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Abstract: Isoniazid has been used to treat tuberculosis for over 40 years, but its mechanism of action is not
yet fully understood. It is known that a catalase/peroxidase KatG is required for isoniazid activation. A point
mutation in KatG, KatG(S315T), is found n50% of isoniazid-resistant strains. In this study we have measured
the distance between tAeN labeled amide nitrogen of isoniazid and the Fe ion in the active site of KatG and
KatG(S315T). The distances are found to be equal within experimental errot; 8.8 and 4.4+ 0.9 A,
respectively. A new method of measuring longitudinal relaxation rates of insensitive nuclei in paramagnetic
systems viazzorder is proposed. The longitudinal relaxation rate of i nucleus was obtained from the
independently measured longitudinal proton relaxation rate and the longitudinader relaxation rate of

scalar coupled N and H atoms. To eliminate cross-correlations of different relaxation sources, a remote proton
was used to createzorder and detect theN nucleus. The obtainedN—Fe distances are significantly shorter

than previously reportetH—Fe distances (Wengenack, N. L.; Todorovic, S.; Yu, L; RusnaBiéchemistry

1998 37, 15825), indicating that the isoniazid molecule approaches the heme Fe ion via the hydrazine nitrogen
atoms. The proposed method for two-spin order relaxation measurements is quite general and can be used to
probe the distance between insensitive nuclei and a paramagnetic center in various-ptdisirate complexes.

Introduction involved in mycolic acid biosynthesis, thereby disrupting the
permeability barrier of the mycobacteria cell wall.

o ; o A point mutation in KatG in which serine at amino acid
consisting of two 82 kDa subunits, each containing arFe  agjque 315 is replaced by threonine, KatG(S315T), is the most
protoporphyrin IX cofactot:?2 Other enzymatic activities have  :ommon mutation found in INH-resistant strains of K&t
been attributed to KatG, namely a Mn(ll) dependent peroxidase  three-dimensional structure of KatG is not available, but it is
activity analogous to the manganese peroxidasfnero-  pejieved that KatG shares a similar active-site architecture with
chaete chrysosporiu as well as Brlike monooxygenase cytochromec peroxidase since they belong to the same class
and peroxynitritase activiti€sMoreover, it has been hypoth-  tihe catalase-peroxidase superfariifgy this analogy, amino
esized that KatG is responsible for converting isoniazid (INH, a¢id residue 315 has been modeled near the active site of RatG:
isonic_otinic acid hydrazide), the_ most widgly used antituber- 4 point mutation at this residue could very likely alter the
culosis drug for over 40 years, into an activated férhthe  enzymatic activity of KatG. Interestingly, however, it appears
mechanism of thls in vivo actlvathn is still unknown butitis hat KatG(S315T) is a competent catalase/peroxidase with only
clear that a functional form of KatG is necessafRecentwork 4 2.fold difference in catalytic efficiency of peroxidase activity
suggests that activated INH acts as an inhibitor of enzymes compared to wild-type enzynié Nevertheless, in the presence
of oxygen, INH is oxidized to isonicotinic acid by both KatG

Fo;rrga}[,i\g]r?m correspondence should be addressed at Mayo Clinic and and KatG(S315T), but the rate of oxidation of INH by KatG-

Mycobacterium tuberculosiKatG is a catalase-peroxidase

t Department of Biochemistry and Molecular Biology. (S315T) is reduced compared to the wild-type enzyfne.
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o FE™ (~10~* compared to'H NMR) that cannot be circumvented
even with isotope enrichment. Most often indirect detection
significantly improves sensitivity, but in the present case there
are two problems. For isotope enrichédNy,**N3]-INH, the
hydrazine protons are in fast exchange with water protons
thereby impeding indirect detection of theN signal through
the directly attached proton. Even if these protons were
observable, dipolar interactions with the nitrogen spin and with
nitrogen chemical shift anisotropy would induce serious errors
in measured!™N relaxation rates due to cross-correlation
effects?’” The alternative is to uséN,,15N3]-INH dissolved in
D0 to eliminate exchangeable protons and to detetvia
remotely coupled ring protons @4, Figure 1). However,
coupling constants of remote nuclei are an order of magnitude
smaller than for directly bonded nuclei, and consequently, much
longer times for coupling constant evolutioil) ~1) are
required. As a result, the majority of the nitrogen signal is lost
during this period due to the shoft of nitrogen. Thus, in

Figure 1. Structure of INH depicting relative positions of ring protons

and the nitrogen atom @)\ used forzzorder relaxation measurements,

with respect to the paramagnetic center of KatG. The two shaded area&aramagnetlc _Cor_nplexes, fa$t trzz%sverse rel_a Xat'é" biloes
are meant to represent the uncertaintyHn-Fe and'>N—Fe distances not allow the indirect detection ofN relaxation via remote

obtained by NMR relaxation measurements. These uncertainties areProtons.
larger than the experimental error and originate from two possible  In this report we introduce a novel method that facilitates
sources. First, because of a possible rotation of the INH ring which indirect detection of the amide nitrogetN,, Figure 1) using
will weaken the dipole-dipole interaction, the measuretH—Fe scalar coupling to a remote nuclear spin of INH ring protons
distance is obtained between the Fe center and a point anywhere beyongH, ¢, Figure 1). Although this spin system precludes standard
the Hy 5 (symbolized by the lower shaded area). This results in measured measurements d€N relaxation measurements, it still allows
distances that are greater than or equal_to th_e actual distance of thgpq detection of protonnitrogen two-spin ordet-28We show
INH—KatG complex. Second, due to dipeidipole andfor scalar o gimnje analysis that the longitudi@N relaxation rate in
interaction between Nand N;, the effective distance fromNo Fe is . o
measured from any point between the two nitrogen atoms and the Fe paramagnetlc complex can be extracted from the longitudinal
center (upper shaded area). rel_axatlon_ rates of protons amt—o_rder of remotgly coupled
spins. This allowed us to determine th&—Fe distances of

In the resting state of KatG the Fe ion exists in the ferric substrate-protein complexes for KatG and KatG(S315T) by use
oxidation state and is therefore highly paramagretic:éDue of the Solomor-Bloembergen equation.
to dipolar interactions with unpaired electron spins, relaxation ]
rates of substrate atoms that bind in the proximity of the Theoretical Background
paramagnetic center are affected and can be used to calculate |n a three-spin system, with two spin§N andH) relaxing

the distance of substrate nuclei to the paramagnetic center bythrough dipolar coupling with a rapidly relaxing electron (S),

use of the SolomonBloembergen equatioti~*° Typical Fe- the evolution of the two-spin order is given By:
1H distances for aromatic substrate molecules reported for heme
proteins fall in the range from 3.4 to 12%&.25 There are very d

few reports of the application of this method for nuclei other &EZHZNZ“)D: KiSunAEHA) L KnEn AN

than a protort® _ _ Ry ZH N0 (1)

In the present study, we report the distance of the amide
nitrogen atom of INH (M, Figure 1) to the Fe ion of KatG and  Here, A[H,(and AIN,Care deviations from equilibrium oH
KatG(S315T). Determination dfN—Fe distances may provide 504 15\ [ongitudinal magnetizations, respectivelf2H,N,]
cIues_ to the mole_cula_lr basis for !NH resistance of KatG(S315T). represents thezorder, andRy is thezzorder relaxation rate
In principle, longitudinal relaxation rates can be measured by a constant. The coefficiengyy gauges the strength 8H—15N
standard inversionrecovery NMR experiment anéN—Fe dipolar interactiongun O 1/(rn-n)3, wherer_y is the interspin
distances can be determined by use of the SoleABloem-  gistance. The coefficients take into account cross-correlation
bergen equation. This method, however, has inherent limitations penveen electroanucleus and nucleasucleus dipolar interac-
due to the low sensitivity of direct™N NMR spectroscopy  tjon, Cross-correlation effects introduce nonexponential decay

(15) Bertini, I.; Turano, P.; Vila, A. JChem. Re. 1993 93, 2833. of zzorder, eq 1, and in the present case are undesirable. If the
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83 g%gmgg;g}gﬂhy& Rghégfspﬁ&sfg??' 07 57 becomes negligibleEn ~ 0, the first two terms in eq 1 can be
(19) Bloembergen, N.; Morgan, L. Q. Chem. PhysL961 34, 842. neglected, andzorder relaxes monoexponentially. The relax-

(20) Modi, S.; Primose, W. U.; Boyle, J. M. B.; Gibson, C. F.; Lian, L.; ~ ation rate constant afzorder,R;yn, can be written a3’
Roberts, G. C. KBiochemistry 1995 34, 8982.

(21) Sakurada, J.; Takahashi, S.; Hosoyal.TBiol. Chem.1986 261, 2
9657. Riun = Ehis

(22) Koerts, J.; Rietjens, I. M. C. M.; Boersma, M. G.; VervooftEBS
Lett 1995 368 279.
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(24) Modi S.; Gilham, D. E.; Sutcliffe, M. J.; Lian, L.-Y.; Primrose, W.

U.; Wolf, C. R.; Roberts, G. C. KBiochemistryl997, 36, 4461. (27) Werbelow, L. G.; Thevand, Al. Magn. Resonl993 A 101 317.
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relaxation rates for respective nuclei: Binding constants of INH for KatG and KatG(S315T) and the
determination of molar fraction of bound ligang,, were reported
Riun = Ry + Ry (2b) previously=4
[**N2,*N3]-INH Synthesis. The synthesis was carried out following
Coefficients &s gauge respective electrenuclear dipole- the methods of Rohlich and Matsuki et al., reported for synthesis of

. . : - - deuterium-labeled INH from isonicotinic acib-oxide3132 In this
dipole interactions and for a paramagnetic system with electron o : ; :
b P 9 Y modified version, commercially availablé’N]-N,H,H,SO, was the

spinSand nuclgus with gyromggnetlc rab"o(,l =H, N)j Sis = precursor in the synthesis. Two equivalents of solid sodium hydroxide,
[6S(S + 1)/15]%ud/4m)[yiyilrid, whereh is Planck’s con-  gissolved in 0.5 mL of water, were added to 0.5 g 6K hydrazine

stant,uo is the magnetic permeability in a vacuum, ands is sulfate. The slurry was centrifuged to remove the precipitated sodium
the distance between the paramagnetic center with electron spirsulfate. The liquid phase, containifgN]-N2H., was collected and the
Sand nucleus. pH adjusted to 13 by addition of NaOH. One equivalent of isonicotinic
Thus, in the three spitH—13N—Fe system of the INHKatG acid ethyl ester was added to 0.5 mL &NJ-N2H,. The mixture was
complex, the longitudinal relaxation rate of the insensitii refluxed for 30 min at the lowest possible temperature and subsequently

nucleus can be obtained from the longitudinal relaxation rates cooled to °C at which point a yellow solid precipitated. The precipitate

of two-spin order and the remotely coupled proton of a bound was dissolved in a minimum volume of water and purified by HPLC
substrate: chromatography using a semipreparative (250 mm) Microsorb

Reverse Phase C18 Column (Rainin Instruments, Woburn, MA). A
linear gradient method, using 50 mM ammonium acetate (pH 7)/
acetonitrile as the mobile phase, changing from 95/5 to 20/80 ratio
over 10 min, was employed. Detection of products was at 260 nm.

However, if the substrate molecules are in fast exchange Three major products with retention times 2.2, 3.2, and 7.24 min (1
between free and bound states, the measured longitudinalmL/min flow) and relative ratios of 18, 76, and 6% were identified as
relaxation rateRyops (1/T1ons) is the weighted average of isonicotinic acid, isonicotinic acid hydrazide, and isonicotinic acid

Rin = Ripn — Ry (2¢)

relaxation rates of free and bound substrate molecBigé=1/ ethylester, respectively. Fractions, containifgNp,**Ns]-INH were
T1), andRyp (=1/T1), respectively: collected and lyophilized. Total yield ofqN,,'*N3]-INH was ~0.15
g; the purity was confirmed by HPLC using an analytical RP C18
Ryo0s= PRy + PuRys ©) column (150x 4.6 mm) and*H NMR.

NMR Spectroscopy.'H NMR measurements were carried out on a
. . Bruker Avance 500 MHz spectrometer at 26. Samples contained
wherep! andpy, are molar fractions of free and bound ligand, 25 MM [N5,18Ng]-INH in D0, while the enzyme concentration was
respectively. ) o _ varied from 60 to 24Q:M by adding aliquots of wild-type KatG (1.2

The paramagnetic contribution to the relaxation rate of a mM in 5 mM phosphate buffer/f, pH 7.5) or KatG(S315T) (1.1
bound substrate nucleu’;p, can be extracted for both proton, mM in 5 mM phosphate buffer/fD, pH 7.5) directly to the substrate
Rin, andzzorder, Ry, relaxation by application of eq 3. Itis  sample. All samples were degassed with argon to remove oxygen and
related to the nucleusFe ion distance by the Solomen kept anaerobic by use of a Wilmad Omni-fit NMR tube.

Bloembergen equatiot?®24 By takingze = 5 x 10711 s2! Proton longitudinal relaxation rates were determined using the
assuming the high-spin ferric state of the proteh= 5/2), [180°—7—90°(FID)—Tp]n pulse sequence adorder by the sequence
and noting thatwﬁrz < 1 a)érz > 129 the Solomor described by Kay et &F Relaxation times were varied from 5 to 800
Bloembergen equatig)n gives thecdistances of the Fe ion to (a)ms, and repetition time was set to 2 s. The coupling constant between

Nz and H; 5 (Figure 1),*Jun, was found to be-2 Hz and thel-evolution
time (A) for zzorder was set to 85 ms. To reduce the artifacts of indirect
B /6 detection, 2D spectra were collected. Phase sensitive (TPPI) spectra
Feo_py(M) = (1.8739% 10 9)[T,,(9)] (4a) with 64 scans were recorded over 17 ppm in the F2 (1024 data points)
and 40 ppm in the F1 (128 data points) dimensions. Data were filtered
and (b)15N: by Lorentz to Gauss transformation in F2 and squared sine-bell in F1
dimensions. A peak volume @fy = 7.6 ppmdy = 131 ppm cross-

Feo (M) = (0.8738x 10 9)[T (9] (4b) ~ Peakwas measured.

Results

1H:

Longitudinal relaxation timesTiy and Ty, correspond to
relaxation times of bound substrate nuclei, proton, and nitrogen,  Two—spin order relaxation rateRyun(obsy Were determined

respectively. from the slope of a plot of Il o) versus relaxation time, Figure
. 2, wherel andlg are thedy = 7.6 ppmdy = 131 ppm cross-
Materials and Methods peak volumes at timeand at time zero, respectively.
Chemicals. Hydrazine sulfate 1N,, 98%) and deuterium oxide Figure 2 shows thatzorder relaxation is monoexponential,

(99.9%) were purchased from Cambridge Isotope Laboratories (An- as predicted by eq 1 fafyn ~ 0. Moreover, it shows that the
dover, MA). Isonicotinic acid ethylester and sodium hydroxide were zzorder relaxation rate increases with protein concentration,
purchased from Sigma Chemical Company (St. Louis, MO). Tris base, ingicating that INH binds near the paramagnetic center. For the

sodium phosphate monobasic, and sodium phosphate dibasic werg.; ; ; ;
purchased from Curtin Matheson Scientific (Houston, TX). Coomassie en_lghes_t protelr_1 concentrationzorder relaxes_ S0 .qUICkly that
signal is practically lost after 40 ms relaxation time.

Plus Protein Assay Reagent was purchased from Pierce (Rockford, IL). . o )
Protein Purification and Ligand Binding Constants. M. tuber- Figures 3A and 3B show the longitudinal proton relaxation
culosisKatG and KatG(S315T) were overexpressefcherichia coli (O) and the longitudinakzzorder relaxation ®) as a function
and purified as previously describ&#. Protein concentrations were  of the fraction of INH bound to the proteipy, for wild-type
determined using Pierce Coomassie Plus Protein Assay Reagent with

bovine serum albumin as the stand&td. (31) Rochlich, M.Arch. Pharm 1951, 284, 6.
(32) Matsuki, Y.; Katakuse, Y.; Katashima, M.; Matsuura, H.; Goromaru,
(29) Witrich, K. In NMR of Protein and Nucleic Acigdsl). Wiley T. Chem. Pharm. Bull1989 37(6) 1637.
Publishers: New York, 1986; p 27. (33) Kay, L.; Nicholson, L. K.; Delaglio, F.; Bax, A.; Torchia, D. A.

(30) Bradford, M. M.Anal. Biochem1976 72, 248. Magn. Reson1992 97, 359.
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Figure 2. Determination ofRinnbsy the longitudinal relaxation rate 6 g 10
for zz-ordgr of the N—Hss nuclei in the presence of a varying P, ofKatG(S315T)x103
concentration of KatG (A) and KatG(S315T) (B). Plot of Iig), ) i _
logarithm of the normalized volume of the {NH3s) cross-peakdu Figure 3. Proton relaxation rateRions) (®), andzzorder relaxation

= 7.6 ppmby = 131 ppm) of 25 mM INH (Figure 1) as a function of  rate ©), Riuncbs) as a function of bound protein fractiop,, for (A)
relaxation timet (s). The concentrations of proteins were @),(160 wild-type KatG and (B) KatG(S315T), obtained by fitting the data to

(), and 240uM (m) (inset) in A and 60 @), 140 (1), and 210uM eq 3. Proton relaxation ratg®,+, and relaxation rates azorder,Ryun,

(m) (inset) for KatG(S315T) in B. The slope of the plot yieRSinobs) of the substrate bound to the protein are obtained from the slope of the
fit.

KatG and for KatG(S315T), respectively. Relaxation rates of ] S )

ring protonsRyy, and relaxation rates atzorder, Ry, of INH Although suggestive of similar isoniazid binding sites for KatG

bound to the protein were obtained from the slopes of data fitted @hd KatG(S315T), these data were not definitive since the

to eq 3. For both enzymeRyy = 200+ 30 st whereasRiy observed relaxation times represented a composite of relaxation

= 45+ 5 s1 for KatG, andR;y = 130 + 6 s! for KatG- times for equivalent protons of the aromatic ring due to the

(S315T). In the absence of protejm, = 0, the relaxation rates ~ Cross-relaxation among the protons of the aromatic system,
of proton andzzorder converge. This implies that the nitrogen which tend to eliminate the information on individual proton
relaxation in the free ligand is much slower than proton longitudinal relaxation rates. More generally, if all cross-
relaxation, as expected. With the addition of the paramagnetic relaxation paths to a particular spin group are more efficient in
protein, zzorder decays faster than the proton magnetization, transferring magnetization than the differential magnetization
indicating thatzzorder relaxes predominantly via nitrogen, eq €akageioir > |Rii — Ryjlmax all spins relax with a weighted

2. average of individual relaxation rat&sCross relaxation in this
From measure®yy and Ry, longitudinal relaxation rates ~ ¢ase, therefore, does not allow the relative orientation of the

of nitrogen are calculated using eq 2Rin = 160+ 30 s for ligand with respect to Fe center to be determined.

KatG andRyy = 70 + 30 s for KatG(S315T).5N—Fe The position of INH to the active site Fe ion might be better

distances determined from eq 4 afe y = 3.8 + 0.8 A and constrained using NFe distances. However, even with isoto-
rre-n = 4.4+ 0.9 A for KatG and KatG(S315T), respectively. pically labeled substrate, it is still necessary to eliminate cross-
correlation effects which take place via both dipolar interactions
Discussion and chemical shift anisotrogy.As shown in the theoretical
section, the simplest way to eliminate cross-correlation effects
would be to minimize the primary dipolar interactions, i.e., to
design spin-diluted ligand molecules by a suitable isotope

In a previous study, distance estimates of INH ring protons
to the active site Fe ion of wild-type KatG and KatG(S315T)
were reported; within the error of measurement, tHe-Fe
distances were found to be the same for both enzymes. (34)Macura, S.; Ernst, R. Rvol. Phys.198Q 41, 95.
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exchange strategy. For protons this can be achieved by fractionaFe and nitrogen atom and correlate well with the heme iron to
deuteration of the substrate molecule. For insensitive nuclei (e.g.,guanidino nitrogen distance in nitric oxide synthase complex
13C, 5N), however, some protons need to be retained for with L-arginine determined by X-rdyand ENDORS’
detection; directly bound protons have to be deuterated and |nterestingly, we find that the distances between the active
indirect detection should rely on heteronuclear coupling to sjte Fe ion and the amide nitrogen are, within error, identical
remote protons. for KatG and KatG(S315T). Having in mind the geometry of
For remotely coupled spin systems, the heteronuclear long-the INH molecule, Figure 1, these findings do not contradict
range coupling constant is significantly smaller than the direct our earlier reported HFe distance3also being essentially the
coupling constant, and consequently, the time interval required same for KatG and KatG(S315T). Indeed, they support our
for coupling constant evolution is proportionally longer. In our  previous hypothesis based on EPR,NMR, and optical data
case, wheldwy is ~2 Hz (for **N>—'Hs5), a~40-fold increase  that the differences in the INH binding site of the two enzymes
of evolution time is required compared N directly bonded  are very subtle and may in fact be insignificant. This should
to a proton {nw ~ 90 Hz). In paramagnetic systems, where not be surprising since it has been shown that KatG(S315T)
relaxation times are of the order of 80 ms, most of the  retains nearly wild-type levels of catalase and peroxidase
magnetization is lost during this interval, before acquisition. activities214 Indeed, it suggests that other factors may be
Thus, in paramagnetic systems, the timing of magnetization responsible for the reduced ability of KatG(S315T) to oxidize
transfer for indirect detection should be kept as short as possible|NH.2.24 One such possibility is that this mutation results in a
Significant gain in signal-to-noise can be achieved, if, instead reduced rate of superoxide binding to the ferric form of KatG-
of detecting the relaxation agfmagnetization of heteronuclei, (S315T) and, consequently, slower rate of INH oxidafion.
the relaxation ozzorder can be measurédMajor improvement  Fyrther higher resolution techniques (e.g. X-ray diffraction) may
comes from the fact thatzorder can be created and detected pe required to discern whether there are significant differences
in half the time needed for longitudinal magnetization detection. jn the binding of INH to KatG vs KatG(S315T), enough to
The disadvantage of longitudinztorder measurements is that  explain why this point mutation confers resistance to the drug.
the relaxation rateRipyn, is not necessarily a simple function In conclusion, we have proposed a new method of measuring
of the longitudinal relaxatio.n rates of individual spifg, anq . longitudinal rele,lxation rates of insensitive nuclei (iteN) in
Rin. Conseq.uently, relaxation may not be monoe).(ponent|al n paramagnetic systems vigzaorder created with remote proton.
paramagnetic systenaié.B_y _the use of remote SPINS, CrOSS- e method is rather straightforward if the nuclei are remote
correlation effects are eliminated am@dorder relaxation rate, and the cross correlation between them can be neglected. In
Rinn, is reduced to a sum of individual longitudinal relaxation such caseszzorder decays monoexponentially. We have
rates,Ruy and Ry . o demonstrated that the longitudinal relaxation rate of the insensi-
Using this approach, the distance between the active site I:etive nucleus can be obtained simply from the difference between

lon and tTe" arglo:e nlltrogzen c|>:f INchwas calcu_lated f.f[ﬁm the relaxation rates afzorder and a remotely coupled proton.
expenmentally determinélyy. From the comparison wi By application of this method we have shown that INH

previously determined INH proton dlstanc'em_e can conclude enetrates the active center with its hydrazide group close to
that the substrate molecule accesses the active site of the enzy e heme in both proteins. The obtainéM binding distances
via the hydrazine group. Since the-8l bond of INH undergoes arereen = 3.84 0.8 A frdm KatG andrey = 4.4+ 0.9 A

e— - . . e— - . .

cleavage during enzymatic oxidation to isonicotinic acid, the from KatG(S315T) Fe ion. The proposed model implies that
hydrazine nitrogen must approach the enzyme active site closedifferences in INH binding site are within the error of our
enough to allow oxidation and/or electron transfer to occur. The experiment and may not be responsible for INH resistance of
obtained>N—Fe distances fall into a range of distances reported KatG(S315T)
for other heme proteinsubstrate complexe&-2> They also '
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