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ABSTRACT. KatG, the catalase peroxidase frdtycobacterium tuberculosigs important in the activation

of the antitubercular drug, isoniazid. About 50% of isoniazid-resistant clinical isolates contain a mutation
in KatG wherein the serine at position 315 is substituted with threonine, KatG(S315T). The heme pockets
of KatG and KatG(S315T) and their interactions with isoniazid are probed using resonance Raman (rR)
spectroscopy to characterize their ferrous CO complexes. Three vibrational mod@sadd Fe-C
stretching and FeCO bending, are assigned usitf€O and'*CO isotope shifts. Two conformers are
observed for KatcCO and KatG(S315HCO. Resonance Raman features assigned to form | are
consistent with it having a neutral proximal histidine ligand and the &eO moiety hydrogen bonded

to a distal residue. Theg(C—O0) band for form I is sharp, consistent with a conformationally homogeneous
Fe—CO unit. Form Il also has a neutral proximal histidine ligand but is not hydrogen bonded. This appears
to result in a conformationally disordered F€0O unit, as evidenced by a comparatively broadGC
stretching band. Th&CO-sensitive bands assigned to form Il are predominant in the KatG(S3T&T)

rR spectrum. Isoniazid binding is apparent from the resonance Raman signatures of both WICKatG

and KatG(S315TCO. Moreover, isoniazid binding elicits an increase in the form | population of wild-
type KatG-CO while having little, if any, effect on the already low population of form | of KatG-
(S315T)-CO. Since oxyKatG (compound IIl) also contains a low-spin diatomic ligdreme adduct
(heme-0y), it is reasonable to suggest that it too would exist as a mixture of conformers. Because the
small form | population of KatG(S315F)CO correlates with its inability to activate INH, we hypothesize
that form | plays a role in INH activation.

Mycobacterium tuberculos®Itb)! infection is the second  building blocks of the mycobacterial cell wall. Two enzymes
largest worldwide killer among infectious diseases, topped involved in mycolic acid synthesis, InhA (NADH-dependent
only by HIV/AIDS (1). Current treatment for tuberculosis enoyl-ACP reductase) and Kasprketoacyl ACP synthase),
(TB) involves daily therapy over the course of several months are inhibited by a metabolite of INF{-11) that is generated
with the first-line drugs, isoniazid (isonicotinic acid hy- by functional KatG 8, 12—15). The hypothesis that INH is
drazide, INH), rifampin (RIF), pyrazinamide, and ethambutol a prodrug, whose activation in vivo is dependent on KatG,
(2—4). In the United States, 13% of all new TB cases are has been reinforced by chemical and structural characteriza-
resistant to at least one of the first-line drugs; 1.6% of the tion of an INH adduct, isonicotinic acyl-NADH, bound at
cases are resistant to both INH and R3}: (n INH-sensitive the active site of InhA16, 17).

strains ofMtb, INH is rapidly converted into isonicotinic Studies of clinical isolates have shown that-5m% of
acid, isonicotinamide, pyridine-4-carboxaldehyde, and 4-py- |NH-resistant strains are mutated at tkatG locus with
ridylmethanol 6, 7). INH activation results in inhibition of  mjissense mutations (rather than gene deletion) being the most
mycolic acid synthesis in mycobacteria. Mycolic acids, Iong- common alteration18—21). The most frequeritatG muta-
chain (Go—Ce) a-branched,s-hydroxy fatty acids, are  tion found in INH-resistant strains results in amino acid
substitutions at Ser315 of KatG, with S315T being the most
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10.1021/bi010369g CCC: $20.00 © 2001 American Chemical Society
Published on Web 05/25/2001




7150 Biochemistry, Vol. 40, No. 24, 2001 Lukat-Rodgers et al.

Sequence alignment of KatG witBaccharomyce ceve the influence of distal steric interactions and provides insight
siae cytochromec peroxidase (CCP) suggests that Ser315 into them @9). The dispersion in/(C—N) frequencies is
is analogous to Ser185 in CCP, which is part of the heme small across the heme proteins and is rather insensitive to
pocket and participates in hydrogen bonding with a heme electrostatic interactiong$). The ferrous hemeNO adducts
propionate group1, 26). Several properties of KatG are fall into 5-c and 6-c categories. The henrdO adducts are
relatively unperturbed by the S315T substitution. The heme arguably the best mimics of their,@ounterparts for two
redox potential ranges only from21 to—77 mV vs NHE reasons. First, both have bent-P¢—0 equilibrium geom-
for wild-type (WT) KatG and KatG(S315T) in the presence etries. Second, both show little dependence of Xeélistance
and absence of INH2({). Wild-type KatG and KatG(S315T)  on the presence or absence of a proximal ligand. Because
proteins are both competent catataperoxidase enzymes  of this domination of the d o bonding by overlap with the
with comparable catalase and peroxidase activi28sZ9). occupied nonbonding orbitals of NO and,®@oth their 5-c
Hence, compounds | and Il are both accessible in the WT and 6-c adducts fall on the sam@~e—X)/v(X—0) correla-
and (S315T) enzymes. Compound | was recently observedtion line. Although recent studies have demonstrated the
spectroscopically after treatment of WT KatG wiént-butyl utility of back-bonding correlations for NO and,@dducts
hydroperoxide and percarboxylic acid30f. Compound | of ferrous hemes and model complexg6)( these correla-
for KatG(S315T) was not reported. INH binds near the heme tions provide little insight into proximal endogenous ligand
in both enzymes, as evidenced by NMR relaxation results bonding.

from which the Fe-INH amide nitrogen distance was In this study, CO has been chosen as the ligand probe, as
estimated at-4 A for both proteins [WT KatGINH (3.8 it yields insight into important structural and electronic
+ 0.8 A) and KatG(S315F)INH (4.4 4 0.9 A)] (32). properties of both proximal and distal heme environments.

Nevertheless\Mtb strains carrying th&atG(S315T)nuta- This steady-state rR investigation of ferrous her@®
tion are INH resistant because of their inability to activate adducts allows comparison of the distal and proximal heme
INH. There are differences in the heme environments of WT pocket influences on the F&€—O units of WT KatG-CO
KatG and KatG(S315T) that manifest themselves as subtleand KatG(S315TF)CO. The effect of INH on these vibra-
perturbations in the spectroscopic signatures of the hemetions in the WT and KatG(S315T) proteins is also reported.
Low-temperature ESR spectra reveal slight changes in theCharacterization of the distal heme pocket via its interactions
five-coordinate (5-c) and six-coordinate (6-c) populations of with these stable hemeCO adducts is providing initial
high-spin (HS) ferric WT and KatG(S315T) hemes upon insights into the interactions that could govern structure and
addition of INH, further suggesting that INH binds near the reactivity of a heme-bound Qigand.
heme iron in both enzyme83). UV —visible (33, 34) and
resonance Raman (rR}4) data suggest that the distal heme MATERIALS AND METHODS
environment of ferric and ferrous KatG(S315T) is altered ) ) )
relative to WT KatG as demonstrated by a greater population ~Protein Isolation and Sample Preparatioito WT KatG
of 6-c low-spin (LS) heme in KatG(S315T) relative to WT and KatG(8315T) pr'ot.elns were oyerexpressed and purified
KatG under typical INH assay conditions. In addition to these from Escherichia colusing the previously reported protocol
spectroscopic signatures, KatG has been observed to form 428)- Protein concentrations were determined using the
superoxide complex (compound Ill) that is more reactive Bradford assay with bovine serum albumin as the stgndard
than that for HRP 30, 35). Moreover, KatG(S315T) is less  (81)- All WT KatG and KatG(S315T) samples were in 50
efficient at converting INH to isonicotonic acid via a MM sodium phosphate at pH 7.5 or in 50 mM Tris-HCI at
mechanism involving superoxida1). The rate constant for pH 7.8 and 8.0.' Ferrlc samples were flushed gxtenswely with
INH oxidation catalyzed by KatG(S315T) is-11 times N, prior to addition of INH to prevent catalytic turnover.
smaller than for WT KatG48, 31). Reduced WT KatG and KatG(S315T)CO adducts were

A full understanding of the reactivity of bound,@®ward prepared anaerobically by reducing ferric proteins with a
INH could shed light on the reason(s) for the inability of 10—20-fold excess of sodium dithionite (buffered 0.1 M
KatG(S315T) to activate INH. The structural and electronic sodium dithionite solution) followed by equilibration with
factors that govern the reactivity can be reported by the 1 atm of**CO (natural abundance) 6iCO (99%"C). Car-
vibrational modes of the bound diatomic ligand. While O  bonyl adduct formation was confirmed by UVisible spec-
adducts of peroxidases are reactive, CO and NO form troscopy. UV-visible spectra were recorded at ambient tem-
thermodynamically stable adducts with ferrous peroxidases perature on a CCD-based multichannel spectrometer under
that can be probed by Spectroscopic techniques_ Indeed CO microcomputer control. Isoniazid stock solutions (—I{DO
and NO-peroxidase complexes have been extensively MM) were prepared anaerobically with recrystallized INH
studied, and the structural information inferred from their immediately before use. Buffers used for pH dependence of
vibrations has contributed to understanding the structural Fe—CO stretching bands were citrate (pH 4.5), phosphate
basis of their catalytic activities36—46). Vibrational (pH 6.0), MOPS (pH 7.0), Tris (pH 8.0), and glycine (pH
signatures of three diatomic ligand complexes are commonly 1.0); buffer concentrations were 50 mM.
exploited as probes of distal heme environment. They are Resonance Raman Spectroscdpgsonance Raman spec-
the ferric and ferrous hemeCN, ferrous hemeNO, and tra were obtained with either 406.7 or 413.1 nm excitation
ferrous heme CO adducts. Each has its own advantages andfrom a Kr" laser via backscattering from 0.1 to 0.3 mM KatG
limitations for probing distal pocket properties. The minimal samples. Samples were in 5 mm NMR tubes spun at
m back-bonding in hemeCN adducts 47, 48) allows approximately 20 Hz at ambient temperature. Laser powers
substantial conformational flexibility in the F&E€—N moiety. were between 0.2 and 20 mW at the sample, and spectral
Hence, the FeCN unit is easily bent and/or tilted under artifacts due to photoinduced chemistry were avoided by
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Ficure 1: High-frequency resonance Raman spectrum of ferric
WT KatG with 406.7 nm excitation: (A) 320M WT KatG in 50
mM Tris-HCI, pH 8.0, (B) 32Q«M WT KatG plus 5 equiv of INH
in 50 mM Tris-HCI, pH 8.0, and (C) difference spectrum [(WT
KatG) — (WT KatG/INH)] in 50 mM Tris-/HCI, pH 8.0 (spectrum
A — spectrum B). The difference spectrum is multiplied by a factor
of 2. Laser power at the sample was 10 mW.

judicious control of the incident power. Spectra were

recorded with a Raman spectrometer described previously

(34). The spectrometer was calibrated with neat toluene,
DMF, CCl,, CH,Br,, and DMSO as frequency standards.
UV —visible spectra were obtained before and after rR
experiments to ensure that the samples were not irreversibl
altered in the laser beam. For the CO adductsythmode
region was examined for evidence of CO photolysis. At
powers between 5 and 20 mW at the sample, the amount o
5-c ferrous heme present due to laser photolysis of the CO,
as judged by, intensity at 1355 cm', was not significant
and, therefore, not likely to contribute to the rR spectra in
the low-frequency region. To avoid introduction of artifacts
in the rR difference spectra, baselines were either left
uncorrected or simply offset by subtraction of a straight line
from the spectrum.

ESR Spectroscopiror ferric forms of the KatG proteins,
ESR spectra were recorded at 15 K with a spectrometer
operating at X-band microwave frequency (9.45 GHz) and
equipped with an continuous flow helium cryostat. At a
microwave power of 2 mW, neither the LS nor HS
components of the spectra were saturated.

RESULTS

Ferric KatG and KatG(S315T) Interactions with INH.
Optical difference spectra of WT KatG titrated with INH
show a small blue shift in the Soret band maximum from
408 to 406 nm 33). This result and ESR studies are
consistent with an INH-induced change in coordination
number from 6-c to 5-¢33). To further examine the effects
of INH binding to WT KatG, its high-frequency rR spectrum
was monitored as the enzyme was titrated with INH at room
temperature. Curves A and B in Figure 1 show the 406.7
nm excited rR spectra obtained from ferric WT KatG upon

Yy
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treatment with INH. In this spectrum, one of the core-size
marker bandsys, is particularly sensitive to heme spin state
and coordination number. In the difference spectrum (WT
KatG — WT KatG/INH) (Figure 1C), there is a small
difference feature at 1486/1499 chtorresponding to a shift
in thev; band, indicative of a change in coordination number
of a small fraction of the WT KatG heme from 6-c HS to
5-c HS 62). Evidence suggests that water is the sixth ligand
in 6-c HS WT KatG 83, 34). Conversion of a 6-c HS heme
to a 5-c HS heme suggests that INH binding may promote
changes in the distal pocket that include loss of coordinated
water. These assignments were made by analogy to metMb
(53). To confirm that these small difference features were
not artifacts of the subtraction process, the difference
spectrum [(WT KatG, sodium phosphate, pH 75 WT
KatG, Tris-HCI, pH 8.0)] (not shown) was examined, and
no difference features were observed. The same subtle
spectral changes were observed when INH treatment was
carried out in sodium phosphate at pH 7.5 or in Tris-HCI at
pH 8.0 with 6 or 70 equiv of INH, respectively. Even though
these difference features are reproducible and do not vary
with incident laser power (0-815 mW at sample), they are
all small, suggesting that the fraction of protein being
interconverted in response to INH binding is also small.
Hence, these data indicate that INH binding does not cause
a large shift in the WT KatG spin state or coordination state
populations in solution at room temperature.

Larger INH-induced difference bands were observed for
v, and the vinyl modesy(C,=Cy,) and 6(C.H=). Notably,
two of these, §(C;H=) andv(C;=Cy,), are directly associated
with the vinyl substituents. These vinyl coordinates can mix
with skeletal modes, including, (45, 54). This may explain
why the largest difference feature occurs atith&equency.
Although changes in mixing of vinyl and porphine skeletal
coordinates can be associated with a coordination state

fa:hange, given the relative insensitivity @fto INH interac-

tion, it is more likely that they occur in response to
perturbations of the peripheral heme environment in response
to INH binding.

When INH binding to ferric WT KatG is monitored by
low-temperature ESR, as shown in Figure 2, shifts in the
distribution of species are also observed. The ESR spectrum
of WT KatG contains signatures from three HS specs3 (
and multiple 6-c LS specie84). The effect of INH on the
ESR spectra of KatG HS ferric species has been attributed
to INH-induced changes in the relative populations of axial
and rhombic specie88). The ESR spectra in Figure 2 reveal
that addition of INH also results in the loss of a prominent
6-c LS speciesy= 3.24, 2.05, 1.28). Due to the overlapping
ESR signals, species quantitation is nontrivial. However, the
increase in relative intensity gt~ 6 suggests that this 6-c
LS species is converted to a HS species in the presence of
INH. This conversion is more apparent in the 15 K ESR
spectra than in their room temperature rR counterparts
because at3 K a larger fraction of WT KatG is 6-c and
LS, whereas it is predominantly HS at room temperatB# (
INH-induced changes in the ESR signatures of both HS and
LS species involve alteration in distal heme coordination,
suggesting INH binding affects the distal environment of the
heme.

Like WT KatG, ferric KatG(S315T) exhibits HS and LS
forms in its ESR spectrun8g, 34). The previously reported
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ESR spectrum of recombinant ferric KatG(S3158¥)(is

not detectably altered by addition of INH (data not shown). Ficure 3: High-frequency resonance Raman spectrum of KatG

This is not all together surprising, since titration with INH CO adducts: (A) WT KatcCO (220uM); (B) KatG(S315T)-

does not significantly alter the visible spectrum of recom- €O (154uM). The samples were in 50 mM Tris-HCI, pH 7.8, with

binant KatG(S315T)33). This study exploits spectroscopic a 20-fold excess of sodium dithionite and 1 atm of CO. Spectra
A : i were obtained with 413.1 nm excitation and 0.4 mW laser power

signatures of heme-bound CO to probe the heme environmentt the sample. Inset: Visible absorbance spectra of the K&G

as a means of elucidating the differential effects of INH on adducts: (A) WT KatG-CO; (B) KatG(S315T)-CO. Spectra are
WT KatG and KatG(S315T). vertically offset from one another on the same absorbance scale.

. . Both samples were 9.0M in heme, were in 50 mM Tris-HCI at
_ Heme-CO Vibrations as Probes of Heme &ronment 7. ch))ntained a 4@old excess of sodium dithionite, and were
in WT KatG-CO and KatG(S315HCO. To probe the under 1 atm of CO.
S315T mutation- and INH-induced changes in the distal
heme pocket of KatG, where both INH and oxidizing agents KatG—CO are shown in Figure 4. In the WT Kat@2CO
such as HO, and Q interact with the heme, we have spectrum, the bands at 499 and 522 trare assigned to
undertaken a study of the Kat&O adducts. The visible Fe—CO stretching vibrationsy[Fe—CO)] due to two dif-
spectra of the ferrous CO adducts of WT KatG and KatG- ferent conformations of the Fe&CO unit, form | and form
(S315T) indicate they are typical 6-c LS complexes with a 1I. The »(Fe—CO) bands shift to 495 and 516 ci
proximal histidine ligand (inset, Figure 3). The visible respectively, in the WT Kat&3CO spectrum. A FeC—O
spectrum of WTMth KatG—CO with a 422 nm Soret and  bending mode (Fe—C—0)] occurs at 584 crt. In the
a/f bands at 572/542 nm is comparable to that previously 13CO isotopomer, this bending mode shifts to 568 &riThe
reported foMycobacterium smegmati&tG—CO (55). The  two CO stretching bands{C—0), at 1926 and 1965 cmh
band maxima for KatG(S315F)CO are slightly shifted (421  were also assigned by isotopic substitution. The 1926'cm
nm Soret; 570/540 nm/ bands). Occurrence of, at 1372 band is sharp and readily observed in the high-frequency
cm ! in the high-frequency rR spectra of WT Kat®@O spectrum. It shifts to 1886 crh upon 13CO substitution,
and KatG(S315T}CO (Figure 3) is also typical forheme  which is the isotope shift predicted for a diatomic CO
CO adducts38). The lack of a shoulder near 1358 chiv, oscillator. Since the resonance enhancement is poor for the
for 5-c HS Fe(ll)] indicates that a 5-c photoproduct is not high-frequency €O stretching region of the rR spectrum,
produced in significant amounts during Raman excitation. and since the pixel to pixel response variation of the detector
The v, and other heme skeletal vibrations were unaffected approaches the intensities of weakC—O) bands, it is
by addition of INH to either WT KatGCO or KatG- difficult to observe weak, broad bands in this region of the
(S315T)-CO (data not shown). spectrum. Therefore, the secon(©—0) band at 1965 cr,

The Fe-CO vibrations of hemeCO adducts are exquis- which is quite broad, is clearly visualized only in the
itely sensitive to modes of interaction between the distal difference spectrum (Figure 4C) after the pixel response
pocket and bound CO. This sensitivity derives from the artifacts are canceled by subtraction of the Kat&CO
influence of distal electrostatic and steric factors on the ex- spectrum. The 1965 cm band shifts to around 1918 4
tent of Fe— CO & back-bonding, which has the effect of cm™ upon!3*CO substitution. The negative component for
increasing the FeC bond order and decreasing the-Q the CO isotopomer in the difference spectrum is super-
bond order. Raman bands due to vibrations of WT imposed on the positive feature of the 1926 érband,
KatG—CO involving the heme CO ligand were identi- making exact assignment of t€ shift difficult. The 522
fied on the basis of isotope shifts for tHéCO isotop- cm! y(Fe-CO), 1926 cm! »(C—0O), and 584 cm!
omer. Isotope-sensitive bands in the rR spectrum of WT §(Fe—C—0O) bands are assigned to WT KatGO form |,
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FiGUrRe 4: Resonance Raman spectra of WT Kai@O: (A) WT

KatG—12CO; (B) WT KatG-13CO; (C) difference spectrum of  FIGURE 5: Resonance Raman spectra of KatG(S315JQ: (A)

[(WT KatG—12CO) — (WT KatG—13CO)]. Samples were 220M KatG(S315T)}-12CO; (B) KatG(S315T)-13CO; (C) difference

in 50 mM Tris-HCI, pH 8.0. Spectra were obtained with 413.1 nm spectrum of [(KatG(S315F)CO) — (KatG(S315T)-13CO)].

excitation with 10 mW laser power at the sample. The arrows Samples were 208M in 50 mM Tris-HCI, pH 8.0. Spectra were

indicate bands due to protein vibrations. The asterisk indicates aobtained with 413.1 nm excitation with 10 mW laser power at the

detector artifact, which is not observed in the difference spectrum sample. The arrows indicate bands due to protein vibrations. The

because it is subtracted out with the protein bands. asterisk indicates a detector artifact. The detector artifact is not
observed in the difference spectrum because it is subtracted out

while form 11 exhibitsv(Fe—CO) at 499 cm* andv(C—O0) with the protein bands.

at 1965 cm®. Band assignments to forms | and Il are based

on mutual interchanges of intensity between these bands in(34). Since NO is a stronger trans-labilizing ligand than CO,
the KatG(S315T)CO spectrum (vide infra) and by analogy it is unlikely that the CO adduct would be 5-c in a protein
to other peroxidase86—39, 41, 46). whose NO adduct is 6-c.

Vibrations involving the CO ligand in KatG(S315FLO The 520 and 585 cm bands attributed to form | of KatG-
were also assigned by isotopic substitution (Figure 5). Similar (S315T}-CO have lower relative intensities than their
to WT KatG—CO, the Fe-CO stretching bands for KatG-  counterparts in the WT Kat&CO spectrum (Figure 4). This
(S315T)-CO fall at 500 and 520 cm, and the bend is  interchange in the populations of forms | and Il is also
at 585 cm?. Bands at 1926 and 1956 cfy assigned to apparent in the CO stretching region of the spectrum, as the
v(C—0) for KatG(S315T}12CO, shift to 1885 and 1908 sharpy(C—O) band from form | is much less intense than it
cmt, respectively, in the KatG(S315F3CO spectrum. is in the WT KatG-CO spectrum (Figure 4C). Resonance
These spectra and the isotope difference spectrum (FigureRaman spectra of WT KateCO and KatG(S315FHCO
5C) clearly show that there are at least two—&O were recorded between pH 4.5 and pH 10 (data not shown.)
conformations in KatG(S315FHCO. The first Fe-CO Although no alkaline transitions were observed, both had
conformation of KatG(S315FHCO [520 cm'! v(Fe—CO), similar populations of forms | and Il at pH 4.5. However,
585 cn1! 9(Fe—C—0), 1926 cm* »(C—0)] is the analogue  loss of form | population was a steeper function of pH for
of form | of WT KatG—CO. The 500 cm! »(Fe—CO) and the mutant than for the WT enzyme. This pH behavior and

1956 cm! »(C—0O) bands are assigned to an-Fe—O the intensity changes described above are consistent with
conformation form Il which is similar to its WT counterpart form | being less stable in KatG(S3151¢O.
and appears to dominate the KatG(S315TPD spectrum. Frequencies of the(Fe-CO) andv(C—0O) bands for

The assignments of sets of bands to forms | and Il are basecheme-CO complexes are inversely correlated because of the
on the following two observations. First, théFe—CO) band aforementioned interplay between+eCO & back-bonding

at 520 cm is associated with the bending vibration at 585 and population of CO-based* molecular orbitals. Figure
cm! because both are less intense relative to the 500 cm 6 shows this inverse correlation for a number of heme
band in the mutant. Second, the assignments(leé—CO) proteins. The height of a correlation line on thge—CO)
and v(C—0O) pairs to forms | and Il in KatG(S315F)CO axis is biased by the donor strength of the trans (proximal)
were made so location of a point substantially above the ligand. The inverse correlation between line height and
imidazolexr back-bonding correlation line (vide infra) was proximal donor strength is due to competition between the
avoided. Placing a point above the imidazole correlation line CO and proximal ligand for the emptydrbital of the LS
would indicate a 5-c CO comple®®), which is inconsistent ~ Fe(ll) center. Hence, anionic proximal ligands such as
with our previously reported 6-c WT Kat&\O spectrum imidazolate and thiolate lower theback-bonding correlation
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Lukat-Rodgers et al.

Table 1
B
B "
H
f
N N
¢ ) ¢ )
Asp Asp
Kat Kat
Form I Form I1
form | form Il
mode WT S315T WT S315T
v(Fe—CO) (cnT?) 522 520 499 500
»(C—0) (cnm?) 1926 1926 1965 1956
584 585

CO is H-bonded to a donor with an exchangeable proton.

data are from this work while data for other CO adducts were taken The 3 cnm! downshift in DO (Figure 6) is consistent with
from refs 34-44. The solid lines are linear least-squares fits of all those previously observed for peroxidaszO adducts with

the data points shown except those for the KatGs. The inset show

the 3 cnr! downshift of they(C—0) band of form | when the
spectrum is acquired from a,D solution of WT KatG-CO. Solid
lines are least-squares fits using a Gaussian line shape.

line on thev(Fe—CO) axis due to weakened FEO o
bonding 64). For WT KatG-CO and KatG(S315FHCO,
forms | and Il fall on the imidazole back-bonding line,
consistent with proximal imidazole rather than imidazolate
ligation in both Fe-CO forms for WT and mutant KatGs.
This is in contrast to the two conformations observed for
HRP—CO at pH 6.0 and CCPCO at pH 7.0, where one
conformation falls on the imidazole back-bonding line and
the second on the imidazolate lin85(-39, 41, 46).

The position of a point on a given correlation line reflects
the degree ofr back-bonding in the FeCO moiety, which
is governed by both FeC—O geometry and the distal
electrostatic field43, 57). An off-axis Fe-C—O geometry
diminishes overlap of the CO-based and d—x orbitals,

resulting in weaker back-bonding and, absent electrostatic

*H-bonded CO ligands5@). Thus, forms | of WT KatG

CO and KatG(S315FCO contain Fe-CO moieties that are
H-bonded to a distal residue. Form Il for both enzymes
falls much lower on the imidazole line than form I. By
analogy to the high-pH form of CCRCO with v(Fe—CO),
0(Fe—CO), and»(C—0) at 503, 575, and 1948 cry
respectively 89), form Il most likely contains a non-
hydrogen-bonded FeCO unit. An Fe-C—0O bending vibra-
tion cannot be assigned for form Il. However, the possibility
that forms | and Il have nearly identical(Fe—C—0)
frequencies cannot be eliminated. The breadth of the
v»(C—0) band at 1956 cnt is consistent with a conforma-
tionally inhomogeneous FeCO unit in form Il. The
dominance of form Il in the KatG(S315F)CO spectrum
further suggests that the S315T mutation alters the heme
pocket such that the conformationally more flexible form II
is favored. Table 1 shows the proposed-l&O conforma-
tions for WT KatG- and KatG(S315T)CO adducts.
Interaction of WT KatG-CO and KatG(S315FHCO with

interactions such as hydrogen bonding, is characterized bylNH. The isotope-sensitive bands in the rR spectrum of WT

positions to the right (low) on the correlation line. Interactions
of the CO ligand with positively charged or H-bond-donating

KatG—CO/INH are shown in Figure 7. In the presence of
INH, the two conformers of WT Kat&CO are also

residues on the distal side of the heme are known to enhancebserved. The relatively intenggFe—C—0) band at 584
7 back-donation. Distal H-bond interactions are characterizedcm™ and they(Fe—CO) band at 522 crt shift to 568 and

by points high on the correlation line. Offsetting contribu-
tions from H-bonding and off-axis FeCO distortions tend

to place points at intermediate positions on the plot in Fig-
ure 6. It has been suggested that points for€® units
with »(Fe—CO) > 520 cnt* and»(C—0) < 1935 cm! have
distal H-bonds 39). Since form | falls close to this threshold,
the v(Fe—CO) frequency was measured in@solution to

516 cn1?, respectively, in the WT KatG'3CO/INH spec-
trum and are assigned to the same-E® conformation
(form 1). The second/(Fe—CO) band occurs at 499 crh
with an apparent shift to 491 crhin the 3CO adduct. It is
assigned to form Il. The CO stretching vibrations are
observed at 1926 and 1965 cth However, the relative
intensity of the 1965 cm band (form Il) is diminished. This

determine whether it is indeed hydrogen bonded. The insetis consistent with the low-frequency spectrum in which the

in Figure 6 shows the/(Fe—CO) bands recorded inJ@
(top) and DO. A downshift is expected in D if the bound

form 1l v(Fe—CO) band loses intensity relative to the form
| bending and stretching bands upon INH addition. Hence,
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Raran shift (cm") Ficure 8: Effect of INH binding on the rR spectrum of WT
. . KatG—CO and KatG(S315FCO: (A) WT KatG—CO; (B) WT
FicurRe 7: Resonance Raman spectra of WT KaiGO/INH: (A) KatG—CO plus 70 equiv of INH; (C) KatG(S315FCO; (D)

WT KatG—12CO plus 70 equiv of INH; (B) WT KatG**CO plus KatG(S315T)CO plus 70 equiv of INH. All samples were in 50
70 equiv of IN{-I, (C) difference spectrum, (WT Kat@’CO/INH) mM Tris-HCI, pH 8.0, and all spectra were obtained with 413.1
— (WT KatG—*3CO/INH) (spectrum A- spectrum B). The arrows  nm excitation using 10 mW laser power at the sample. High-
indicate bands due to protein vibrations. The asterisk indicates afrequency difference spectra 4© stretching region) are those
detector artifact. shown in Figures 4, 5, and 7.

the main effect of INH on WT Kat&CO is to shift the  paween the bound CO ligand and the distal heme pocket in
equilibrium between forms | and Il in favor of form I, making  torm 1 than in form I, whose CO is H-bonded to a distal
the Fe-CO unit more conformationally homogeneous in WT  asidue.

KatG—=CO. ) . A higher fraction of form Il is observed in KatG(S315T)

To further examine the changes upon INH binding to CO ¢ than in its WT counterpart. The lack of distal hydrogen
adducts, rR spectra with and without INH are compared in ponging in form Il is expected to impact the structural and
Figure 8. Addition of INH to WT KatG-CO caused an  glectronic properties of the analogous@mplex. This could
intensity decrease of the 499 civ(Fe-CO) band. In yegyitin altered affinity of ferrous KatG(S315T) fop@nd/
contrast to small shifts observed for HREO upon substrate o, gitered reactivity. If, as has been proposé&d, (35),
binding @6), no INH-induced shifts in the frequencies of 4y KaiG is a key heme intermediate in the INH activation
the Fe-CO vibrations are observed for forms I or Il of WT  yyechanism, altered reactivity of this interediate due to the

KatG-CO. , ) absence of distal hydrogen bonding could have a negative
Treatment of KatG(S315FH)CO with INH causes a slight impact on the antitubercular potency of INH.
interchange in the intensities of the 500 and 520tbands, Sequence homology suggests that the distal histidines in

suggesting that INH binds to the mutant enzyme but only yrp (His42) and CCP (His52) correspond to His108 in
slightly increases population of form I. We were unable t0 ykaig. At pH 6.0 two CO conformers are observed for
detect thev(C—O) stretching band of KatG(S315:F)CO/ HRP—CO [V(Fe—CO) 539 cmd, V(C—O) 1906 cmt and
INH. Since the/(C—O) envelope is broad even pl’iOl’ to INH v(Fe—CO) 516 cnl, »(C—0) 1934 Cm—l] (36, 38, 46, 60).
additio_n, it is possible that_drug binding broadens it beyond \when the distal histidine is replaced with leucine [HRP-
detection by the rR experiment. (H42L)], only one CO conformer{Fe—CO) 525 cn?,
v(C—0) 1924 cm] is observed between pH 6 and pH 9.5
DISCUSSION (46). The analogous CCP mutation yields a single form of
Comparison of WT KatG and KatG(S315T) HemeiEn  CCP(H52L)-CO at pH 9.0 withv(Fe—CO) at 522 cm* and
ronmentsUnder equilibrium conditions, vibrational signa- v»(C—0) at 1928 cm? (41). Replacement of the distal His
tures of bound CO ligands in the Kat&O adducts indicate  residues in HRP and CCP precludes the alkaline transition
two heme pocket conformations in both the WT and mutant nomally observed at pH 8.3 for HRRCO, implicating the
enzymes. The positions of the enzymes onitffee—CO)/ distal His in the alkaline transition. A similar transition for
v(C—0) back-bonding line in Figure 6 indicate a greater either of the KatG-CO adducts would be expected to affect
degree of back-bonding in form | than in form II. On this the equilibrium populations of forms | and Il. The pH
correlation line, form Il of the KatcCOs is lower than dependences of the WT Kat& O and KatG(S315HCO
Mb—CO, Hb—CO (59), and alkaline CCPCO (36), whose rR spectra revealed no discernible pH dependence of the
vibrational signatures have been attributed to non-hydrogen-v(Fe—CO) bands for forms | and Il at & pH < 10 (data
bonded Fe-CO units (Table 1). This suggests less interaction not shown.) Therefore, neither WT Kat&O nor KatG-
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(S315T)-CO undergoes an alkaline transition analogous to also support the notion that INH binds close enough to the
those observed for HRP and CCP. So it seems unlikely thatheme to influence the sixth ligand of a 6-c LS complex.
the distal His108 participates in hydrogen bonding to the Whether or not the actual interconversion of spin states and

bound CO in WT KatG-CO or KatG(S315T)CO (46).
Both HRP(H42L}-CO and CCP(H52L)CO fall near
form | of WT KatG—CO and KatG(S315FHCO on the

coordination numbers is physiologically relevant is not clear
(32, 34). Nevertheless, the observed interconversion does
suggest that INH binding perturbs the conformation of the

back-bonding correlation line, as seen in Figure 6. A distal heme pocket. Previously reported NMR and ESR of

proposed conformation of HRP(H42LL O has the oxygen

the heme and the FeCO vibrations in WT and (S315T)

of the CO hydrogen bonded through a water molecule to CO adducts reported here are consistent with INH binding

the guanidinium group of distal Arg3&€6). Since this Arg
residue is conserved in KatG (Arg104) 26), an analogous
Fe—CO—H,0—Arg104 linkage between the heme iron and
the distal pocket is proposed for form | of WT Kat®@O
and KatG(S315T)CO.

The low population of form | in the S315T enzyme

to both enzymes. Furthermore, they provide compelling evi-
dence that it binds either inside or close enough to the distal
heme pocket to influence the conformation of bound CO.
Comparisons of the low- and high-frequency-#&-0
Raman intensities in Figure 8 reveal that when INH binds
to WT KatG—CO, form | becomes predominant. This

suggests that either the position of the distal Arg104 side influence of INH on the population of form | is attenuated
chain relative to the heme is perturbed by the methyl group in KatG(S315T)-CO. Even though we were unable to
of Thr315 or the bridging water molecule is extruded by a observe the/(C—O) band for INH-bound KatG(S315F)

conformational reorganization of the WT heme pocket in

response to S315T substitution. Indeed, KatG(R104L) mu-

tated strains oMtb are INH resistant1), suggesting that

Argl104 is crucial to INH activation. However, since strains
with the distal His108 mutation KatG(H108Q) are also INH
resistant §1), the loss of His108 hydrogen-bonding interac-
tions could also be detrimental to INH activation. Sensitivity
of the CO ligand vibrations to the seemingly innocuous

CO, the low-frequency spectra show only a slight INH-
induced increase in the population of form | (Figure 8). Given
that oxyKatG(S315T) is about an order of magnitude less
active than WT oxyKatG toward catalytic oxidation of INH
(31), these results reveal a correlation between inability of
KatG(S315T) to activate INH and its low population of the
heme-CO form | conformation. This correlation supports
the hypothesis that a form | analogue of the activating high-

S315T substitution near the heme periphery suggests thawvalent KatG intermediate is required for activation of INH.
the native shape and rigidity of the distal heme pocket require If oxyKatG is indeed the INH-activating intermediate, the

most or all of the conserved heme pocket residues.
Effect of INH on WT and Mutant KatG Heme dnon-

diminished capacity of KatG(S315T) to supply a hydrogen-
bonded form | analogue of oxyKatG could contribute to the

ments.Intensity changes in the Raman bands attributed to mutant’s inability to activate INH. Whether the hydrogen
the heme vinyl groups (Figure 1) indicate slight perturbation bond is required to poise the bound for further reduction

of the heme periphery upon treatment with INH. These small and O-O bond cleavage or to allow INH to bind in an

spectral changes are consistent with direct and/or indirectoptimum orientation is not clear from the results reported

effects of INH mainly on the nonbonding interactions of the

peripheral heme groups. This corroborates the conclusion

from NMR T, measurements that INH binds in close
proximity to the paramagnetic heme cent&,(33). Minute
changes in the; region of Figure 1 suggest that an INH-

here and will require further mechanistic study.

CONCLUSION

The data presented herein support several conclusions.
Both the WT and S315T enzymes bind CO, and each is

induced change in coordination number and/or spin statedistributed between the two forms illustrated in Table 1.

occurs in only a small fraction of the protein molecules at

Form | of WT KatG—-CO and KatG(S315FHCO comprises

ambient temperature. This is consistent with previous optical a triatomic Fe-CO unit hydrogen bonded to a distal H donor.

and ESR studies wherein INH binding was investigagg] (
34), all of which indicate a general insensitivity of the heme
electronic properties to INH binding. Hence, although INH

Possible donors include His108 or a water molecule bridged
to Argl04. The position of form | on the back-bonding
correlation plot suggests that the electrostatic environment

binds to both the WT and S315T enzymes, neither bonding of the hydrogen-bonded CO ligand is very similar to that in
nor strong nonbonding interactions between INH and the HRP and CCP mutants in which the distal His is replaced
heme are likely. This argues for the protein structure and by Leu and CO is hydrogen bonded to the distal Arg through
conformation around the heme being critical to forming a a water molecule. Since the diminished capacity of KatG-

catalytically competent KatGINH complex. Many of those

(S315T) to supply form | does not appear to preclude INH

structural and conformational features remain elusive at this binding, it probably compromises its ability to form the
time. However, the conformational properties of the heme requisite intermediate heme species. Form | contains a neutral
and heme pocket that are sensitive to the presence of INHproximal imidazole (from His270, based on sequence homol-

have been partially delineated in this study (vide infra).
Proximity of INH to the heme is further evidenced by low-

ogy with CCP). Form Il also contains a neutral proximal
imidazole ligand but has an F€O unit that does not interact

temperature ESR spectra of ferric KatG that show partial with distal residues through hydrogen bonding. While both

conversion of the 6-c LS heme to HS upon INH bindng to
WT KatG (32). It is possible to observe the INH-induced

WT and mutant enzymes have analogous CO conformers,
form 1l with its less constrained FECO moiety is more

LS — HS conversion in ESR spectra because INH inhibits favored in KatG(S315FHCO than in WT KatG-CO.
the freezing-induced shift in heme speciation from HS to Changes in relative Raman intensities of tfiee—CO) bands

LS, suggesting that INH diminishes the heme’s affinity for
one of the endogenous ligand4). Thus, the ESR spectra

upon treatment with INH show that drug binding perturbs
bound CO in the distal pockets of both the WT and S315T
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enzymes. In WT Kat&CO, INH binding increases the
population of the hydrogen-bonded €O conformation
(form 1). Hence, it is reasonable to hypothesize that the
inability of KatG(S315T) to activate INH (or activate enough
INH) may derive from its inability to form sufficient amounts
of hydrogen-bonded oxyKatG. Together with the compelling  30.
evidence for involvement of oxyKatG in INH activation,
these observations suggest a necessity for hydrogen bonding3*-
between the distal heme pocket and a boundigand for
catalytic INH activation.
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