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ABSTRACT: Active trihydroxynaphthalene reductase (3HNR) is essential for the biosynthesis of fungal
melanin byMagnaporthe griseand is a focus of inhibitor design studies directed toward control of blast
disease inrice. Tricyclazole, a preventative fungicide against rice blast, has been previously characterized
as inhibiting 3HNR noncompetitively [Viviani, F., Vors, J. P., Gaudry, M., & Marquet, A. (1933d).

Soc. Chem. Fr. 136395-404] with respect to its naphthol substrate. Our steady-state kinetic and
fluorescence titration studies show that instead the inhibitor binds competitively with respect to the naphthol
substrate and that it binds to 3HNR forms with the preferences 3NKRPH > 3HNR-NADP* >

3HNR (unliganded)Ki = 15 nM, 0.56uM, and K4 = 8.5 uM, respectively. Analysis of the frontier
molecular orbitals of tricyclazole and NADP(H) provides a basis for the affinity differences of tricyclazole
for BHNR-NADP(H) enzyme forms. Fluorescence titrations show that NADPH and naphthol substrates
form binary complexes with 3HNRK(NADP*) = 38 uM and K4(U7278, an alternate naphthol-like
substrate}= 220uM]. However, the overwhelmingly preferred order of productive binding is NADPH
followed by naphthol substrate, as shown by the uncompetitive inhibition of 3HNR by tricyclazole with
respect to NADPH. Consistent with this mechanism, kKiés for the naphthol substrates U7278 and
scytalone (5 and M, respectively) are much lower than tKg's of the binary complexes. The partition

ratio of U7278 and a physiological substrate (scytalone) was 95:1 and unchanged on varying
3HNR-NADP*/3HNR(unliganded), which is also consistent with the ordered mechanism. The pH
dependence of the hydride transfer rate from U7278 to NARBRs measured, as was the pH dependence

of keaf Km (NADP). Hydride transfer had a pH dependence which suggests a single deprotonated residue
(pKa = 6.0) is required for catalysisknyq, the rate constant for hydride transfer, was 9-fold larger than

keat With U7278 as a substrate. A burst in the pre-steady-state suggests that release of one or both of the
products is rate limiting téa:at pH 7.0. The pH dependencel@f/K(NADP™) indicates a requirement

for a single deprotonated group and this ionization is assigned to' thka@phate of NADP. 3HNR

was found to be 800-fold more specific for NADIelative to NAD". Analysis of sequence and structure
[Andersson, A., Jordan, D. B., Schneider, G., & Lindgvist, Y. (1986ucture 4,1161-1170] reveals

that 3HNR is a member of the short-chain dehydrogenase superfamily of enzymes.

In order for the fungudlagnaporthe grise#o initiate blast capable of catalyzing reduction of the pathway precursor,
disease in rice, it must melanize an infection structure (the 1,3,6,8-tetrahydroxynaphthalene, to scytalone. Other naphthol-
appresorium) (Howard & Ferrari, 1989). Consequently, the like substrates have also been identified (Figure 2). 3HNR
enzymes of the melanin biosynthetic pathwayMngrisea also catalyzes the scytalone dehydratase reaction, albeit very
are biochemical targets for the design of antipenetrant poorly (Figure 2). The stereochemistry of the enzymatically
fungicides. The fungal melanin biosynthesis pathway (Figure catalyzed reaction has been shown experimentally to involve
1) includes a series of successive reductions and dehydrationsransfer of thegpro-Shydrogen from C-4 of the nicotinamide
from 1,3,6,8-tetrahydroxynaphthalene to 1,8-dihydroxynaph- ring to the si face of the naphthol substrate (Figure 3)
thalene, the last identified precursor of fungal melanin. (Viviani et al,, 1991).

Trihydroxynaphthalene reductase (3HNRjatalyzes the Spontaneous genetic knockouts of 3HNR were identified
second reduction of the pathway, a NADPH dependent jn M. griseaon the basis of the accumulation of metabolites
reduction of the presumed keto tautomer of 1,3,8-trihy- derived from trihydroxynaphthalene. These mutants have
droxynaphthalene to yield vermelonén vitro, 3HNR is been shown to be non-pathogenic to rice (Chumley & Valent,
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Ficure 1: Fungal melanin biosynthetic pathway. 4HNR, tetrahydroxynaphthalene reductase; SD, scytalone dehydratase; 3HNR,
trihydroxynaphthalene reductase. Tricyclazole stops the pathway at the thick line, leading to the accumulation of trihydroxynaphthalene
and its oxidized derivatives.

1990). The melanin biosynthetic metabolites that accumulatewhere (J. E. Thompson, G. S. Basarab, and D. B. Jordan, in
in M. grisea grown in the presence of the antipenetrant preparation). Tricyclazole was from Chemical Service (West
fungicide tricyclazole (Figure 1) are the same as those found Chester, PA). Beef heart glutamate dehydrogenase was from

in the M. grisea buf mutants lacking 3HNR (Jordan,

Boehringer Mannheim (Indianapolis, IN). All other materials

unpublished results). Tricyclazole was shown to inhibit the were from Aldrich Chemical (Milwaukee, WI) or Sigma

3HNR-catalyzed reduction of tetrahydroxynaphthalene, and
a multi-site model for tricyclazole binding was proposed
(Viviani et al,, 1993). However, such a model is inconsistent
with the structure of the 3HNficyclazoleNADPH ternary
complex, recently solved by X-ray diffraction methods
(Anderssonet al, 1996a). In this complex thero-S
hydrogen of the nicotinamide ring is pointed toward the
centroid of the azole ring of the inhibitor at a distance within

2 A

The physiological substrate for 3HNR, 1,3,6-trihydroxy-
naphthalene, is unstable in an aerobic environment where it
rapidly undergoes condensations and oxidation to 2-hydroxy-
jugulone (Wheeler, 1982). We report here the steady-state

Chemical (St. Louis, MO). Unless otherwise noted, non-
linear least-squares analysis was carried out using the
computer program RS1 (BBN Research Systems; Cambridge,
MA). Scytalone was purified from cultures ofy- mutants

of M. grisea(Chumley & Valent, 1990; Thompsoet al,
1996).

Spectrophotometric Method$Spectrophotometric proper-
ties were measured by using an HP 8542A diode array
spectrophotometer (Hewlett Packard). All enzyme assays,
except those involving phenanthrenequinone (PQ), were
carried out in 50 mM MES, 25 mM Tris, 25 mM ethanol-
amine, 100 mM sodium chloride (MTEN) at 2&, and the

kinetic parameters for a natural substrate (scytalone) and twolOnic strength at a given pH was adjusted with NaCl to

alternate substrates (U7278 and phenanthrenequinone). Th
results from steady-state kinetic studies allow determination
of the kinetic mechanism and measurement of the specificity
of 3HNR for these subtrates. Our results from inhibition
and equilibrium binding studies reconcile the structural and
kinetic data for the 3HNRricyclazoleNADPH complex and
require revision of the multi-site model for the inhibition of
3HNR by tricyclazole. The inhibition and binding studies
also reveal significant modulations in affinity of tricyclazole
for 3HNR depending on the NADP(H) cofactor. We have

£.19. Assays with PQ were in 100 mM phosphate buffer,
pH 7.0, 5% DMSO, and 2%C. This concentration of DMSO
was required for solubility of PQ and did not affect enzyme
activity (data not shown). U7278 oxidation was assessed
by continuously measuring the absorbance of the reaction
mixture at 340 nm. The nekesyo for oxidation of U7278

by NADP*" is 4.5 mM cm™. This Aeas was found to
apply at all pH’s studied. Thesgofor 3HNR was calculated

to be 20.76 mM?! cm™! using the Peptidesort computer
program of the Wisconsin Sequence Analysis Package

also used pre-steady-state kinetic measurements to providg¢Genetics Computing Group, 1994).

information about the rate limiting steps during catalysis by
3HNR.

MATERIALS AND METHODS

Materials and General Methods3HNR was cloned,

Oxidation of scytalone was monitored at 355 nm in the
presence of 2.5 mM-ketoglutarate and 400y of glutamate
dehydrogenase in MTEN buffer containing 0.1 M ammonium
chloride instead of 0.1 M sodium chloride. The glutamate
dehydrogenase couple recycles product NADPH to NADP

expressed, and purified as described previously (AnderssonThe net Aesss for oxidation of scytalone under these

et al, 1996b). U7278 was synthesized as described else-

conditions is 5.3 mM! cm™L.
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Ficure 2: Chemical transformations catalyzed by 3HNR referred
to in this work.
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Ficure 3: Putative mechanism for trihydroxynaphthalene reduction.

The stereochemistry of the reduction is as shown (Vivigtral.,

1993). The interactions of the side chains with the substrate were

inferred by modeling trihydroxynaphthalene in the active site of
3HNR (Anderssort al, 1996a) using the computer program Sybyl
(Tripos, St. Louis, Mo).

Reduction of PQ by NADPH catalyzed by 3HNR was
monitored at 340 nm and\ezyp = —6.2 mMt cm™L

Reduced PQ autoxidizes back to PQ rapidly on the experi-

Thompson et al.

describes ordered, sequential addition of substrates (Segel,
1975):

. VAB O
KK, + KB+ KA+ AB

wherev is initial velocity, V is maximum velocity A is the
concentration of the substrate binding first (NADP(H)), and
B is the concentration of the substrate binding second
(naphthol),Ki, is the dissociation constant of substrate A,
Kp is the Michaelis constant for substrate R, is the
Michaelis constant for substrate A. When only one substrate
is varied, eq 1 can be simplified to= VA/(Ka + A).

The scytalone dehydratase activity of 3HNR was measured
by monitoring the dehydration of scytalone and U7278 in
the presence of 3HNR but in the absence of NADRess,
= 4.1 mM 1 cm* for the dehydration of scytalone andszg
= 1.5 mM* cm? for dehydration of U7278. The dehydra-
tion catalyzed by 3HNR is sufficiently slow (a rate of 0.1
uM/min is typical) that the nonenzymatic rate of dehydration
was subtracted from the net rate observed with enzyme
present to obtain the rate with enzyme alone. Enzymatic
rates were always at least 3-fold faster than the background
rates. The data were fitted to= VA/(K, + A) for scytalone
orv = VA(K, + A+ AZK;,) for U7278, as some substrate
inhibition was observed.

pH independent parameters and,js were obtained by
fitting the rate constant for hydride transfelyq, and
keatKm(NADPY) as function of pH to eq 2, which describes
the titration of a single ionizable group (Segel, 1975):

KealKm

whereke.{Kn is the pH independeri../K, and K, is the
acid dissociation constant for the group affecting catalysis.
knya may be substituted fdk../Km in eq 2.

Inhibition Studies. Tricyclazole inhibition of scytalone
oxidation and PQ reduction catalyzed by 3HNR was
measured by assaying the reactions as described above, in
the presence of varying concentrations of tricyclazole. In
both cases, the amount of inhibitor was comparable to the
concentration of enzyme present, and the total tricyclazole
concentration could not be assumed to equal that of free
tricyclazole. The equation describing competitive inhibition
(Segel, 1975) was modified to reflect this, yielding eq 3

= Koo/ K1 + [HTVK) ™ ()

v =VI{S+ KL + [I7 = (K; + Erapp+
- \/(Ki + ET|app+ IT) - 4ET,ap;JT)/2]/Ki]} ©))
where
S
Erapp= Er — ET(l + K—)
m

mental time scale (data not shown), and so the concentratiorand wherev is initial velocity, V is maximum velocity Sis

of PQ does not change during the course of an assay.

substrate concentratioff; is total inhibitor concentration,

Steady-state kinetic parameters were determined by fitting Er is total enzyme concentratiork; is the dissociation
initial velocity data to eq 1 using the Kinetasyst computer constant for the inhibitoriK,, is the Michaelis constant for

program (IntelliKinetics; Princeton, NJ). Concentrations of

the substrate ant} is total inhibitor concentration. Initial

both naphthol and nucleotide were varied when U7278 and velocity data was measured as a function of substrate at

PQ were substrates, the concentration of NAR®s held

different concentrations of tricyclazole, and the data were

at 0.25 mM when scytalone was the substrate. Equation 1fit to eq 3 to obtainK;
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When tricyclazole inhibition of PQ reduction was meas- Aez28= 10.76;AegsY@0ne= —1.18;Aez10°72"8= 10.2;
ured as a function of NADPH concentration, the data were Aez @@= 1.0; Aezqe”’2"8 = 3.45; andAezg®»one=9.41.
fit to eq 4 which describes uncompetitive inhibition (Segel, The net change in absorbance with time at any wavelength
VS (AA;/min) is described by eq 6.

YT K+ S+ (1K)

(4)

d[oxidized substrat7£6 susirate. ()
A

AA;/min = Z( "
1975); the variable definitions are the same as for eq 3. Total
tricyclazole could be equated with free tricyclazole in this Equation 6 was solved simultaneously at the wavelengths

case, as PQ was maintained at 4 tifigsand [3HNR] was Jisted using the computer program “$linegs” in RS1 to extract
maintained 3-fold lower than the lowest tricyclazole con- the rates of oxidation of each substrate; the ratio of the rate
centration. NADPH ranged from 15 to 6OM. of U7278 oxidation to the rate of scytalone oxidation is

Fluorescence Titrations. Fluorescence of 3HNR was  defined as the partition rati. & was measured in triplicate
measured as a function of ligand concentration on an gt each NADP concentration.
SLM8000 fluorimeter (SLM/Aminco, Champaigtrbana, Pre-Steady-State Kinetic Method$leasurement of the
IL). All titrations were performed in MTEN buffer, pH 7.0 rate of hydride transferkg,) was accomplished by rapid
at 25 °C. 3HNR fluorescence (excitation at 295 nm, mixing of 3HNR and substrates to final concentrations of
emission at 340 nm) was measured as a function of added1004M 3HNR and 5Q:M U7278 in MTEN buffer at various
ligand. Corrections for absorption of light by added ligands pH's. At each pH, the concentration of NADRvas adjusted
were determined by measuring the fluorescence of tryptophanypward until the measured rate no longer increased. 3HNR
(0.1 mM) as a function of ligand concentration, fitting the (200 xM) was held in one syringe while U7278 (100/1)
data to a single exponential and correcting the 3HNR dataand NADP" (8.4, 2, 2, 0.8, 0.4, and 0.8 mM at pH’s 5.4, 6,
accordingly. To obtain the dissociation constag4, the 6.5, 7, 8, and 9 respectively) were in the second syringe.
corrected fluorescence data were fit to eq 5 (Birdetlkl,, The change in absorbance at 340 nm with time was
1980), monitored by using an Applied Photophysics (Leatherhead,
e _ _ U.K.) stopped-flow unit. The data were fit e + C to
Fobs= Fo = (Fo = Fu)l(Kg + Er + Ly extract the first-order rate constant at each pH, and the
\/(Kd +E + LT)2 — 4E,L))/2E,] (5) measured was regarded dg,q. At least three trials were
averaged to obtain the reported values. pH independgnt
where Rpsis the observed fluorescendg,is the fluorescence  and the K, were obtained by fitting,qs as a function of

in the absence of ligand. is the fluorescence at infinite  PH to eq 2. _
ligand concentrationEr is the total enzyme concentration, Measurement of the burst from the first turnover of U7278

andLy is the total ligand concentration. and NADP" by U7278 was measured at 20 3HNR, 50
Measurement of Equilibrium Constants for Scytalone #M U7278, 200uM NADP™*. The reaction was monitored
Oxidation and PQ ReductionThe equilibrium constant for ~ at 340 nm and the kinetic data were fit to eq 7 which
scytalone oxidation was measured by allowing a reaction describes a single exponential decay followed by a steady-

containing 0.1 mM NADP, 0.1 mM scytalone, and 3HNR  state absorbance change.

to react to its end point. Aessg = 9.41 mM cm™! was

used to measure the extent of reaction. 20 PQ was absorbance at 340 nmAe '+ mt+b 7)
reduced with 0.1 mM NADPH under a,Natmosphere in ) )

the presence of glucose oxidase and catalase to insurd® is the amplitude of the burst ands the rate constant for

anaerobic conditions. ThAess = —8.5 mMt cm 2 for the single exponential decatyis time, mis the slope, ant
the anaerobic reduction of PQ. is they intercept of the steady-state portion of the reaction.

Methods for Cor_np_utat.|0n of Frontier Molecular OI’bIF«’fﬂS. RESULTS AND DISCUSSION
Full geometry optimizations were performed on a Silicon
Graphics Indigo workstation using the semi-empirical MO-  Steady-State Kinetic Parametertitial velocities were
PAC program (Dewar, 1983). The AM1 parameterization measured as a function of substrate concentrations as
was employed for all calculations. NADPand NADPH described in materials and methods and are listed in Table
were truncated to thBl-methylnicotinamide cation and the 1. The directly measured substrate specificities are consistent
N-methyldihydronicotinamide ring respectively for the cal- with the physiological role of 3HNR. Thek../Kn for
culations. A charge of 0 was assigned to tricyclazole and oxidation of U7278 is about 30-fold higher than that for
N-methyldihydronicotinamide and of1 for N-methylnico- scytalone. Scytalone has four exocyclic oxygens whereas
tinamide cation. U7278 has only three, and in this respect U7278 is more

Measurement of Substrate Partitioninghe simultaneous  like the physiological substrate, 3HN. It is interesting to
oxidations of U7278 and scytalone were monitored at 244, note that the,, for all of the naphthol substrates are similar
282, 294, 310, and 348 nm in MTEN buffer at pH 7.0 and which suggests that little of the specificity shown by 3HNR
25 °C without the glutamate dehydrogenase couple. The is manifested in ground-state enzyme/substrate interactions.
concentration of scytalone was 0.2 mM and the concentration The Kp's for NADP* and NADPH are also nearly
of U7278 was 15uM during these experiments. NADP identical, a finding in keeping with the dissociation constants
was varied from 10 to 10«M. The net changes in  for the 3SHNRNADPH and 3HNRNADP™ binary complexes
extinction coefficient on oxidation of scytalone and U7278 (discussed later). Thei's for NADP* and NADPH
were (Ae;sUbstrae gll in cmmM™Y):  Aexq’?78 = 0.60; extracted from eq 1 are consistent with's determined by
A€ £YNe= 2 22: A€’ 7?78 = 3.86; AepgrVoNe= —2 70; fluorescence titration (Table 2). The errors are high for the
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Table 1: Steady-State Kinetic Parameters for Reduction of Phenanth

renequinone and Oxidation of Scytalone and U7278 by 3HNR at pH 7.0

kinetic parameter phenanthrenequinone

u7278 scytalone

13+ 1
(4.0+0.8) x 10°

Keat (571
kealKm(naphthol) (Mt s71)

Km(naphthol) M) 3+1
Ki[NADP(H)] (uM) 51 + 2&

Keq 1018 M-1d

keal Km[NADP(H)] (M~1s71) (6.1+0.2) x 10°2
Kn[NADP(H)] («M) 21+ 68

14+ 2
(2.94 0.5) x 10°
(5+1) x 10°

0.38+ 0.01
(5.6+ 0.9) x 10*

5+3 6+1
B+ 1)y

76+ 76° n/d

n/d 8x 10 M
4.3+ 0.7) x 10°P n/d

33+ 8 n/d

aNADPH. ® NADP+. ¢ Determined by partition analysis of scytalone

and U7278 as described in Materials and Méthaltsilated from the

reduction potentials of NADPH and PQ (Naumann & Kayser, 1978). n/d, not determined

Table 2: Dissociation Constants for Ligands and 3HNR at pH 7.0

ligand Kg
NADP* 38+ 2uM?
NADPH 31+ 2uM?
u7278 220+ 20uM?2 (1504 40 uMP)
scytalone 1.4 0.4 mMP
tricyclazole 8.5+ 0.5uM?

aMeasured by fluorescence titratiohMeasured as th&, of the
scytalone dehydratase reaction catalyzed by 3HNR.
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Ficure 4: Titration of the fluorescence of 20M 3HNR with
tricyclazole. The solid line shows the nonlinear least-squares fit to
eq 5.

former values owing to the difficulty in obtaining initial
velocities at concentrations of naphthol lower thén
Dissociation Constants of Binary and Ternary Complexes.
Dissociation constants of binary complexes were determined
by measuring quenching of intrinsic protein fluorescence (the
titration of 3HNR with tricyclazole is shown in Figure 4).
The crystal structure of 3SHNIRIADPH:-tricyclazole (Ander-
ssonet al, 1996b) shows that Trp243 is the likely fluores-
cence reporter. In the case of 3HNR278, theKy was
measured two ways: by fluorescence titration and by
measuring thd, of the very poorly catalyzed{,; = 0.001

0.4

0.3+

1/v (min/uM)
S
P

0.1

1/scytalone (1/uM)
Ficure 5: Inhibition of 3HNR catalyzed scytalone oxidation by
tricyclazole. Tricyclazole= (®) O uM, (®) 1 uM, (A) 2 uM, and
(©) 4 uM and [3HNR] = 0.69 uM. Reaction velocities were
determined spectrophotometrically as in Materials and Methods and
were fit to eq 3 (solid curves).

Dissociation constants for tricyclazole for the ternary
complexes SHNRNADPH:-tricyclazole and 3HNRNADP*-
tricyclazole were determined by measuring initial velocities
of scytalone oxidation and phenanthrenequinone reduction
as a function of naphthol substrate and inhibitor concentra-
tions at constant [NADP(H)]. The initial velocity data were
fit to a model (eq 3) describing competitive inhibition (Figure
5). Although eq 3 describes a nonlinear relationship between
reciprocal of initial velocity and reciprocal of substrate, in
practice, the largest correction for binding of the inhibitor
by enzyme was less than 15%, and so the best fit appears
linear. Inhibition of PQ reduction by tricyclazole was also
measured as a function of NADPH concentration and these
data, which gave parallel lines in the double-reciprocal plots
of 1/v vs 1/[NADPH] (data not shown), were fit to eq 4.
Tricyclazole inhibits both oxidation and reduction competi-
tively with respect to the naphthol substrate and inhibits
reduction uncompetitively with respect to NADPH (Table
3).

The finding that tricyclazole is competitive with respect

s 1) dehydration reaction. The enzyme catalyzed dehydrationto naphthol substrates is consistent with the structure of the
rate is so slow under these conditions that the substrateternary complex solved by X-ray diffraction methods (Ander-
binding to 3HNR may be safely assumed to reach equilib- ssonet al, 1996a) which shows that tricyclazole interacts

rium, and thek,, may regarded akq. TheKq for scytalone
was determined in this manner as well, whiesg(dehydra-
tion) for scytalone was 0.0002-%5 The dissociation
constants for the binary complexes are reported in Table 2.

with the pro-S C-4 hydrogen of the NADPH cofactor.
Viviani and co-workers have shown that the-Shydrogen

is the hydrogen transferred to substrate during reduction
(Viviani et al, 1992), and these results are not in dispute.



Inhibition of Trihydroxynaphthalene Reductase Biochemistry, Vol. 36, No. 7, 19971857

Table 3: Inhibition of 3HNR Activity by Tricyclazole at pH 7.0 inhibition of Cé}taWSiS by' tri'cyclazole vyith respep"t to
od substrat —— K NADPH) and tricyclazole inhibits catalysis competitively
varned su Sr"’_‘e i '.'(‘m type : with respect to naphthol substrates; thus the naphthol
phenanthrenequinofie  competitive 15t 3nM substrates require the 3HNRADP(H) complex for tight
scytaloné competitive 0.56t 0.05uM bindi
NADPHe uncompetitive & 1nM Inding.

*Measured at [NADPHE 1004M. ® Measured at [NADP| — 100 Comparison of naphthdly's with theirK,,'s also supports
UL = - . .
uM. ¢ Measured at [PQE 40 uM and corrected usingnm(PQ) = 3 the ordered sequential mechanism. 3HNR can form binary

«M (Table 1). complexes with both NADPand NADPH as well as with
U7278 and scytalone. 3HNR does not show great preference
for NADPH compared to NADP (Table 2); theKy's for

. S the two complexes are essentially identical. This is not
tricyclazole as an inhibitor of tetrahydroxynaphthalene (4HN) always true of dehydrogenases: dihydrofolate reductase has

reduction by 3HNR (Vivianet al,, 1992) and concluded that a 10-fold greater affinity for NADPH than for NADP

tricyclazole was noncompe.titive with respect to 4HN with (Birdsallet al, 1980). Although 3HNR is capable of binding
K = 35. _nM, pUt that azatricyclazolK( = 1.5 uM) was U7278 and scytalone without cofactor present, Khés (5

competitive with respect to 4HN. These results led to the and 6uM) at saturating NADP are much lower than the
proposal of a multi-site model for tricyclazole binding to K4s (220 and 1400M) of the 3HNRnaphthol complexes.

3';:’:')3 Howev%r, In thde i)}(perlmentts V\;_hen r;(;rLcNogpetltl\ég Further evidence for this kinetic mechanism comes from the
inhibition was observed, the concentration o was partitioning of scytalone and U7278 (discussed later).

n;VIt (VlVlIan|,|19%(())), gr§a6tgr tl\r}lan T:,\Ttumed ctontc_entranns Equilibrium Constant for Scytalone Oxidation and Stoi-
of tricyclazole (30 an nM). concentrations were chiometry of PQ Reduction.The measured equilibrium

less thatm t?-foiﬂ ttheKm. It\f/aluetherrors in free trt|c|3/claz§![¢ constant for scytalone oxidation is listed in Table 1. The
concentration that resuft from these experimental COnditions .,y canrations of all reactants and products could be

make straightforward determinationl§fand inhibition type - ;
. . S A measured for the scytalone oxidation reaction, and the
impossible. The inhibition data of Viviamit al.,(1992) are equilibrium constant fOB; the reaction iss810-8 M. This

consistent with the formation with a high-affinity ; : ;
. 4 ’value is about 10-fold higher than that measured via the
SHNR-NADPH-tricyclazole complex of nearly 1:1 3HNR: 04206 relationship (Viviaret al, 1993). At equilibrium,

tricyclazole stoichiometry. The same _experlme_nts WET€ ihe concentrations of reactants in the PQ reduction reaction
performed at 0.25 mM NA.DPH’ which is saturating (this are too low to be accurately determined. This is consistent
yvork),. and when 30 nM tncycla;ole was fd.deq {0 assays i the value for the equilibrium constant calculated from

including 90 nM enzyme, approximately 30% inhibition was the phenanthrenequinone reduction potential of 0.044 V

observed (Viviankt al, 1992). (Naumann & Kayser, 1978), which yields affor reduction
Confirmation of a 1:1 3HNR:tricyclazole stoichiometry of 1 x 10 M. Even at pH 7.0, the equilibrium favors
comes from titration of the active-site of 3HNR with products over reactants by 10
tricyclazole (data not shown). At 200 nM 3HNR in the  The stoichiometry of PQ reduction was measured. With
presence of 20:M NADPH, the stoichiometry of tri- 3 5.fold excess of NADPH, 1 equiv of NADPH (relative to
cyclazoleiinactive enzyme was 0.90, as determined by pQ)was consumed. It is clear that although it is chemically
measuring the 3HNR PQ reduction activity remaining after possible to reduce both of PQ’s carbonyls to alcohols, the
additions of tricyclazole and extrapolating the linear relation- second reduction is not observed with NADPH as the
Sh|p to zero aCt|V|ty Taken together, a.” a.Va.iIable data reductant. PQ may be regarded as a Sing'e reactant and
support a model for tricyclazole binding to one site per 3HNR product with regard to its 3HNR-catalyzed reduction with
monomer with this site being the same as the site for naphtholNADPH. The reduction of PQ has been often been used as
substrate binding. an assay for dehydrogenases, particularly with regard to
It is apparent from theKy's of the binary and ternary  carcinogen metabolisme[g, Chung (1987), Klein (1992),
complexes of tricyclazole with 3HNR that the binding of and Torroren (1981)], but the stoichiometry of PQ reduction
tricyclazole is modulated by the presence of the NADP(H) is seldom considered.
and by the oxidation state of the nicotinamide ring. Inhibi-  Computational Studies of Tricyclazole/NADP(H) Molec-
tion of scytalone oxidation and phenanthrenequinone reduc-ular Orbital Interactions. We examined the frontier mo-
tion by tricyclazole was measured by a continuous spectro- lecular orbitals of NADPH and tricyclazole based on the
photometric assay. Tricyclazole is bound 15-fold tighter to positions of inhibitor and cofactor in the crystal structure
3HNR-NADP™ than to 3HNR(unliganded); in turn itis bound  (Anderssoret al,, 1996) in an effort to understand the 36-
37-fold tighter to 3HNRNADPH than to 3HNRNADP™. fold increased affinity observed for tricyclazole binding to
In theory, the inhibition of PQ reduction by tricyclazole 3HNR-NADPH relative to 3HNRNADP*. We assumed
measured as a function of NADPH concentration should be that the orientation of the 3HNRIADP*tricyclazole com-
noncompetitive as tricyclazole binds to both free 3HNR and plex was similar to the 3HNRIADPH:-tricyclazole orienta-
3HNR-NADPH. In practice, this is not observed because tion and calculated the energy levels of the highest occupied
of the nearly 500-fold difference in thi's for the two molecular orbitals (HOMOs) and the lowest unoccupied
complexes, and the observed inhibition with respect to molecular orbitals (LUMOS) for the NADP(H) nicotinamide
NADPH is uncompetitive. Inhibition of 3HNR by tri-  rings and tricyclazole. The calculations were carried out in
cyclazole is suggestive of a kinetic mechanism that is largely the gas phase, an approximation that should be reasonable,
ordered sequentially with NADPH binding first and naphthol given that the crystal structure shows no solvent-exposed
second. In other words, tight binding of tricyclazole is to surface area for the nicotinamide ring or tricyclazole (Ander-
the BHNRNADP(H) complex (as shown by uncompetitive ssonet al, 1996a). Table 4 summarizes the results.

However, Viviani and co-workers previously investigated
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NADPH Hydride

HOMO of Tricyclazole and LUMO of NADP* LUMO of Tricyclazole and HOMO of NADPH

Ficure 6: Tricyclazolgomo/NADP(H) umo interactions. The figure was generated using the positioning of tricyclazole and cofactor found
in the structure of the 3HNRIADPH:-tricyclazole ternary complex (Andersset al., 1996a).

Table 4. HOMO/LUMO Energy Gaps for Tricyclazole and at several wavelengths, the individual rates for oxidation of
NADP(H) When Bound to 3HNR each substrate were extracted. The ratio of these rates over
HOMO/LUMO gap a range of concentrations of NADRvas 84 0.8 which
molecular orbital interaction [eV (kcal/mol)] when corrected for the concentrations of the two naphthol
tricyclazolgomo:NADP uvo “34(78) sub_strates, gives a partition ratib, of 95+ 9. Within error,
NADP* povo:tricyclazolg oo —14 (-320) @ did not change across the range of NAD#®ncentrations
tricyclazolgiomo:NADPHLumo —9.6 (—220) surveyed. Thé&y (NADP') = 35uM (Table 2) so the data
tricyclazoleumo:NADPHyomo —7.3(-170) (collected at [NADP] = 10, 20, and 10Q:M) yield ® at

different ratios of the binary complex 3HNRADP™ to free

The gas phase energy gaps between all HOMO/LUMO 3HNR.
pairs are large and indicate the lack of complete charge Partition analysis can be an effective method for measure-
transfer complexes in either ternary complex. Tricyclazole ment of substrate specificity. By partition analysis with a
is not reduced by NADPH (data not shown) which is substrate of knowiKy, (e.g., scytalone) thk../Knm(U7278)
consistent with a large barrier to charge transfer. The of 3HNR may be accurately measured spectrophotometri-
molecular orbital overlaps of the higher energy NARBvo cally. The ratio kealKm(U7278)]/[Keaf Km(scytalone)] will
pairs (NADP yomol/tricyclazoleywo and NADPHywo! equal® at saturating NADP irrespective of an ordered or
tricyclazoleiomo) are qualitatively similar to one another, random sequential mechanism (Fersht, 1984). Séce
and so comparing the remaining pairs (NARRo/tri- 95, the ratio of k.a/ Kn(U7278)]/[k.af Km(scytalone)] and the
cyclazolgiomo and NADPH,omoftricyclazole ymo) is more overall specificity of 3HNR for U7278 over scytalone at high
informative. The lower energy molecular orbital pairs are NADP* is 95-fold. This ratio allows calculation dfc./
shown in Figure 6. The MO ) phases of the tri- Km(U7278) andK,(U7278) as shown in Table 1. These
cyclazolgowo and the NADP o are not favorably aligned.  independently determindda./Kn's andKy's are in reason-
A lobe of the NADP w0 lies equally over opposite phased able agreement. This agreement validates the multi-
lobes of the tricyclazolewo leading to an unfavor-  wavelength partition analysis as described in materials and
able interaction. Conversely, there is an overall favorable methods which has proven to be a convenient method to
phase complement between the tricyclazale and the measureb. Since the rates of reaction of the two substrates
NADPHuomo Which is qualitatively consistent with the are measured in the same mixture, cumulative errors in assay
enhanced binding of tricyclazole to 3HNRADPH. In conditions do not propogate into the errodn In principle,
effect, the NADPHpro-Shydrogen atom (which is delivered  one can accurately measuybewith just one assay by multiple
to substrate trinydroxynaphthalene) is pointed toward the wavelength analysis.
near-center of the tricyclazole triazole ring and contributes  Partition analysis can also help determine the kinetic
to a positive electrostatic interaction with the triazole mechanism in favorable cases. If the kinetic mechanism is
s-electron cloud. Increasingly, researchers have documentedandom sequentialsb will vary as the ratio of 3HNR
the albeit weak non-bonded interactions between hydrogenNADP/3HNR(unliganded) in the following way. If NADP
atoms andsz-bonds (Nishioet al, 1995), an effect not s saturating, the® will approach the ratiol../K(U7278)]/
available to the 3HNRNADP*-tricyclazole complex. The  [k.a/Km(Scytalone)]. As NADP approaches zercp will
qualitative agreement between the molecular orbital overlapsapproach the ratio Kg(scytalonelXq(U7278)]Kead
of the two ligands of 3HNR in the complexes in question K,Y"2"{NADP)]/[Keal K@Y '§NADP™)] (the superscripts
suggests that consideration of frontier molecular orbitals may refer to the naphthol bound to 3HNR before NAD&dds).
be useful in ligand design. In the case of 3HNR, this lower limit is complex and cannot

Partitioning of Scytalone and U7278J7278 and scyta-  be measured directly because free 3HNR cannot be saturated
lone were oxidized simultaneously in the presence of 3HNR with naphthol in order to determinga/Kn"@M{NADP™).
and NADF, and by measuring the net absorbance changesHowever, in the case of an ordered sequential mechanism
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6 Table 5: KJ's and pH Independent Values f&iy,q and Keal
= Kn(NADP™) for 3HNR-Catalyzed U7278 Oxidation
= kinetic parameter i pH independent value
§ 357 Knyd 6.0+0.2 160+ 9 st
o KealKm (vappt)2 71401 (7.0£0.5)x 1 M1s!
g 5 aMeasured at U7278& 0.2 mM.
E
X
\5 0.354
X
% 4.5 [
® 0.3
s
4 T T T | <
5 6 7 8 9 <
pH £0.25-
FIGURE 7: k.ol Km(NADP™) for U7278 oxidation as function of pH. g
The solid line is the fit of the data to eq 2. ﬁ
2.5 0.2
22 u
B 0.15 T T T T L
— 0 0.1 0.2 0.3 0.4 0.5
—,7: 1.9 time (s)
] FiGUrRe 9: Turnover of excess U7278 and NADBy 20uM 3HNR
& - in the pre-steady-state and steady-state, as measured by absorbance
% 1.6 at 340 nm. They intercept is 0.17 due to absorbance at 340 nm of
- substrate U7278.
137 rating. Since the affinity of 3HNR for NADPhas a similar
pH dependence (data not shown), it is likely that the ionizing
1 . : y —_— — group is the 2phosphate of NADP.
5 6 7 8 9 10

The pH dependence &fyq is consistent with general base

pH (pK, = 6.0) assisted deprotonation of the alcohol on oxidation
FIGURE 8: kn,a(U7278) as a function of pH. The solid line is the  of the C-4 carbon by NADP. The possibility that the
fit of the data to eq 2. apparenkyqis partially or wholly limited by conformational
with NADP* binding first,® should equallc.{Kn(U7278)]/ shift of the Michaelis complex cannot be excluded by the
[kealKm(sCytalone)] at any ratio of 3SHNRNADP*]/3HNR- present data. However, we believe it is unlikely that a
(unliganded). conformational shift would have a pH dependence as that

As noted above’q) is invariant at NADP concentra- shown in .Figure 8. The CryStaI structure of the 3HNR

tions less than and greater thgNADP*). The possibil- ~ NADPH-tricyclazole complex shows that 3HNR has the
ity that the limit of ® at low NADP' concentra- canonical active site feature of the short-chain dehydrogenase

tions {= [Ku(scytalonel4(U7278)]KealKn 72’{NADP))/ family, a YXXXK sequence (Anderssoet al, 1996a)
Keal KiSVao§NADP)]} is coincidentally equal to the limit beginning at position 178 in 3HNR. It has been postulated
of @ at high NADP" {= [KealKm(U7278)]/[keal Km(sCytal- previously that the tyrosine in this sequence may serve as
one)} cannot be excluded, in which case even a totally an general acid/base catalyst, as mutation of this tyrosine to
random sequential mechanism would show no variation of Phenylalanine irDrosophilaalcohol dehydrogenase yields
@ with NADP* concentration. However, the partition ratio &N inactive enzyme (Albalat al, 1992; Cheret al, 1993).
data, considered with the dramatic increases in affinity of  Itis also interesting to note that the pHk/(U7278) (132
scytalone and U7278 for 3HNR on binding of NADFK/ s1) is 9 times greater thak.: (14 s1) for U7278 oxidation.

Km = 36 and 280 for U7278 and scytalone respectively) Hence, hydride transfer does not completely limit the rate
constitute strong evidence that an ordered sequential mechof U7278 oxidation. We performed a pre-steady-state kinetic
anism with nucleotide binding first predominates under experiment in the presence of excess U7278 and found that
physiological conditions. Such mechanisms are common for there is a burst during the initial turnover (Figure 9). The

NAD(P)™ dependent enzymes (Boneteal., 1990; Forte- burst corresponds to 28V substrate oxidized in the presence

McRobbie & Pietrusko, 1989; Wedlet al, 1992). of 20 uM 3HNR, a stoichiometry of 1 to 1 within
Burst Kinetics and pH Dependence ofykand ka/ experimental error. These data indicate that product release

Km(NADP"). The pH dependence &,(U7278), the rate  limits the rate of U7278 oxidation by 3HNR.

constant for hydride transfer from U7278 to NADPand NAD'/NADP" Specificity. The kinetic parameters for

keaf Km(NADP) were measured and are plotted in Figures U7278 oxidation with NADP and NAD" are listed in Table

7 and 8, respectively. The parameters extracted from theses. 3HNR shows a 770-fold preference for NADRs
plots are listed in Table 5. The plot ¢f./Kn(NADP™) measured by the relativg,/Kn, for each dinucleotide. This
suggests that deprotonation of a single ionizable group with specificity is lower than that of some other dehydrogenases;
pKa ~ 7 is required for catalysis when NADRs subsatu- for example, isocitrate dehydrogenase fr8oifobus acido-
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Table 6: Kinetic Parameters for 3HNR-Catalyzed U7278 Oxidation interactions may be generally useful as a means to design

with NADP* or NAD* at pH 7.0 new ligands of greater affinity when structures of ligand:
nucleotide Km (MM) KeadKIM (w2 59) D protein complexes are available.
NAD* 3.0+ 0.4 390+ 35 1.2+0.1 ACKNOWLEDGMENT

NADP* 0.0254 0.003 (3.0£0.2)x 10° 75+0.3
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