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INTRODUCTION

Carpropamid (1RS,3SR)-2,2-dichloro-N-[ 1-(4-chloro-
phenyl)ethyl]-1-ethyl-3-methylcyclopropanecarboxamide) is
a potent agent against rice blast disease caused by Pyricularia
oryzae (teleomorph: Magnaporthe grisea). The primary tar-
get of this fungicide is scytalone dehydratase (SD) in the
melanin biosynthetic pathway of the rice blast fungus.'~®
Carpropamid consists of four isomers, KTU3616A (1R, 35,
I’R), KTU3616B (18, 3R, I'R), KTU3615A (1S, 3R, I'S),
and KTU3615B (1R, 3§, 1'S) (Fig.1). An analysis of
enzyme kinetics revealed that KTU3616B can inhibit SD at
very low concentrations close to the enzyme concentration.?
This finding suggested that KTU3616B is a tight-binding
inhibitor. We discuss the relation between the inhibition
strength and the stereomers, and determined the inhibition
type by kinetic analysis.

MATERIALS AND METHODS

1. Synthesis
1.1, Resolution of racemic 1-(4-chlorophenyl)ethylamine
To a solution of 1-(4-chlorophenyl)ethylamine (78.33 g, 0.5
mol) in 500 ml of reagent-grade methanol was added (+)-
tartaric acid (77.94 g, 0.5 mol) at 40°C in small portions over
the course of 2 hr.  After standing 48 hr at room temperature,
the precipitated crops were filtered. The diastereomeric
mixture of ammonium salts was subjected to repeated recrys-
tallization from methanol until each fraction showed a con-
stant specific optical rotation. The separated salt was treated
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with 20% aqueous NaOH and the liberated amine was extract-
ed with ether. Drying the ether solution over KOH pellets,
evaporating the ether and subsequent distillation of the resi-
due at 130-140°C/20 mm Hg afforded the enantiomeric
amine. Amine (A); yield 5.99 g (7.7%), [@]¥+22.3 (¢=2.0,
MeOH). Amine (B); yield 495 g (6.3%), [¢]&¥—20.4 (c=
2.0, MeOH). The absolute configurations R and § were
determined for amine (A) and (B), respectively by X-ray
analysis of the product from amine (A).*®
1.2 Preparation and separation of a diastereomer mixture
of KTU3616A4 and KTU3616B and KTU36154 and
KTU3615B.

To a solution of R-amine (1.57 g, 0.01 mol) and trieth-
ylamine (1.20 g, 0.01 mol) in 30 ml of toluene was added a
solution of (1RS, 3SR)-2,2-dichloro-1-ethyl-3-methylcyclo-
propanecarbonyl chloride (2.15 g, 0.01 mol) in 15 ml of tolu-
ene dropwise over the course of 30 min. The reaction mix-
ture was stirred for 9 hr at room temperature and subsequently
at 40°C for an additional 1 hr. The precipitates were filtered
off and washed with 30 ml of toluene. The combined filtrate
was washed successively with 3% aqueous HCI, 3% aqueous
NaOH and brine and dried over MgSO,. The mixture was
subjected to preparative TLC (SiO,) with hexane/ethyl ace-
tate (5:1). Repeated TLC separated two components, each
of which was recrystallized from methanol, and the purity was
confirmed by HPLC. The component from the lower zone
was confirmed as KTU3616B by X-ray analysis,*® conse-
quently the upper component should be KTU3616A.
KTU3616A: yield 60 mg (1.8%), mp 135°C, [@]¥+40.5 (c=
1.00, MeOH), 'H NMR ¢ 0.89 (3H, t, J=7.2Hz,
CH,CH,), 1.19 (3H, d, J=6.6 Hz, cyclopropyl-CH;), 1.52
(3H, d, /=69 Hz, NHCHCH,), 1.55 (1H, dq, J=14.6/7.3
Hz, CH,,), 1.91 (1H, dq, J =14.6/7.3 Hz, CH,,), 2.21 (1H, q,
J=6.6 Hz, cyclopropyl H), 5.16 (1H, dd, J=7.3/6.9 Hz,
NHCHCH,), 5.87 (1H, d, J =7.3 Hz, NH), 7.26-7.34 (5H, m,
phenyl). KTU3616B: yield 50 mg (1.5%), mp136 C, [a]®
+87.9 (¢=1.00, MeOH), 'H NMR ¢ 0.99 (3H,t, J=7.3
Hz, CH,CH,), 1.20 (3H, d, J=6.6 Hz, cyclopropyl-CH,),
1.52 (3H, d, /=6.8 Hz, NHCHCH,), 1.57 (1H, dq, J =15.0/
7.3 Hz, CH,,), 1.94 (1H, dq, J =15.0, 7.3 Hz, CH,), 220 (1H,
J=6.6 Hz, cyclopropyl H), 5.17 (1H, dq, J=7.3/6.8 Hz,
NHCHCHj), 5.88 (1H, d, J=7.3 Hz, NH), 7.26-7.36 (5SH, m,
phenyl). KTU 3615A and 3615B were prepared and separat-
ed similarly. KTU3615A: mp 135°C, [@]¥—44.6 (¢=0.20,
MeOH). KTU3615B: mp 136°C, [@]¥—90.0 (¢=0.20,
MeOH). KTU3616, KTU3615, and NTN33853 are mixtures
of these isomers (Fig. 1).

2. SD Assay and Determination of the K, Value for
Chemicals

Recombinant SD was prepared as described previously.®

Scytalone was prepared from the agar culture of Verticillium
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dahlige strain Brm-1 or from the cultured broth of
carpropamid-treated P. oryzae strain P2 grown in YGPCa
medium as described previously.? The activity of SD was
measured with a Shimadzu UV-recording spectrophotometer
(model UV-2500PC) at 30°C in 20 mM TES buffer (pH7.0)
based on the decrease of UV absorption at 282 nm caused by
a change of scytalone to 1,3,8-trihydroxynaphthalene. The
reaction rates were calculated from the tangents of the prog-
ress curves at the initial stage of the reaction. Aegy, was
—7.9 mM~'cm~! under these conditions. Concentrations of
ethanol, used to dissolve scytalone and the chemicals, were
less than 0.5% in all the reactions.

K values of all the isomers except KTU3615B were deter-
mined by fitting the enzymatic activity data to the following
equation for competitive inhibitors:

V= VaxS/(S+ Ky (141/K))

where v is the velocity of the catalysis, V., the maximum
velocity, S the initial concentration of the substrate, K, the
Michaelis constant, and I the concentration of the inhibitor.

The K, value of KTU3615B was determined by fitting the
enzymatic activity data to the following equation for non-
competitive inhibitors:

V= ( Vmaxs/(l ~+_I/]<1))/(S‘|' K,)

where v is the velocity of catalysis, V., the maximum veloc-
ity, S the initial concentration of the substrate, K, the
Michaelis constant, and I the concentration of the inhibitor.

RESULTS AND DISCUSSION

1. Chemicals

Carpropamid was prepared based on the patent
description.” Though carpropamid has three asymmetric
carbon atoms, four diastereomers exist because the dichlor-
ocyclopropane part is constructed from (E)-2-ethylcrotonate.
We separated the stereoisomers by exhaustive TLC. The
absolute configuration of each isomer was determined by
referring to the X-ray analysis of the 15,3R,1’ R-enantiomer
(KTU3616B)*» and the corresponding specific rotations.

2. Inhibition of SD

We first analyzed the inhibition of SD by carpropamid-
isomers (see Fig. 1 for structures) at | nM in reaction mixtures
containing 1nM SD and 40 uM scytalone (Tablel).
KTU3616B, KTU3616, and NTN33853 significantly inhib-
ited SD. No inhibition was observed by KTU3616A,
KTU3615A, KTU3615B, KTU3615, and NTN36945. This
suggests that KTU3616B alone is a tight-binding inhibitor
among the eight isomers of carpropamid. On using a 50-fold
higher concentration of inhibitor (50 nM) than in the initial
experiment, we observed significant inhibition by
KTU3616A, KTU3615A, KTU3615B, KTU3615, and
NTN36945 (Table 1), indicating that KTU3616A,
KTU3615A, KTU3615B, and some component of NTN36945
have considerable inhibitory activity against SD.
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KTU3616A (IR, 3S, I'R)

KTU3616B (15, 3R, I'R)

KTU3615A (1S, 3R, 1'S)

KTU3615B (IR, 35, I'S)

KTU3616 KTU3616A + KTU3616B

KTU3615 KTU3615A + KTU3615B

NTN33853  KTU3616A + KTU3616B+KTU3615A + KTU3615B

NTN36945 (IR, 3R, 'R)+ (1S, 35, 'R)+ (IR, 3R, I'S)+ (1S, 35, I’S)
Fig. 1 Carpropamid, its isomers, and mixtures of isomers

used in the present study. The major elements for the tight-
binding inhibition of SD by carpropamid (KTU3616B) are
also shown. Hydrogen bonds and van der Waals interac-
tions are shown with thick and thin dotted lines, respectively.

Table 1 Inhibition of SD by isomers of carpropamid.
reagents concentrations (nM) activity (% of that without reagents)*
KTU3616A 50 31
KTU3616B 1 40
KTU3615A 50 54
KTU3615B 50 50
KTU3616 1 65
KTU3615 50 55
NTN33853 1 88
NTN36945 50 35

1 nM SD, 40 uM scytalone, 20 mM TES (pH 7.0), 30°C.

Table 2 Enzyme kinetics of the Inhibition of SD by isomers
of carpropamid.

reagents type of inhibition K, (nM)
KTU3616A competitive 11£1
KTU3616B competitive 0.10£0.01
KTU3615A competitive 2412
KTU3615B not determined >46t4

A Lineweaver-Burk plot of the SD activity in the presence
of isomers showed that KTU3616A, KTU3616B, and
KTU3615A are competitive inhibitors and that KTU3615B is
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Table 3 Evaluation of contamination by tight-binding-inhibitors in the

synthesized reagents.

a

reagents concentrations (nM) remaining activity (% of that without reagents)
enzyme (nM)

0.5 1.0 20 4.0 8.0
KTU3616A 50 NT 31 NT 33 32
KTU3616B 1 34 40 57 78 88
KTU3615A 60 52 50 49 52 53
KTU3615B 50 NT 50 NT 81 88
NTN36945 50 NT 35 NT 37 39

*NT: not tested. 40 uM scytalone, 20 mM TES (pH 7.0), 30°C.

a noncompetitive inhibitor (data not shown). So, we deter-
mined K; values for KTU3616A, KTU3616B, and
KTU3615A by fitting the enzymatic activity data to the
equation for competitive inhibitors. The K, value for
KTU3615B was calculated by fitting the activity data to the
equation for noncompetitive inhibitors. The determined K
values for KTU3616A, KTU3615A, and KTU3615B were
more than 100-fold larger than the value for KTU3616B
(Table 2).

Enzyme kinetic analysis showed that KTU3615B is a non-
competitive inhibitor. However, this finding is difficult to
accept because all the other isomers are competitive in-
hibitors. In inappropriate enzyme kinetic experiments,
where the concentrations of enzymes and inhibitors are simi-
lar, competitive tight-binding inhibitors often behave as if
they are noncompetitive inhibitors in a Lineweaver-Burk
plot.® In the present case, the kinetics data are valid if the
KTU3615B preparation was pure, because a 50-fold excess of
KTU3615B over the enzyme was used. However, if small
amounts of tight-binding inhibitors such as KTU3616B
contaminated the KTU3615B preparation, it could mislead to
the conclusion that KTU3615B is a noncompetitive inhibitor.
If the KTU3615B preparation was contaminated with a small
amount of tight-binding inhibitors, the efficiency of inhibi-
tion should decrease when the enzyme concentrations are
elevated because free tight-binding inhibitors can easily be
removed from the solution by binding to the target enzymes.
To clarify this point, we analyzed the dependence of the
inhibition efficiency of KTU3616A, KTU3616B, KTU3615A,
KTU3615B, and NTN36945 on enzyme concentrations
(Table 3). The tight-binding inhibitor KTU3616B showed a
clear dependence of inhibition efficacy on the enzyme concen-
trations as expected. KTU3616A, KTU3615A, and
NTN36945 showed no such dependence. These findings
suggest that the inhibition by KTU3616A, KTU3615A, and
NTN36945 was not brought about by a contaminated tight-
binding inhibitor. In contrast, the inhibition of SD by
KTU3615B was dependent on enzyme concentration, indicat-
ing that the KTU3615B preparation was contaminated with a

small amount of a tight-binding inhibitor, probably
KTU3616B, and that the true K, value for KTU3615B is
larger than the determined value (Table2). In summary,
KTU3616B, a tight-binding competitive inhibitor, is one of
the strongest small molecule inhibitors, while KTU3616A,
KTU3615A, and KTU3615B showed more than 100-fold
larger K; values against SD than did KTU3616B, ie. they are
not tight-binding inhibitors.

A comparison of in vivo anti-blast efficacy between
KTU3616B and KTU3616 showed that the two preparations
have similar abilities to control the rice blast disease,” sugges-
ting that KTU3616A and KTU3616B have a synergistic effect
in rice blast control. However, the present in vitro data
suggested that KTU3616B was about 2-fold more effective
than KTU3616, indicating that KTU3616A and KTU3616B
have little synergistic effect on the inhibition of SD. The
synergy may be accomplished through the activity of
KTU3616A and KTU3616B to induce blast-resistance in rice
plants.'®

In the crystal structure of the SD-carpropamid
(KTU3616B) complex,® we identified hydrogen bonds and
van der Waals interactions contributing to the tight-binding
inhibition by carpropamid (Fig. 1). The interaction in the
complex likely accounts for the reduced affinity of the
KTU3616B isomers to SD. For instance, when KTU3616A
sits in the active-site pocket in the same orientation as
KTU3616B, the ethyl group of KTU3616A may compete with
His-85 and weaken the water-mediated hydrogen bond
between His-85 and the nitrogen atom of the isomer. The
1"-methyl group of KTU3615A seems to hinder the water-
mediated hydrogen-bond network among the oxygen atom of
the isomer, Tyr-30 and Tyr-50. KTU3615B may have a
combination of the modes of interaction of KTU3616A and
KTU3515A. Thus, the three-dimensional structure of the
SD-carpropamid complex® and the binding affinity data for
the carpropamid isomers presented here may be of importance
in the design of more efficient anti-blast chemicals.
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1 2VHEEHBRERNALTONI FEENDEHRKFE
EB3ASZVEAREBRS 70V RKBRIEE
AlEE, FEM=, RETE L0 B

4370y BHEHERR A L7 03 P 4ARRE D BAEE,
KTU3616A (1R, 3S, I'R), KTU3616B (1S, 3R, I'R),
KTU3615A (18, 3R, 1IS), KTU3615B(1R,3S,1'S) » 5% 5.
Fa Bz s o) KTU3616B 2558 71c & 7 v > BokEs
FEMET 2HMHAEH (tight-binding inhibitor) TH 5
ERIRL T, AT o FEZoSKERED 7V —T
1212 KTU3616A, KTU3616B, KTU3615A, KTU3615B Liskiz
AFERDOC T ATV A=A T 5. 41, KTU3616B LISt o
THOBMKIZ OWTIHENEI EBITLEZAH, Wiy
tight-binding inhibitor Tl W Z AL E 72, 2N
NN 3tEN BMR (KTU3616A, KTU3615A, KTU3615B)
i, KTU3616B XL T 100 FREESH Wit Zzh Ll Lo K &
FRL. ThbbihhHEERE2RT 2013 (1S, 3R,
I'R) DNAEBEENLEL ZEFHLD & -2,
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