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ABSTRACT:. Mycobacterium tuberculosi@vitb) KatG is a catalaseperoxidase that is thought to activate

the antituberculosis drug isoniazid (INH). The local environmenMd KatG and its most prevalent
INH-resistant mutant, KatG(S315T), is investigated with the exogenous ligands CO and NO in the absence
and presence of INH by using resonance Raman, FTIR, and transient absorption spectroscopy. The Fe
His stretching vibration is detected at 244 ¢nin the ferrous forms of both the wild-type enzyme and
KatG(S315T). The ferrousCO complex of both enzymes exhibitCO), v(Fe—CO), andd(Fe—C—0)
vibrations at 1925, 525, and 586 cinrespectively, indicating a positive electrostatic environment for

the CO complex, which is probably weakly hydrogen-bonded to a distal residue. The CO geometry is
nonlinear as indicated by the unusually high intensity of the e O bending vibration. The(Fe" —

NO) andd(Fe"—N—0) vibrations are detected at 596 and 571 &mespectively, in the ferric forms of
wild-type and mutant enzyme and are indicative of a nonlinear binding geometry in support of the CO
data. Although the presence of INH does not affect the vibrational frequencies of the CO- and NO-bound
forms of either enzyme, it seems to perturb slightly their Raman intensities. Our results suggest a minimal,
if any, perturbation of the distal heme pocket in the S315T mutant. Instead, the S315T mutation seems
to induce small changes in the KatG conformation/dynamics of the ligand access channel as indicated by
CO rebinding kinetics in flash photolysis experiments. The implications of these findings for the catalytic
mechanism and mechanism of INH resistance in KatG(S315T) are discussed.

In the past decade, tuberculosis has reemerged as one ofene B8—8). It has been proposed that the activated form of
the leading causes of death worldwide due to an infectious INH inhibits fatty acid synthase 2, an enzyme complex
disease because of the appearance of multidrug-resistaninvolved in mycolic acid biosynthesi®<{11), leading to cell
strains of Mycobacterium tuberculosiand the increased death. Immediately after the introduction of INH, resistance
frequency of tuberculosis among individuals infected with to this drug was developed, which was linked in the majority
the human immunodeficiency virus (HIV)LY Isoniazid of cases to mutations of th&atG gene encoding the
(INH)® has been the cornerstone in tuberculosis chemo- catalase-peroxidase. The most frequently encountered muta-
therapy for half a century ever since its introduction as a tion is the S315T substitution, which has been found in over
potent antituberculosis drug in 1952)( Even though its 50% of resistant isolated2).
mechanism of action is not fully understood, INH is generally M. tuberculosiscatalase-peroxidase (KatG) is a bifunc-
believed to be a prodrug that is activated by the heme- tional enzyme that exists as a homodimer of 80-kDa subunits,
containing catalaseperoxidase KatG, encoded by thatG both of which contain one heme irorl3 14). Besides

catalase-peroxidase activity, KatG possesses?Mdepend-
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structure ofMitb KatG shows that Ser315 is situated along a rebinding kinetics of WT KatG and KatG(S315T) by

proposed substrate access channel and hydrogen bonds to@mploying the flash photolysis technique to investigate the

heme propionate as we had suggested on the basis okffect of the S315T mutation on the accessibility of the heme

resonance Raman experiments,(22). pocket. The implications of our findings for the KatG
Several models have been proposed for the inhibition of catalytic mechanism and the mechanism of resistance to INH

INH activation by the S315T mutation. On the basis of are discussed.

KatG—CO studies, it has been suggested that KatG(S315T)

cannot activate INH because of its inability to form sufficient MATERIALS AND METHODS

amounts of hydrogen-bonded oxy-Kat@&3). Furthermore, Materials CO (99.5%) and NO (99%) gases were

based on sequence alignment with CCP and on the crystal )
: . purchased from Matheson Tri-Gas. TREO (99%) and
structure of HmMCP KatG, it has been proposed that steric 15NO (98%) isotopes were purchased from Cambridge

interactions induced by the bulkier threonine hinder INH Isot Laboratories. All oth i f Si
access to the heme pocké&®(24), which is consistent with :Icc)jr(i)c?r? aboratories. other reagents were from sigma-

spectroscopic and calorimetric experiments from our groups _ o _
(22, 25), though it cannot be ruled out that INH has a Isolgnon and Purification of M tuberculos!s Catalase
different binding site in the mutant. The crystal structure of Peroxidase Mtb catalase-peroxidase was isolated and
BpKatG suggests an INH binding site outside the heme pur|f|ed from an overexpression sys?emﬁscherlchla cqh
pocket, and it was proposed that changes in the hydrogenstrain UM262 (KatG minus) expressmg_tMa tuberculosus_
bond of Ser315 to a heme propionate would change the katGgene, gglft from Stewar_t Cole (Institute Pasteur, Paris).
binding mode of the INH hydrazine grougq). The bacte_rla were grown in thg presence of the heme
The binding mode of INH to KatG has not yet been biosynthetic precursa%—qmlnolevulm_lc aC|d.WT_ KatG and
established. NMR relaxation data have suggested that theKatG(S315T) were purified according to published proce-
distance between the heme iron and INH amide nitrogen is dures 83, 34). The purified enzyme was in 20 mM potassium
approximatey 4 A for both WT KatG and its S315T mutant phosphate buffer at pH 7.2. AII the samplt_as used in thI'S study
(26). INH binding either inside or sufficiently close to the Were 2 weeks old to avoid changes in heme spin-state
distal heme pocket was also suggested by Lukat-Rodgers eflistribution due to aging of the proteir23). For the pH
al. (23), but a different potential INH binding site in close Studies, KatG samples were exchanged into 20 mM citrate
proximity to Ser315 was identified in the crystal structure Puffer at pH 5 or 20 mM borate buffer at pH 10.
of BpKatG @0). Computational and modeling studies have ~ Sample PreparationThe samples for the Uvvis and
argued against such a binding site in the surface loop, and itresonance Raman experiments were prepared and contained
was suggested that the INH binding site is located near thein a spinning cell that was sealed with a rubber septum.
d-mesoheme edgel8, 27). On the basis of spectroscopic  Typically, 60uL of sample was used for each experiment.
data, we have proposed a binding mode of INH to KatG Ferrous KatG was prepared by injection of dithionite in a
that resembles that of BHA to HRP-Q3). degassed buffer solution into a spinning cell containing ferric
In this work, we use resonance Raman (RR) and FTIR KatG under N atmosphere. The CO adduct of ferrous KatG
spectroscopy to investigate the KatG catalytic site with the was made by purging CO gas into the cell. Separate optical
small exogenous ligands carbon monoxide (CO) and nitric @nd stopped flow experiments were used to evaluate the
oxide (NO). The vibrations associated with these exogenousdissociation constankg) and the on ratek{,) for NO binding
ligands are excellent probes of the distal heme pocket, to ferric KatG, from which the off-ratekfs) of NO was
because they are very sensitive to changes in their environ-estimated (data not showny = 116 uM, kon = 1.39 x
ment induced by steric hindrance, electrostatic interactions,10® M~ s7%, andky = 1.6 x 10? s™*. NO gas was first
and substrate bindin@®, 30). The information inferred from  bubbled through a saturated KOH solution. The NO and
the RR and FTIR spectra of the CO and NO complexes ““NO samples were prepared by injecting 2000f NO and
provides insight into the molecular basis of the catalytic ®NO gas, respectively, from a vial containing nitrogen and
activity of KatG and potential perturbations that are induced KOH solution into a spinning cell containing ferric KatG
in the INH-resistant S315T mutant that affect, for example, under N atmosphere. The formation of each Katfgyand
substrate binding and the structural requirements for the complex was verified by UV vis spectroscopy.
catalytic mechanism. These small exogenous ligands are also Electronic Absorption and Resonance Raman Spectros-
excellent to obtain a better understanding of the nature of copy Electronic absorption spectra were recorded at room
the binding and chemistry of peroxide and its critical temperature with a UV vis spectrophotometer (Lambda P40,
dependence on the amino acid structure of the heme pockePerkin-Elmer). The resonance Raman (RR) spectra were
(28). We report they(Fe—CO), »(CO), andd(Fe—C—0) obtained using a single spectrograph (TriAx 550, JY/Horiba)
frequencies of the CO complexes of ferrous WT KatG and and a N(I)-cooled CCD detector (Spectrum One, JY/Horiba)
KatG(S315T) in the absence and presence of INH, as well with a UV-enhanced 204& 512 pixels chip (EEV). The
as thev(Fe—NO) andd(Fe—N—O) frequencies of their ferric ~ spectral resolution is 4 cmh, and peak positions are
complexes with nitric oxide (NO). We have also studied the determined with an accuracy of 1 ctn The samples were
ferrous form of WT KatG, KatG(S315T), and their INH excited with 413.1 nm light from a Krlaser (Coherent,
complexes. The imidazolate character of the proximal [-302) and kept at & 2 °C during the experiments. Rayleigh
histidine ligand as suggested by th@e—His) frequency, scattering was blocked by a 413.1 nm holographic notch filter
in combination with the positive polarity of the distal (Kaiser Optical). Sample concentration wasiM, and the
environment support the “pustpull” mechanism for -0 incident laser power was 10 and 1 mW for the Kat&O
bond cleavagedl, 32). We have also determined the CO and KatG-CO complexes, respectively. Kat®\H and
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Ficure 1: High-frequency resonance Raman spectrum of ferrous
WT KatG at pH 7.2. The inset shows the 20060 cn! region of
ferrous wild-type KatG at pH 7.2 with (A) and without (B) INH
and without INH at pH 10 (C) and of ferrous KatG(S315T) at pH
7.2 (D).

T
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KatG(S315T)-INH complexes were made by addition of
70 and 500 equiv of INH, respectively. Background correc-
tion of RR spectra was done by subtraction of a smooth
polynomial. Vibrations were labeled and assigned following
the literature unless indicated differentl§5-37). Toluene
was used to calibrate the RR spectra.

Fourier Transform Infrared SpectroscoplyTIR spectra
were obtained from 500M samples with an AVATAR 360
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configuration 28) consistent with the absorption spectrum,
which exhibits a Soret band at 439 nm and Q-bands at 559
and 590 nm (data not shown) characteristic of a 5c ferrous
heme 89). The presence of a small amount of residual ferric,
5c¢/QS hemeZ2) cannot be excluded as indicated by weak
vz andv, modes at 1500 and 1580 cfrespectively. Since
excitation at 413.1 nm favors enhancement of ferric 5¢/QS
heme fmax &~ 406 nm) over 5¢/HS ferrous hem2nfy ~
439 nm), the total amount of residual ferric heme is expected
to be very small. The vibrations at 1605 and 1620 tare
attributed to the;p and a vinyl stretching mode¢c) of the
5¢/HS ferrous heme, respectively. Our results are nearly
identical to those obtained with 441.6 nm excitation, which
favors excitation of the 5¢/HS ferrous heme, but we did not
observe the 6¢/LS ferrous heme, which was reported in a
previous study 40). The vibrational frequencies resemble
those of ferrous CCP at pH 7.2, which hag vs, va, v,
and vec at 1356, 1471, 1563, 1604, and 1618 ¢ém
respectively 89). Ferrous KatG(S315T) has the same visible
and RR spectra as the WT enzyme (data not shown) with a
predominant 5¢/HS ferrous heme and a very small amount
of ferric 5¢/QS heme.

The inset of Figure 1 shows low-frequency RR spectra of
ferrous KatG/INH complex (pH= 7.2, trace A), KatG (pH
= 7.2, trace B), KatG (pH= 10, trace C), and KatG(S315T)
(pH = 7.2, trace D). The prominent band at 244 ¢énis
assigned ta/(Fe—His), the stretching vibration of the Ike
proximal histidine moiety40), which is a typical frequency
for a proximal histidine with imidazolate character in
peroxidases4l). We do not observe the secon(Fe—His)

FT-IR spectrometer equipped with a TGS detector. Anaerobic 53t 228 cn1t that was previously reported in KatG at pH 10

samples were loaded into a cell with Gakindows and a

and in KatG(S315T), which argues against the proposed

50 um spacer. Each spectrum is averaged 512 times with 4 mqgification of the hydrogen-bonding environment of the

cm! resolution. Absorption spectra were taken before and
after measurements to confirm sample stability.
CO Flash Photolysis ExperimentSO rebinding kinetics

proximal histidine ligand in ferrous KatG by the S315T
mutation @0).
KatG'—CO Complex.CO is an excellent probe of the

were recorded using a transient absorption system (7 nsgjstal heme pocket environment because it is very sensitive

response time) described previousdg); It consists of a Nd:
YAG laser (Surelight SLII-10, Continuum) with 532 nm, 7

to electrostatic and steric interactions with nearby groups
(29, 42). It binds only to ferrous heme proteins, generally,

ns laser pulses at a 20 Hz repetition rate as an excitationy g nearly linear Fe C—O geometry 43). The Fe-CO and
source and a 75 W pulsed Xe lamp for probe light selected c_q stretching frequencies are affected by the polarity near
by a McPherson monochromator and detected by a Hamamatihe Fe-CO moiety @4, 45). In peroxidases, the relatively

su R928 photomultiplier. The output was digitized and
recorded using a Tektronix TDS 620 oscilloscope. The CO
samples were prepared a 1 cmquartz cuvette. The laser
light was focused with a quartz lens=€ 1 m) through a 3
mm x 9 mm aperture to obtain a uniform excitation intensity

high v(Fe—CO) frequency is attributed to an increase in-Fe
CO bond order due to imidazolate character of the proximal
histidine ligand and hydrogen bonding interactions of a distal
pocket residue with CO44).

Figure 2 shows the low-frequency RR spectra of the CO

of ~62 mJ/cm at the sample. Transient absorbance Changescomplexes of KatG in the presence of INH at pH 7.2 (trace

were probed at 445 nm thronga 3 mmaperture perpen-

A), at pH 7.2 with?CO (trace B) and3CO (trace C), and

dicular to the laser beam. The experiments were performed pH 10 (trace D). In heme proteing(Fe—CO) and the
at 20°C. The samples were stable under these conditions asce_c—Q bending vibrationg(Fe—C—0), are expected at
judged from absorption spectra taken before and after the.5 500 and 580 cm, respectively 29). We detect two bands
experiment and from successive flash photolyses of the samg, (he RR spectra at 525 and 586 Chftraces A, B, and C)

sample that yielded the same CO rebinding kinetics.

RESULTS

Ferrous KatG.Figure 1 shows the high-frequency RR
spectrum of ferrous WT KatG obtained with Soret excitation.
The oxidation state marker bamglis observed at 1360 crh

that shift to 519 and 569 cm, respectively, in thé3CO-
bound adduct (trace D). The isotope difference spectrum is
shown in inset . We assign the 525 chband tov(Fe—

CO) and the 586 cnt band tod(Fe—C—0) of the KatG-

CO complex. The €0 stretching modey(CO), is located

at 1925 cm? (inset I1), and thé3CO isotope produces a 42

a frequency characteristic of ferrous hemes. The spin statecm™ downshift (data not shown). In deuterated buffer, a 1

markervs has one main contribution at 1475 chindicating

cm! shift is observed fow(CO) at pH 7.2 at the limit of

the presence of a pentacoordinated, high-spin (5¢/HS)our resolution, suggesting the existence of weak H-bond
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Ficure 2: Low-frequency resonance Raman spectra of ferrous WT
KatG—CO complex at pH 7.2 in the presence (A) and absence (B)
of INH, at pH=7.2 with13CO (C), and at pH 10 (D). Inset | shows
the difference spectrum of ferrous WT Kat@O minus KatG-
13CO at pH 7.2. Inset Il shows the resonance Raman spectra of
ferrous WT KatG-CO in the 1856-2000 cnt? region at pH 7.2
(A), at pD 6.8 (B), and at pH 10 (C).
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Ficure 3: Low-frequency resonance Raman spectra of KatG-
(S315T)-CO at pH 7.2 in the presence of INH (A), without INH
(B), and INH-free with'3CO (C). Inset | shows the difference
spectrum of KatG(S315FCO minus KatG(S315H13CO at pH
7.2. Inset Il shows the FTIR spectrum of KatG(S315TP in
D0 in the 1856-2000 cn1? region.

between CO and a distal residue. Addition of INH to KatG
(70 equiv) at pH 7.2 (trace B) does not affect the vibrational
frequencies of its CO complex, but it affects the intensities
of v(Fe—CO) andd(Fe—C—O0) slightly. In contrasta 5 cn1t
downshift of v(Fe—CO) is observed for KatcCO at pH

10 (trace E), which is accompanied by a decrease in the
intensity of 5(Fe—C—0) and a 3 cm! upshift of v(C—0O)
(Figure 2, inset I, trace D), but(C—0) did not shift in
deuterated buffer at this pH (data not shown).

The RR spectra of ferrous CO-bound KatG(S315T) in the
absence and presence of INH she{#e—CO) andd(Fe—
C—0) at 525 and 586 cm, respectively, which shift to 519
and 569 cm?, respectively, in thé3CO adduct (Figure 3)
similar to WT KatG. The isotope difference spectrum is
shown in inset | of Figure 3. In KatG(S315FL0, v(CO)
is observed at 1925 crhin the Raman spectrum (data not
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FIGURE 4: Correlation line ofv(Fe—CO) vsv(C—O0) for various
peroxidases and KatG: KatG at pH 7.2 [13], KatG at pH 10 [14],
and KatG(S315T) at pH 7.2 [15]. All entries are tabulated in the
Supporting Information.

shown) and at 1923 cm in the FTIR spectrum (Figure 3,
inset 1l). The small frequency shift is probably due to
deuteration of a H-bond to a distal residue in the deuterated
buffer for the FTIR experiment.

Extensive studies of CO complexes of heme proteins have
shown that(Fe—CO) andv(C—O0O) follow an inverse linear
correlation due tor-electron back-donation from the(dl.,
dy,) orbitals of Fé to the emptysz* orbitals of CO @9).
Placement along the(Fe—CO) vs v(CO) correlation line
reflects modulation of the back-bonding by polar groups in
the distal heme pocket. Figure 4 shows/@e—CO) vs
v(CO) correlation that compares KatG to peroxidases. The
data fall on a correlation line that is characteristic for
hemoproteins with a proximal histidine ligand. Points high
on the line, withv(Fe—CO) > 520 cnt! and »(C—-0) <
1935 cn1?, are believed to reflect distal H-bond interactions
to CO and a positively charged environme#)( indicating
that such an environment is present in both WT and S315T
KatG.

KatG"—NO ComplexThe NO complex of ferric KatG
has an absorption spectrum with a Soret band at 421 nm
and Q-bands at 535 and 570 nm (Figure 5, inset ), similar
to HRP"—NO (47). Figure 5 shows the high-frequency RR
spectra of the ferrieNO complexes of KatG and KatG-
(S315T) and their INH bound forms at pH 7.2. The vs,
and vy bands appear at 1378, 1513, and 1644 %tm
respectively, and are indicative of 6c¢c-ferrinitrosyl com-
plexes 28, 48). Neither the S315T mutation nor addition of
INH cause any changes in the vibrational frequencies.
Inspection of the 18062000 cn? region did not reveal the
v(NO) vibration in agreement with previous observations in
other histidine-containing hemoproteins excited in the Soret
region, presumably due to little orbital conjugation between
NO and the heme40).

The S315T mutation, addition of INH, or both do not
induce any changes in the frequencies of the low-frequency

vibrations either (Figure 5). Only minor changes in the

relative intensities of the 395 and 402 chvibrations and
in the 270 cm?® band shape occur in the S315T mutant.
Isotope-sensitive bands are observed at 596 and 571 cm

for KatG—NO with corresponding bands at 589 and 561

cmtin the KatG-5NO. The difference spectrum*O —



CO and NO Binding byMtb KatG and KatG(S315T)

Biochemistry, Vol. 44, No. 1, 2002247

Il 575, WTKatG A, =413.1nm  Fe"NO, pH=7.2 S I
I s A
r}\ 3 "o 2 0.4 /| WT KatG"NO
i\ | B8 < /|
N | \" \ ~/
\| 588 02 \
\ \ 88
5620 NO-*NO S AA
= 0.0 o
550 600 cz? 400 500 600
1¥e)
S0 Lz
38, T2
S ~ z
o
©
D. S315T/INH
C. S315T
B.WT
A WT/INH

T T T
800 1400 1600

Raman shift (cm™)

T T
200 400 600

Rey=413.1 nm
KatG-NO

-1378

O
N0
°

C. pH=10

B. pH=7.2

-1513
-1570
-1585
-1624
-1644

A. pH=5

T T
600 1400

Raman shift (cm™)
Ficure 6: High- and low-frequency resonance Raman spectra of

T T
400 1600

FIGURE 5: High- and low-frequency resonance Raman spectra of ferric KatG—NO complex at pH 5 (A), pH 7.2 (B), and pH 10 (C).

ferric KatG—NO at pH 7.2: (A) WT KatG-NO in the presence

of INH; (B) WT KatG—NO; (C) KatG(S315T)»NO; (D) KatG- 0.020 ]
(S315T)>NO in the presence of INH. Inset | shows the Yvis ' 0.02
spectrum of ferric WT KatGNO at pH 7.2. Inset |l shows the :
difference spectrum of ferric WT Kat&NO minus KatG-1*NO S
at pH 7.2. 0.01 === S315T
0015 wr
Table 1: Frequencies (cri) of the Fe-NO Modes in Selected
Ferric Nitrosyl Heme Proteins 0001 —
v(Fe-NO)  o(Fe-N—0)  »(N—0) refs 1 0 1 2 3 4
Mb 595 573 1922 48,79 0.010+ ms
HbA 594 1925 48, 80
HRP 604 574 1903 48
NP 591 578 1904 70, 81
Nor 594 1904 82
KatG 596 571 this work 0.005+
15NO) of the KatG-NO complex is shown in inset Il of
Figure 5. Based on the assignments for the-Mil© complex 0.000 4
(48), we assign the 596 and 571 chbands of KatG-NO
to v(Fe—=NO) andd(Fe—N—0), respectively. The(Fe—NO)

-5 0 5 10 15 20 25 30 35 40 45
time (msec)
Ficure 7: CO rebinding to KatG and KatG(S315T) following flash
photolysis. Transient absorption traces at 445 nm of WT KatG
dotted line) and KatG(S315T) (dotted line). Biexponential fits to
e data are shown with a straight line. The inset shows the fast
rebinding phase.

frequency at 596 cnt is characteristic of a ferric 6¢/LS NO
complex, indicating a typical e-NO bond strength, and

is 1 cm higher in frequency than in ferric MbNO, while

the 5(Fe—N—O0) frequency at 571 cnt is lower by 2 cm?®

(see Table 1). Even though we observed three heme specie
in the ferric resting form of KatG22), we detect only a
single NO binding conformation to the heme, in agreement
with the CO data. Table 2: CO Rebinding Rate&(k;) and Normalized Amplitudes

The heme oxidation, coordination, and spin state markers (A1A;) for KatG and KatG(S315T)

of the ferric KatG-NO complex are not sensitive to pH as ki (103 s AL ko (s7Y) A
shown |r'1 Flgure 6 The’V(Fe_NO) and (S(Fe_N_O) KatG 543 0.134+ 0.03 108+ 11 0.87+0.03
frequencies are also independent of pH and are observed akatG(S315T) 6.2£1.8 0.14+0.01 84+7  0.86+ 0.01

596 and 571 cmt, respectively, with similar intensities.
CO Rebinding KineticsWe measured the CO rebinding dominates the recombination process accounting for &7%
rates for both KatG and KatG(S315T) following flash 3% in KatG and 86%t 1% in KatG(S315T) with rates of
photolysis at pH 7.2 and 1 mM CO. Figure 7 shows the 108+ 11 and 84+ 7 s7%, respectively. The recombination
transient absorption traces detected at 445 nm, at whichrates in both KatG and KatG(S315T) are much faster
wavelength the decay of photolyzed KatGO and KatG- compared to CCPk{ = 0.4 x 1% k, = 5 s %) (50) and
(S315T)>-CO can be monitored to determine the CO rebind- HRP (4 = 0.004x 10°s™?) (51). However, the R38L HRP
ing rate. Best fits were obtained with a biexponential decay mutant has recombination kinetids & 5 x 10°, k, = 200
function, and the pseudo-first-order rates are summarized ins 1) that compare well to both KatG and KatG(S315%))
Table 2. Recombination of CO has a fast phase with a relative
amplitude of 13%+ 3% for KatG and of 14%t 1% for
KatG(S315T) with recombination rates of (6 3) x 10°
and (6.24+ 1.8) x 1C® s, respectively. The slow phase

DISCUSSION

We have obtained RR and FTIR spectra for the reduced,
ferrous CO-bound, and ferric NO-bound forms of KatG and
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KatG(S315T), which give new insight into the heme
environment oMtb KatG and ligand binding in general. Our

Kapetanaki et al.

1905 cmt (58, 59). In CCP-CO, only one conformer is
present, and CO is tilted 12and H-bonded to a water

data also provide a test for three models concerning the modemolecule, which is H-bonded to Arg38 (60). However, the

of antibiotic resistance in KatG(S315T)g, 20, 23).
Proximal Heme PockefThe low-frequency RR spectra

of both KatG and KatG(S315T) reveal a band at 244 &m

which has been assigned to the stretching vibratigife—

H42L—CO complex in both HRP-C and CCP hade—
CO) at 525 and 522 cm, respectively, with/(CO) at 1924
and 1928 cm?, respectively 46, 60). In these complexes,
CO has been proposed to interact with Arg38 by default.

His), of the bond between the heme iron and the imidazole Although these frequencies are similar to those observed in

side chain of the proximal His270 (40). Its high frequency

KatG and KatG(S315T), we do not favor a stabilization

is comparable to that in peroxidases and is characteristic ofmechanism that involves only the distal Arg104Mitb. Our

the imidazolate character of the proximal histidine ligand,

results indicate that a hydrogen bonding residue is depro-

which is probably due to a hydrogen bond between the tonated at pH 10, which suggests involvement of distal

imidazole Ny hydrogen and the Asp381, resulting in
increased electron donation ofcNind an elevatea(Fe—
Ne(His)) frequency 48). The distance between proximal
His270 and Asp381 is about 2.65 Alitb KatG (pdb 1SJ2,
18), very close to that in CCP (pdb 1CCP, 2.90 A) and
HRP-C (pdb 1ATJ, 2.74 A) in which(Fe—His) is observed
at 246-249 (2-55) and 244 cm! (56), respectively,

His108 because arginine is expected to havé&Kaground

12. Furthermore, the position of KatG in the correlation plot
is lower than HRP, indicating that CO experiences a less
positively charged or hydrogen-bonding distal environment
or both in Mtb KatG than in HRP. In support of this
conclusion, the distance between the heme iron and the
nitrogens of the distal arginine side chain is largeMtb

supporting the presence of a polar hydrogen bond betweenkatG (Fe-Naq > 6.27 A, pdb 1SJ218) than in HRP (Fe-

His270 and the carboxylate group of Asp381Mitb KatG.

In contrast to a previous study, we did not observe a second
v(Fe—His) at lower frequency, and our results argue against
their proposal that the S315T mutation affects the H-bonding

environment of the proximal histidine ligand in ferrous KatG
(40). The highv(Fe—His) frequency observed in both KatG
and KatG(S315T) indicates strong proximal ligation, which

makes the proximal histidine ligand a good electron donor,
resulting in increased electron density at the heme iron, which
helps to stabilize higher oxidation states of the heme iron
and facilitates peroxidase activity, even in the S315T mutant.

The stronger FeHis270 bond further weakens the'f=eO

Nag = 4.61 A, pdb 1ATJ61).

Steric Factors The inherent geometry of the F&O (X
= C, N) fragment of diatomic ligand adducts of metallopor-
phyrins or heme proteins depends on the total number of
electrons in metal dand ligandz* orbitals (29). In Fe'—
CO and F¥ —NO complexes, a total of six electrons favors
a linear geometry. If there is no distortion of the hep@O
geometry or asymmetry in the electrostatic potential of the
surrounding protein, the bending mode is not present or very
weak in the RR spectruni4).

In the KatG-CO and KatG(S315FCO, the intensity of

bond and, presumably, increases the chemical activity of 9(Fe~C—0) is unusually high. Studies of heme model

compound I, which is formed after treatment of KatG with
different peroxides33) and KatG(S315T) with peroxyacetic
acid 25). In conclusion, the S315T mutation seems to affect
neither the proximal histidine ligation nor the chemical
activity of compound I, and we do not believe that inhibition
of INH activation in the S315T mutant is due to modification
of hydrogen bonding to the proximal histidine ligand.
Distal Heme PocketThe crystal structure dfitb KatG

(18) shows that it contains the conserved arginine, tryp-

compounds have revealed that the intensity@fe— C—O)
relative tov(Fe—CO) is proportional to sterically induced
tilting of CO away from the normal of the heme plar&)
Comparison of the ratidyend|stretch for KatG at pH 7.2 and
pH 10 and KatG(S315T) at pH 7.2 suggests that both KatG
(IbenJlstretch: 092) and KatG(SslST)lk(enJlstretch: 093)
have a significant tilted CO ligand, indicating that they share
a similar geometry of the CO group at pH 7.2. A distorted
heme-CO geometry foMtb KatG is not surprising because

tophan, and histidine triad in the distal heme pocket similar its crystal structurelg) reveals a shorter distance between

to class | peroxidases. Distal tryptophan mutants of catalase
peroxidases are devoid of catalatic activi§r), while the

the heme iron and thed\bf distal histidine (5.6 A) compared
to CCP (5.8 A) and HRP (6 A). In lactoperoxidase,lgnd

distal histidine and arginine residues have been shown tolsretchOf ~0.5 has been observed and has also been interpreted

play a significant role in peroxide activation in peroxidases
(3.

Polarity. In both WT and S315T KatG, we find evidence
for only one heme CO conformer withw(Fe—CQO) = 525
cmt, 9(Fe—C—0) = 586 cn1?, andv(CO) = 1925 cm™.
The position ofv(Fe—CO) andv(CO) in the correlation plot

in terms of a tilted FeCO geometry §3). At pH 10, a
decreased intensity @f(Fe—C—0) in KatG suggests a less
tilted CO moiety (pendlstretch= 0.38), which is, presumably,
due to less constraint and loss of hydrogen bonding caused
by deprotonation of distal His108, in agreement with the
change inv(C—0) frequency. A K, of 8.7 has been

(Figure 4) indicates a positively charged distal heme pocket, proposed for the distal histidine in HRP-CO (59), and

H-bonding to CO, or both. The latter is supported by small
changes in(CO) upon H/D exchange and itFe—CO) and
v(CO) and the absence of an H/D effect at pH 10,
presumably, due to deprotonation of the H-bond donor.
At neutral pH, HRP-G-CO has two conformers. In one

we expect an analogou&pfor the Mtb KatG distal histidine.
The lpendlstretch ratio in KatG-CO adducts at pH 7.2 is
noticeably larger than that in sterically constrained model
compoundslgendlstetch < 0.5) (62), and steric factors alone
cannot explain the intensé(Fe—C—0) in KatG-CO.

complex, CO has been proposed to accept a hydrogen bondHowever, steric constraints have been suggested to enforce

from distal Arg38 withv(Fe—CO) at 519 cm?! and»(CO)
at 1934 cm?. In the other, CO mainly interacts with distal
His42 and displays(Fe—CO) at 541 cm! and »(CO) at

the polar interactions with distal residues and consequently
a combination of steric and electrostatic effects can account
for the strong activation od(Fe—C—O0) (64, 65).



CO and NO Binding byMtb KatG and KatG(S315T) Biochemistry, Vol. 44, No. 1, 20032249

The observation of an intengéFe—N—O) supports the  and of the F&—~CO and F& —NO complexes indicates that
CO results. The FENO moiety is isoelectronic with Fe the heme pocket in both KatG and KatG(S315T) is very
CO and known to adopt a linear configuration normal to the similar and supports a bent configuration of distal ligands
heme plane@6). No 6(Fe—N—0O) mode has been observed and seems optimized for binding.@nd HO, in their
for unhindered NO complexes of ferric heme protei@3, ( preferred nonlinear conformatiod3, 44).

68). Therefore, detection of(Fe—N—O0) in ferric KatG— Interaction of INH with the CO and NO Complexes.
NO suggests an off-axis influence that induces a slightly Previous studies have demonstrated that INH affects the
distorted F& —N—O configuration 67, 69), in agreement  coordination state of the heme iron in ferric KatG and KatG-
with our observation for KatG-CO. Normal coordinate  (S315T) @3, 22, 33, 74). However, addition of INH to KatG
analysis indicates that the difference between the stretchingor KatG(S315T) does not change the vibrational frequencies
and bending frequencies becomes larger with decreasingin their CO and NO adducts but affects their intensities
Fe'—N—O angle {0, 71). This difference is larger in KatG slightly. lpendlstreten decreases from 0.92 to 0.68 in KatG
NO (25 cnt?) than in Mb—NO (22 cn?) providing support CO/INH and from 0.93 to 0.87 in KatG(S315TLO/INH.

for a slightly more distorted Fe-NO linkage in KatG 60). Since the frequencies do not change, we rule out that INH
However, in HRP-C-NO, this difference (30 crt) is larger binding affects the polarity of the distal heme pocket. It is
than in KatG-NO suggesting a less distorted"FeNO more likely that INH binding lowers the relative intensity
linkage in KatG than in HRP-C6Q). However, little is of 6(Fe—C—0) by lowering the steric constraints. The fact
known about the possible distortion of the NO adduct and that the change is smaller for KatG(S315T) than for KatG
the activation mechanism é6{Fe—N—O). It has been shown is in excellent agreement with the observed reduced affinity
that thed(Fe—N—O) intensity depends weakly on tilting of INH for KatG(S315T) 25). NMR experiments have
(71), and a tilted FeNO moiety in KatG can probably be  suggested that the distance between the heme iron and an
excluded, favoring a bent configuration that is activated by INH amide nitrogen is abdu A in both KatG and KatG-
distal polar interactions similar to the one that we propose (S315T) @6). The latter result is somewhat surprising given
for the isoelectronic ferrousCO complex of KatG. The the low affinity of INH for the mutant Z5). We have
results for KatG(S315T) are identical to those of KatG, and proposed similarities between INH binding in KatG and the
we believe that CO and NO share the same bound config-nearly parallel orientation of BHA with respect to the heme
uration in both enzymes. Furthermore, since CO experiencesin HRP-C @2, 75). Recent modeling and computational
a positively charged environment,<® bond cleavage of  studies have proposed a similar binding site that is located
bound peroxide can be facilitated by stabilizing the separating near thed-mesoheme edge 18, 27). However, based on
charge in both KatG and KatG(S315T). the crystal structure of BpKatG a different binding site for

Our data are quite different from those obtained by Lukat- INH has been suggeste2Q), which is more than 10 A away
Rodgers et al. 43, 40), who observed two CO binding from the heme compared to BHA in HRP-C, but in close
conformations in KatGCO: one hydrogen-bonded to a proximity to Ser315. In the HRPCO/BHA ternary complex,
distal residue (form I) and one non-hydrogen-bonded (form the Fe-CO conformation changes from a mixture of non-
I). Since form Il was predominant in KatG(S3157¢O, H-bonded and H-bonded forms to a single H-bonded form
they proposed that KatG(S315T) cannot activate INH (76). A similar effect of INH binding on the Kat6CO
because of its inability to form sufficient amounts of complex has been reported3]. We did not observe this
hydrogen-bonded oxy-KatG. Thé(Fe-C—O) in their effect because our samples have only the H-bonded CO
complexes exhibits a weaker intensityefd|siretch ratios of conformer in both the absence and the presence of INH.
0.4 and 0.2 can be estimated from their data for Ka@® Although our present results are not in disagreement with
and KatG(S315T)CO, respectively). Since the position of our previous suggestion of an INH binding site inside the
their CO complexes in the correlation plot is similar to that KatG heme pocket similar to that of BHA in HRP, we cannot
of ours (Figure 4), we exclude significant differences in distal rule out an INH binding site outside the heme pocket close
pocket polarity, and we attribute the more interig&e— to the S315 residue. In the latter case, INH binding would
C—0) in our results to a more constrained distal environment. reduce constraints on CO in the heme pocket through
They also observed a 6¢/LS heme species in ferrous KatG,allosteric interactions.
which was more prevalent in KatG(S315T), and they  CO Rebinding KineticgOur results on the CO rebinding
suggested decreased access of oxygen or superoxide to thkinetics to KatG following flash photolysis provide insight
heme iron in the mutant. Consequently, a lower yield of the into the accessibility of the KatG heme pocket. Although
oxy-intermediate was expected in KatG(S315T), which has the S315T mutation affects the CO rebinding rate, the effect
previously been considered as one of the pathways foris small. Both KatG and KatG(S315T) display a fast
activation of INH @4, 72, 73), though new results indicate  rebinding phase with similar amplitudes and rebinding rates
that INH is mainly activated by reacting with compound | within experimental error. They also have similar amplitudes
(25, 33). Our results do not support their model that KatG- for the slow phase, but the rebinding rate is slightly faster
(S315T) lacks sufficient hydrogen-bonding to exogenous in KatG than in KatG(S315T). The results suggest small
ligands @3), because we observe only the hydrogen-bonded differences in the heme pocket, the access channel between
conformer in the CO complex of both KatG and KatG- KatG and KatG(S315T), or both. Our RR studies of the CO
(S315T) and no 6¢/LS ferrous heme. We have observedand NO complexes of KatG and KatG(S315T) indicate no
differences between our and their results before, and wesignificant differences in their distal heme pockets and
believe that they may be due to differences in the isolation/ proximal ligation. Therefore, the small difference in CO
purification procedure and, perhaps, storage of the enzymerebinding to the two enzymes most likely arises from
(22, 34). Our analysis of ferrous KatG and KatG(S315T) differences in access to the heme pocket. It has been proposed
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that the threonine-methyl group in KatG(S315T) causes stericcatalytic function. Substitution of Ser315 with threonine
hindrance in the heme access chanidé&l @4). Although affects the CO rebinding kinetics, which supports the
CO is small, the perturbation induced by the bulky methyl proposal that the mutation confers resistance to INH by
group can still affect its access to the heme. Other factors, reducing accessibility to the KatG heme pocket by steric
like conformational changes of internal cavities caused by hindrance in the access channel. Since the actual binding
the mutation, may also be responsible for the observedsite of INH in KatG and KatG(S315T) remains elusive, this
difference in the CO rebinding kinetics. It has also been model may only be relevant when INH binds inside the heme
suggested that the highly oriented water molecules in the pocket, and modification of an INH binding site outside the
access channel i&. coli HPII catalase facilitate $D, entry heme pocket by the mutation cannot be ruled out.

into the heme pocket7{). Therefore, perturbation of the

water molecules in the access channel in KatG(S315T) couldpocKNOWLEDGMENT

potentially affect the accessibility of CO and molecules such

as peroxides or INH to the heme pocket. The proposed 0SS yye thank Dr. V. Shafirovich in the NYU DNA Chemistry
of one hydrogen bond to the heme-7-propionate in the S315Tang photophysics Laboratory for his help with the CO flash
mutant may induce reorientation of these water molecules photolysis experiments and the reviewers for their stimulating

(22). o o comments.
The faster recombination kinetics of CO Mtbh KatG
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