectra. To ensure that an endpoint ferrous WT KatG-NO in Figure 1 is consistent with a six-
had been reached, spectra were also obtained after a finatoordinate (6-c) nitrosyl adduct where the proximal ligand
addition of solid NaF. is coordinated through a nitrogen ato@9). The g, com-
Resonance Raman Spectroscdpgsonance Raman spec- ponent is split into nine lines with hyperfine coupling
tra were acquired using 406.7, 413.1, or 441.6 nm excitation constants of 21 and 7.0 G for the NO and proximal ligand
from Krt and HeCd lasers, respectively. bVisible spectra nitrogens, respectively. The 7.0-G coupling is typical of a
were obtained before and after rR experiments to ensure thaproximal His ligand 80). On the basis of multiple sequence
the samples were not irreversibly altered in the laser beam.alignments of KatG with class | catalase-peroxidasess (
Laser powers were between 0.2 and 20 mW at the sample,14), we hypothesize that the proximal histidine corresponds
and spectral artifacts due to photoinduced chemistry wereto His270.
avoided by judicious control of the incident power. Samples  The proximal heme ligand is further identified as a
ranging in concentration from 0.05 to 0.30 mM were spun histidine imidazolate by the vibrational band at 244 ¢im
at approximately 20 Hz in a 5-mm NMR tube at ambient the Soret-excited rR spectra of HS ferrous WT KatG (Figure
temperature. Spectra were recorded using f1 collection optics,2). Intense bands in this frequency range have been assigned
holographic notch filters, a 0.64-m spectrograph fitted with to v(Fe-His), the stretching vibration of the proximal Fe-
a 110x 110 mm, 2400 groove/mm holographic grating, and histidine unit, for a number of heme peroxidasas—{40).
a 1100-pixel CCD detection system. The spectrometer wasThe frequency obtained for WT KatG is compared with those
calibrated with toluene, DMF, C¢land CHBr; as frequency  of other peroxidases in Table 1. ThigFe-His) frequency is
standards. Raman bands were fit using 50:50 Gaussianconsistent with imidazolate character of the proximal histi-
Lorentzian band shapes that were allowed to vary in position, dine due to strong hydrogen bonding with an acidic residue
line width, and intensity to minimizg?. (as in CCP and HRP)245 cn1?) (33—37, 39). The band
ESR Spectroscopfifor ferric forms of the KatG proteins,  shifts toward slightly lower frequencies-241 cnm?) as the
ESR spectra were recorded at 15 K with a spectrometerpH is increased. This is consistent with a slight weakening
operating at X-band microwave frequency (9.45 GHz) and of the Fe-imidazolate bond, and similar behavior is observed
equipped with a continuous-flow helium cryostat. Microwave for HRP 31, 37).
power of 2 mW was used and shown to be nonsaturating The rR spectrum of ferrous KatG(S315T) also confirms a
for either the low spin (LS) or high spin (HS) components histidine as its proximal ligand by the presence ofvéifre-
of the spectra. The relative proportion of HS and LS iron His) stretch. At pH 8.0, the KatG(S315T) spectrum is similar
was estimated by simulating the spectra (Simfonia software, to that of the WT protein as shown in Figure 2 and Table 1.
Bruker, version 1.2) and comparing the double integral area A notable difference is a shoulder~228 cm') observed
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F 2 Low-f R f 1 WT KatG and Ficure 3: High-frequency rR spectra of ferrous WT KatG and
K'GLgES3-15T°W‘Are\‘}\;’$T<CY c: . Sggc”i‘/lol e.”oug it at 1oa8 KatG(S315T). (A) Ferrous WT KatG; (B) ferrous KatG(S315T);
‘."‘L A(,41 6 )- (A) WT ?tB Ir\]NT Km Ggy%‘ge I\;Teﬂ /?—|CI +;  (C) difference spectrum, [WT KatG- KatG(S315T)] (spectrum

with 441.6-nm excitation; (B) atG in 50 mM Tris/HCI, p A — spectrum B). Spectra were recorded with 413.1-nm excitation
8.0, with 441.6-nm excitation; (C) WT KatG in 50 mM Tris/HCI, (g \y) Samples were in 50 mM Tris/HCI, pH 8.0. Inset: GV
pH 8.0, with 413.1-nm excitation; (D) KatG(S315T) in 50 mM Tris/  isiple spectra of reduced WT KatG (A) and KatG(S315T) (B) in
HCI, pH 8.0, with 441.6-nm excitation; and (E) KatG(S315T) in g4 M Tris/HCI pH 8.0
50 mM glycine buffer, pH 10.0, with 441.6-nm excitation. ’ o

Table 1: Iron-Histidine Stretching Frequencies for Ferrous Heme most likely the carboxylate of A§p381. A neutral hydrogen-
Proteins bond acceptor, such as the leucine backbone carbonyl groups

in Hb, would be the weaker acceptor responsible for the
conformation reflected in the 228-ctband. Alternatively,
thesev(Fe-His) bands may arise from two tautomers, one

Fe(Il)-histidine stretching
frequencies (cmt)?

protein imidazolate imidazole : refs where the hydrogen is on the anionic residue and the other
\r,<VTt(§a§t3?15T 224f4 2222885hh(""ea") tlf?ll's Wori where the hydrogen is bound to the proximal imidazole.
C"ép( ) 749 557 o it Evidence for such tautomers has been reported for @6 (
CcCcP 246 233 sh 34, 35, 39 Coprinus cinereusperoxidase (CIP)38), and ascorbate
CIP 230 210 38 peroxidase (APX)40). For comparison with the KatG data,
APX 234 207 40 their v(Fe-His) frequencies and those of Hb are given in
:Sg:gz 225423 gi 87 Table 1. With either interpretation, the S315T mutation in
TP-1 252 33 KatG affects the hydrogen-bonding environment of the
JRP-2 247 33 proximal histidine in ferrous KatG at high pH.
:—PP 0 ggj 3‘2‘ Coordination and Spin States of Ferrous WT KatG and
Mb 220 a1 KatG(S315T) Comparison of low-frequency rR spectra of
R-state8HbA 224 42 ferrous WT KatG obtained with 441.6- and 413.1-nm
T-stateSHDA 220 42 excitation in Figure 2 reveals five-coordinate (5-c) HS and
$:§EZ:$:E§ gég ig 6-c LS forms. Five-coordinate HS hemes are selectively

resonance-enhanced with 441.6 nm excitationy{re-His)

“sh: shoulder. stretching mode and the vinyd(C;C.Cy)] and propionate

[0(CsC.Cy)] bending modes for 5-c HS WT KatG dominate
on the 244 cm! band that can be seen more clearly at pH the spectrum in Figure 2B. When 413.1-nm excitation is used
10.0 (Figure 2E). This shoulder is tentatively assigned to a (Figure 2C), a broad envelope between 340 and 430'cm
secondv(Fe-His) stretching frequency, consistent with weak is consistent with overlapping bands from HS and LS species.
hydrogen bonding to a neutral acceptor (e.g., Hb and Mb, High-frequency Soret-excited rR spectra of the ferrous
~220 cmY) (31, 41—-45). The 228-cm* shoulder observed  enzymes also show that both are mixtures of 5-c HS and
for ferrous KatG(S315T) is present in the WT spectrum 6-c LS species (Figure 3). The vibration is sensitive to
although it is relatively weak and not affected as dramatically heme spin state and coordination number. The ferrous 5-c
by an increase in pH. One interpretation of tw@e-His) HS forms are identified by their; bands at 1472 cnt (WT)
stretching bands is that they represent at least two conformersand 1470 cm! [KatG(S315T)]. The ferrous 6-c LS species
with different hydrogen-bonding acceptors. For example, on have thev; bands at 1492 and 1491 chfor WT and mutant
the basis of sequence homology with CCP, the hydrogen- proteins, respectively. These frequencies are similar to those
bonding acceptor for the 244-ciband conformation is  of v3 bands observed for ferrous 5-c HS and 6-c LS CCP
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(38, 46). A difference spectrum, obtained by subtraction of
the rR spectra of KatG(S315T) from WT KatG with bands

of equal intensities, indicates that there is a difference in
the HS:LS species ratio observed for the two proteins (Figure
3C) with more 5-c HS observed in ferrous WT KatG than
in the mutant protein. However, since the cross-section of
the v band of 5-c HS ferrous heme species is significantly
larger than that of its corresponding 6-c k§(47), it is not
possible to interpret the ferrous KatG rR spectra in terms of
actual concentrations of the two forms.

Visible spectra of ferrous WT and KatG(S315T) (inset,
Figure 3) are consistent with the rR data. Broad B bands
between 420 and 440 nm indicate the presence of at least
two species, 5-¢c HS Fe(lll{ax 435 nm) and 6-c LS Fe(ll)
(Amax 423 nm) @7). Q bands for 5-¢c HS and 6-c LS ferrous oHS A .
hemes are expected around 559/585 and 535/558 nm, SN Y )
respectively. Both sets of Q bands are observed in both the e e e 160
WT and KatG(S315T) spectra. While the band maxima in Raman shift (cm)
the t\.NO spectra appear similar, their intensities vary S.Ub' FiIGURE 4: Resonance Raman spectra of ferric WT (A) and KatG-
stantially between the WT and the mutant. The relative (s315T) (B) in 50 mM phosphate, pH 7.5, using 413.1-nm
intensities of the 5-c HS and 6-c LS bands are consistentexcitation. The difference spectrum, (AB) [WT KatG — KatG-
with a higher fraction of 5-c HS in ferrous WT than in KatG- (S315T)], is shown in (C). Original data are shown as points;
(S315T). simulated spectra are shown as solid lines. Spectra were acquired

The larger 5-c HS:LS ratio observed for ferrous WT KatG with 5 mW laser power at the sample.
relative to KatG(S315T) may be a result of an alteréd p
for a sixth ligand responsible for the spin-state transition in
the two proteins. Precedence for a spin-state transition with
a K, between 7.5 and 8.0 is found in ferrous CCP, which
exists as a mixture of 5-c HS and 6-c LS species at>pH
7.6 @7—49). Alternatively, the mutation at the periphery of
the heme in KatG(S315T) may result in a more flexible heme
pocket that allows an easier approach of the distal histidine
to the heme iron. Another possible explanation for the
different HS:LS ratio may be variations in resonance

enhancement due to electronically distinct species of the same SiNce the amount of 6-c LS ferric CCP is known to
spin state in the two proteins. increase with the age of the proteB6], high-frequency rR

Coordination and Spin State of Ferric WT KatG and spectra of fresh (never frozen) WT KatG and KatG(S315T)

KatG(S315T)Ferric WT KatG and KatG(S315T) in50 mm ~ Were compared to those obtained from protein that h_ad_ been
sodium phosphate, pH 7.5, were examined by rR spectros-Stored frozen £20 °C) for several months. Speciation
copy with 413.1-nm excitation at room temperature (Figure _d|fferences were not detected. Since speciation of aged CCP
4). Assignments of the high-frequency rR bands for both 'S @S0 phosphate-depender), the high-frequency rR
proteins are given in Table 2. Theband, whose frequency ~ SPectra of WT KatG obtained in 50 mM phosphate, pH 7.5,
is sensitive to spin state and coordination number, indicates®"d 50 MM Tris/HCI, pH 8.0, were examined (data not
that ferric WT KatG exists in at least two forms at pH 7.5. Shown). Their ratios of 1490 to 1502 cfintensity were
In ferric heme spectra, the envelope is observed between indistinguishable. Similar results were obtained for KatG-
1475 and 1485 cnt for 6-c HS species, between 1490 and (S315T).
1500 cnt? for 5-¢c HS species, and between 1500 and 1510 Formation of a 6-c LS complex has been correlated with
cm 1 for 6-c LS forms B3, 54). WT KatG exhibits a broad  irradiation power and duration for ferric CIBg). However,
envelope in this region (Figure 4A). When curve fit to two the HS/LS intensity ratio ofs-bands for KatG(S315T) is
peaks, the calculated Raman shifts are 1490 and 1502 cm independent of laser power between 0.2 and 8 mW at the
These frequencies indicate a mixture of 5-c HS and 6-c LS sample. Increased irradiation times (with 15 mW at sample)
species. Even though thg envelope obtained with 413.1-  also did not cause a detectable increase in the KatG(S315T)
nm excitation can be fit to two bands, there is intensity 6-C LS population. Thus, formation of 6-c LS heme due to
between 1480 and 1485 ciin both the 413.1- and 406.7- laser photolysis or protein instability during irradiation is
nm excited spectra (Figure 5B, inset). Therefore, the presenceunlikely. Resonance enhancementgécattering by 5-¢c HS
of 6-c HS ferric heme in WT KatG cannot be discounted KatG(S315T) is greater with 406.7-nm excitation than at
and would not be surprising, since other heme peroxidases#13.1-nm (Figure 5D inset). With 406.7-nm excitation at
are known to be HS 6-c aqua complexes in their resting statesheutral pH, it is clear that both 5-c HS and 6-c LS species
(37, 50, 51). are present in KatG(S315T).

When thev; region of KatG(S315T) is fit to two bands, The position of thev, band is known for its sensitivity to
their frequencies are the same as those obtained from fitsoxidation state and porphyrim* electron density. For WT
for WT KatG. Thus, the porphyrin core size appears KatG and KatG(S315T), the, band is observed at 1373
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unaffected by the mutation. The difference spectrum (WT-
S315T) (Figure 4C) and the simulated spectra shown in
Figure 4, panels A and B suggest that the difference features
observed fows, v,, andv,o are a result of varying intensities

of these bands in the spectra of the two proteins. Hence,
either the ratio of HS:6-c LS species is higher in WT KatG
than in KatG(S315T), or the electronic environments of the
HS and 6-c LS species in the two proteins are different,
resulting in altered resonance enhancements.



9988 Biochemistry, Vol. 39, No. 32, 2000 Lukat-Rodgers et al.

Table 2: Comparison of Tentative RR Band Assignments of Ferric WT KatG and KatG(S315T) with Those of Other Ferric Petoxidases

WT KatG KatG(S315T) CIP CCP APX MnP SBP HRPC®
vibration 5-cHS 6-cLS 5-cHS 6-cLS 5-cHS b5-cHS 5-cHS 6-cLS 6-cHS 5-cHS 5-cHS 6-cHS# 5-cHS#
0(=CHy) 1426 1430 1428 1430 nr 1431 1428 1427
V3 1490 1502 1490 1502 1492 1494 1493 1504 1482 1492 1492 1491* 1499*
Y11 1547 1550 1551 1550 1566 1549 1550 1547 1553
2 1571 1573 1566 1570 1571 1577 1564 nr 1566 1572
V10 1635 1635 1631 1629 1629 1638 1612 1628 1633 1620* 1636*
Va7 1590 1590 1584 1588 1583 1602 nr nr 1579 1584
»(C=C) 1623 1622 1622 1620 1623 1623 nr 1624

1629 1630

ref this work this work 38 36 40 5051 52 37

anr, not reported; HS, high-spin; LS, low-spihData for proteins at pH 7.5 are reported. Because of extensive overlap of bands, it is not
possible to assign core size marker band frequencies between 1525 and 1840rdime various HS and LS speci€s-c HS# and 5-c HS# are
used to distinguish these from “normal” hemes. It has been shown that the frequenciesifpatite/1o core size marker bands for HRP-C are
approximately 10 cmt higher than those normally observed for 6-c HS and 5-c HS hemes in models and other proteins. They have been marked
with an asterisk indicating that they are atypical frequencies. It has been suggested that this is due to a different degree of distortion fyom planari
or a more contracted core in the HS heme of HRP-C relative to other heme proteins.

cm! (Figure 5, panels B and D), a frequency typical of Fe- at pH=> 7.5. Like the high-frequency data, this suggests that
(1) hemes. This rules out the possibility that one or more less HS heme is present in the mutant than in WT KatG at
of the v; bands is due to ferrous heme produced via laser- physiological pH.
induced photoreduction. If ferrous KatG were present, there Multiple species are also evident in the BVisible
would be av4 band near 1358 cm (see Figure 3). absorbance spectra of WT KatG and KatG(S315T) at pH
To probe potentially different responses of the hemes and5.1 and 7.8 in Figure 6. The porphyrin to iron charge-transfer
their distal pockets to changes in pH, the high-frequency rR band [&, (r) — €4(d;)] CT1, is only observed for HS heme
signatures of WT KatG and KatG(S315T) were recorded proteins. It occurs between 600 and 637 nm for 6-c HS heme
between pH 5.0 and 10.0 as shown in Figure 5, panels B proteins with a proximal histidine ligand and between 640
and D. Theys envelope for WT KatG indicates that there is and 652 nm for 5-c HS heme proteins9( 60). For WT
a small shift of intensity from 5-c HS (or 6-c HS) heme to KatG at pH 7.8 (Figure 6A), CT1 is broad and occurs
6-c LS heme as the pH is raised. Unlike CCP, which contains between 631 and 648 nm, suggesting a mixture of 5-c HS
predominantly 5-c HS heme at pH 7 and exists as a 6-c  and 6-c HS species with a water molecule as the sixth ligand.
LS bis-histidine complex in alkaline solutio®4, 55—57), The difference spectrum in Figure 6B [(pH 7-8D.9)(pH
complete conversion to a single coordination and spin state5.1)] was obtained using the CT1 band as a subtraction
does not occur in ferric KatG in the pH range examined. standard for removal of the HS contributions to the absor-
KatG(S315T) behaves more like CCP with the LS heme (as bance spectrum. A weighting factor for the pH 5.1 spectrum
judged byv; band, Figure 5D) becoming the predominant of 0.9 was required for complete subtraction of the CT1
species as the pH is raised. To differing degrees, the pocketdeatures. Thus, the resulting difference spectrum (Figure 6B;
of both proteins respond to pH in a way consistent with 410-nm B band, 536/566-nm Q bands) is consistent with
conformational flexibility in the distal heme pocket. conversion of 10% of the HS heme present at pH 5.1 to a
Changes in the low-frequency spectra of ferric WT KatG 6-c LS species (Table 3) at pH 7.8. Using a typical molar
and KatG(S315T) with varying pH (Figure 5, panels A and absorptivity for 6-c LS ferric hemes (100 000 Mcm™?)
C) are also consistent with multiple spin states. By analogy (45), the absorbance due to LS heme in the difference
with CCP @5, 39), the following assignments were made: spectrum accounts for the 10% loss of HS heme at pH 5.1.
404 cml, 0(CsC:Cy) bending mode of the heme vinyl This HS— 6-c LS conversion is also detected in the visible
substituents of 5-c HS and 6-c LS hemes; 422 t@21 spectra of KatG(S315T) (Figure 6, panels C and D). The
cm ™, KatG(S315T)], second(CsC.Cy) mode observed for  difference spectrum [(pH 7.8)0.7)(pH 5.1)] ha a B band
6-c LS hemes; 378 cm, 6(CsC.Cq) propionate bending  Amax = 412 nm and Q bands at 539 and 569 nm. On the
mode; 349 cmt, vg; and 337 cm?, v out-of-plane porphine  basis of the 0.7 weighting factor necessary to remove the
mode. For WT KatG at pH 5.0, the 422-chband isasmall ~ HS contribution at pH 7.8, 30% of the HS heme is converted
shoulder on the 404-cnhband. As the pH is raised, the 404- to 6-c LS heme upon raising the pH from 5.1 to 7.8 for KatG-
cm ! band broadens, the vinyl mode due to the 6-c LS (S315T). The room temperature UVisible spectra are
species grows in intensity, and the intensity,gf which consistent with the rR data in that they show a larger fraction
appears as a shoulder o decreases relative 1. Theys of the HS heme present at pH 5.1 is converted to the 6-c LS
band is not observed for 6-c LS heme. Its intensity increasesform at pH 7.8 in KatG(S315T) than in the WT enzyme (30
with equilibrium out-of-plane distortions of the porphyrin.  vs 10%, respectively). This analysis relies upon the reason-
Its relative intensity is higher for 5-c HS than for 6-c HS able assumption that their HS hemes have similar molar
heme, probably due to larger doming of the porphyrin in absorptivities.
the 5-c form 84, 35, 55, 58). Hence, all the spectral changes To determine whether the sixth ligand of the 6-c LS
observed are consistent with conversion of 5-c HS and/or complex is a weak-field ligand like water or hydroxide or a
6-c HS heme to 6-c LS heme as the pH is raised. Similar strong-field ligand such as a distal histidine, fluoride binding
behavior is observed for ferric KatG(S315T) (Figure 5C), to the ferric KatGs was examined by rR spectroscopy.
except that the H$s band at 337 cmt is barely detectable  Fluoride complexes of heme proteins are 6-c and B& (
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Ficure 5: pH dependence of the rR spectra of ferric WT KatG and KatG(S315T). (Panels A and B) WT KatG; (panels C and D) KatG-
(S315T). Spectra were acquired with 413.1-nm excitation and 5 mW laser power at the sample. Panel B, inset: companiegionf

of WT KatG in 50 mM phosphate, pH 7.5, with (A) 406.7-nm excitation and (B) 413.1-nm excitation. Panel D inset: comparigon of
region for KatG(S315T) in 50 mM phosphate, pH 7.5, with (A) 406.7-nm and (B) 413.1-nm excitation.

69, 70). Thev; envelope was monitored to determine whether Similar behavior was observed for KatG(S315T) reactivity
all of the enzyme could be converted to the 6-c HS fluoride with fluoride (Figure 7, panels B and D). At pH 8.0, HS
complex. At saturating NaF concentrations, both WT KatG KatG(S315T)-F #3, 1479 cm') and the 6-c LS1;, 1502

and KatG(S315T) exhibit two species as indicated by two cm™!) species are observed. Even at [NaFB00 mM (>

v3 bands. At pH 8.0 (Figure 7C), the 5-c HS WT Kat{z,( 6000-fold excess), the 6-c L& (1502 cm?) persists. At
1490 cn1?) is converted into 6-¢ HS KatG-F withia band pH 5.3, most of thev; intensity is attributable to the HS

at 1480 cm?, which is consistent withwz frequencies fluoride complex. However, even with a large excess of
observed for 6-¢ HS fluoride complexes of CCP, HRP, and sodium fluoride, some 6-c LS KatG(S315T) is still detected.
CIP (70). However, the 6-c LS, 1502 cntl) complex These data suggest that the sixth ligand of the 6-c LS KatGs
remains intact and presumably inaccessible for binding F  is not totally displaced by fluoride ion even under conditions
At pH 5.3, a considerably larger fraction of theintensity ~ where peroxidases such as CCP and HRP are completely
is observed at 1480 crfy suggesting that 6-c HS WT KatG-F  converted to the fluoride adduct. Destablization of the 6-c
is the predominant species (Figure 7A). The apparent increasd-S species at low pH is consistent with protonation of a
in fluoride affinity may be partially due to a larger percentage neutral nitrogen donor. These lines of evidence are consistent
of HS heme present for fluoride to complex at pH 5.3. Also, with a distal histidine as the sixth Ilgand of the LS adduct.
peroxidases are known to have a higher affinity for fluoride  Interestingly, under conditions where CI€3[ and APX

at acidic pH relative to alkaline conditiong%, 72) due to (40) readily form 6-c imidazole complexes, addition of
stabilization of the ligand by hydrogen bonding. However, imidazole to WT KatG did not yield a bis-imidazole
the 1502-cm* v3 band of 6-c LS WT KatG is still detected, complex. Very slight changes are observed in the Q-bands,
so not all of the protein is converted to the fluoride adduct. and the broad CT1 band remains a distinctive feature in the
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Ficure 6: UV—Visible spectra of ferric WT KatG and KatG-
(S315T) at two different pHs. (A) WT KatG in 100 mM Tris/HCI,
pH 7.8, solid line; WT KatG in 100 mM citrate, pH 5.1, dashed
line. The protein was 7.4M at both pH 7.8 and pH 5.1. (B)
Difference spectrum of [(WT KatG pH 7.8} (0.9)(WT KatG pH
5.1)]. (C) KatG(S315T) in 100 mM Tris/HCI, pH 7.8, solid line;
KatG(S315T) in 100 mM citrate, pH 5.1, dashed line. The

Q bands
protein pH Bband §p o refs
WT KatG 78 410 536 566  thiswork
KatG(S315T) 7.8 412 539 569  thiswork
bis-imidazole complexes
KatG(S315T)-Im 10.0 411 535 565 thiswork
cytochrome b 55 413 532 560 61
CCP(MI) 95 415 534 564 35
CCP,—190°C 8.4 416 535 560 62
CIP-Im 10.0 412 534 560 63
APX-Im 10.0 411 535 559 40
[Fe(PPIXDME)(ImHY]* 412 536.5 563 64
Fe(PPIXDME)(ImH)(Im) 414 540 565 64
heme 6-c imidazole, hydroxide complexes
hemoglobin-OH >9 410 540 575 65
myoglobin-OH >9 411 541 582 66
HRP-OH >11 416 545 572 67
CIP—OH 121 412 543 575 68
[Fe(PPIXDME)(Im)(OH)T 412 549.5 577.564

a Abbreviations: PPIXDME, dianion of protoporphyrin IX dimethyl
ester; ImH, imidazole; Im, imidazolate; CCP(MI), CCP with extra
N-terminal methionine and isoleucine residues; 6-c, six-coordinate.

absorbance axis for the Soret region is the same as in panel A. TheLS WT KatG adduct is not a histidine. Lar@g.ax values

KatG(S315T) concentration is 7.8 at both pHs. (D) Difference
spectrum of [(KatG(S315T), pH 7.8} (0.7)(KatG(S315T), pH
5.1)].

spectrum, even after adding a large excess of solid imidazole
(data not shown). In contrast, a ferric KatG(S315T)
imidazole complex forms upon addition of excess imidazole
at pH 10.0 as evidenced by its typical LS visible spectrum
(B band at 411 nm, Q bands at 565 and 535 nm, data not
shown). Comparison of the visible spectra of this exogenous
imidazole adduct, known 6-c LS heme imidazole and
hydroxide adducts, and 6-c LS KatG(S315T) in Table 3 is
further evidence and strongly suggests that the sixth ligand
in 6-c LS KatG(S315T) is the distal histidine (His108).

The LS and HS components of ferric WT KatG and KatG-

have been reported for complexes with histidine-methionine
ligation (79—81) or with histidine-primary amino group
ligation (82). However, on the basis of homology modeling
with CCP, we favor assignment of His108 as the sixth ligand.
The LS component of KatG(S315T) hgs= 2.48,gy =
2.28, andgy, = 1.88. Thesq values yield tetragonality/
A) and rhombicity Y/A) parameters oA\/A = 4.50 and VA
= 0.93, which place KatG(S315T) in domain H of the crystal
field correlation diagram for LS ferric heme proteins (bis-
imidazole with one or both histidines deprotonatedy)(
Examination of the ESR spectra after addition of sodium
fluoride to ferric WT KatG and KatG(S315T) (Figure 8) at
pH 7.8 indicates that only the HS species are converted to
the 6-c HS fluoride complex. Both rR and ESR data indicate
that the 6-c LS species remain intact, suggesting that fluoride

(S315T) are clearly seen in the 15-K ESR spectra in Figure is unable to compete with the sixth ligand for binding to the
8. While UV—visible spectra (Figure 6, panels A and B) heme iron. Hence, the IR, visible, and ESR spectral data are
and NMR studies of WT KatG indicate a predominantly HS all consistent with an endogenous strong-field sixth ligand,

configuration at room temperature (S. Todorovic and F.
Rusnak, unpublished results), quantitation of the 15-K ESR
spectra reveal that LS heme states are favored at low
temperature (79% LS WT KatG, 53% LS KatG(S315T), T
= 15 K). Similar formation of 6-c LS species has been
observed for CCP4@, 73, 74), APX (40, 75), and HRP 76)
upon freezing. Formation of 6-c LS CCP at cryogenic
temperatures is prevented by addition of glyceraH)(
However, addition of glycerol does not alter the low-
temperature ESR spectrum of WT KatG.

The predominant LS component of WT KatG is character-
ized by ag, = 3.24,g, = 2.05, andg, = 1.28. The position
on a crystal field correlation diagram of LS ferric hemopro-
teins, a plot of tetragonality versus rhombicity, indicates a
specific structural type?(7). These parameters for WT KatG
fall outside of the traditional bis-imidazole domain. There
are several possible explanations for the largg.x value
for LS WT KatG. One is that the LS adduct is a bis-imidazole
complex with the imidazole planes nearly mutually orthogo-
nal (78). Another explanation is that the sixth ligand in the

probably His108, in ferric 6-c LS WT KatG and KatG-
(S315T).

DISCUSSION

Data presented here indicate that the proximal ligation of
the heme in WT KatG is a histidine with imidazolate
character similar to peroxidases such as HRP and CCP.
Regardless of oxidation state, WT KatG exists primarily in
a HS state in the neutral pH range where INH turnover is
optimal. In the ferric form, ESR signatures of three HS
species 25) and at least one 6-c LS species are observed
for WT KatG. Two rhombic ESR features consistent with
two 5-c HS species and an axial ESR spectrum of a 6-c HS
species are present. This is consistent with the visible and
rR data that indicate both 6-c and 5-c HS species at ambient
temperature. On the basis of its CT1 band, the ferric 6-c HS
form of WT KatG probably has water as its sixth ligaga)

The LS species observed in ESR spectra reported here were
missed in earlier reports because they are readily saturated
under the previously used temperature and power conditions.
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FiGUrRe 7: Resonance Raman spectra of ferric WT KatG and KatG(S315T) titrated with sodium fluoride. (A) WT KatG in 50 mM citrate,
pH 5.3; top: 120 mM NaF; bottom: no NaF. (B) KatG(S315T) in 50 mM, pH 5.3; top: 120 mM NaF; bottom: no NaF. (C) WT KatG
in 25 mM Tris/HCI, pH 8.0; top: 250 mM NaF; bottom: no NaF. (D) KatG(S315T) in 25 mM Tris/HCI, pH 8.0; top: 300 mM NaF;
bottom: no NaF. Spectra were obtained with 413.1-nm excitation; laser power at the sample was 12 mW.

room temperature is small, its presence suggests an axial
oy = 6.0 KatG(S315T) ligand that may play a role in defining accessibility of
substrates and/or oxidants (e.g., superoxide) to the heme iron.
Indeed, the fact that freezing the sample produces a majority
of WT KatG in a 6-c LS state indicates that this ligand is
8.=228 near the heme iron and accessible enough that its coordina-
tion to the iron can be driven by reducing the temperature.

Comparison of the ESR signatures of the recombinant
ferric 6-c LS WT KatG and KatG(S315T) reported here
reveals a difference in the 6-c LS species. The ESR spectrum
of the 6-c LS species of KatG(S315T) is consistent with a
— bis-imidazole complex. Precedence for such a species is
g1 = 6.0 WT KatG found in CCP {8, 49). Spectroscopic characterization of
CCP and CCP(H52L) have shown that the 6-c LS complex
formed in alkaline solution is a bis-imidazole species with
"J gL=3.24 the distal His52 coordinating to the heme irof6) By

l | sequence homology with CCP, the most likely candidate in
W KatG(S315T) is the distal imidazole of His1081( 14). If
His108 is also the distal ligand in 6-c LS WT KatG, the
ESR spectrum indicates that its geometry in the distal pocket
A (nearly perpendicular to the proximal imidazole plane) is
different from that in KatG(S315T). Since INH has been
A A A AL LA AAARLAAAL SLALAMY shown by NMR to bind near the heme periphe2p,(26),
1000 2000 3000 4000 5000 6000 7000 differences in identity or environment of the axial heme
Gauss ligands in the LS WT and KatG(S315T) may be determining
Ficure 8: ESR spectra of ferric KatG proteins in the absence and factors in INH resistance.

presence of NaF. The H and L subscripts indicate HS and LS ESR int fi indicate | ts of LS .
contributions to the spectrum, respectively. (A) WT KatG. (B) WT integrations indicate larger amounts o species

KatG plus NaF. (C) KatG(S315T). (D) KatG(S315T) plus NaF. in WT KatG than in KatG(S315T) at 15 K. This is in contrast
Parameters: pH 7.8; temperature, 15 K; microwave power, 2 mW; to the room temperature (pH 7.8) UWisible absorbance
field m_odulation amplitude, 10.4 G; spectrometer frequency, 9.454 and rR data that indicate more 6-c LS in KatG(S315T) than
GHz; field mo_dulatlon frequency, 100 kHz; time constant, 164 ms; in WT KatG. However, freezing of heme protein solutions
and sweep width, 7000 G. ! . L
has been known to change spin state and coordination
The large 9max’ LS ESR spectrum for 6-c LS WT KatG  number 40, 73—76). It is possible that the altered distal heme
leaves some question as to the identity of the endogenougpocket responsible for the differing 6-c LS WT and KatG-
distal ligand. Although the amount of 6-c LS WT KatG at (S315T) ESR signatures is differentially affected by forces
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associated with freezing.
In contrast to the low-temperature ESR results, UV

visible and rR spectra carried out at near-physiological
(ambient) temperature indicate a higher fraction of 6-c LS
KatG(S315T), wherein the heme iron is less accessible for
binding exogenous ligands, e.g., superoxide (which binds to
ferric KatG) or Q (which binds to ferrous KatG). Since it
has been proposed that oxyKatG is an intermediate in INH
oxidation @4, 83), the increase in the fraction of 6-c LS heme
reported here for KatG(S315T) could be critical, as it may
decrease access of,@r superoxide to the heme iron.
Because the population of 6-c LS hemes is greater in both
ferrous and ferric forms of KatG(S315T) relative to the WT,
the yield of oxyKatG(S315T) could be diminished whether

it is formed by reaction of Fe(ll) with @or Fe(lll) with

superoxide. This may be one factor in determining INH
resistance afforded by the S315T mutation. However, it is

difficult to attribute all the 8-11-fold difference in INH
turnover rates of these enzymex?,(24) to the 2-3-fold

increase in 6-c LS KatG(S315T) as compared to WT KatG.
A second contributing factor to the altered reactivity of the
mutant toward INH may be mutation-induced electronic and/
or steric differences in the distal heme pocket. Although
NMR and competitive inhibition studies indicate that INH
binds approximately the same distance from the heme iron
and with the same affinity for WT KatG and KatG(S315T)
(25, 26), these results do not eliminate the possibility that
INH is bound to KatG(S315T) in a nonoptimal orientation.
Taken together, these results provide evidence for an altered
distal heme environment in KatG(S315T) versus WT that
may account for its diminished reactivity toward either

oxidant or INH itself.
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