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ABSTRACT. Scytalone dehydratase is a member of the group of enzymes involved in fungal melanin
biosynthesis in a phytopathogenic fungBgricularia oryzage which causes rice blast disease. Carpropamid
[(ARS3SR-2,2-dichloroN-[(R)-1-(4-chlorophenyl)ethyl]-1-ethyl-3-methylcyclopropanecarboxamide] is a
tight-binding inhibitor of the enzyme. To clarify the structural basis for tight-binding inhibition, the
crystal structure of the enzyme complexed with carpropamid was analyzed using diffraction data collected
at 100 K. The structural model was refined to a crystallograpHiactor of 0.180 against reflections up

to a resolution of 2.1 A. Carpropamid was bound in a hydrophobic cavity of the enzyme. Three types
of interactions appeared to contribute to the binding. (i) A hydrogen bond was formed between a chloride
atom in the dichloromethylethylcyclopropane ring of carpropamid and Asn-131 of the enzyme. (ii) The
(chlorophenyl)ethyl group of carpropamid built strong contacts with Val-75, and this group further formed
a cluster of aromatic rings together with four aromatic residues in the enzyme (Tyr-50, Phe-53, Phe-158,
and Phe-162). (iii) Two hydration water molecules bound to the carboxamide group of carpropamid, and
they were further hydrogen-bonded to Tyr-30, Tyr-50, His-85, and His-110. As a result of interactions
between carpropamid and the phenylalanine residues (Phe-158 and Phe-162) in the C-terminal region of
the enzyme, the C-terminal region completely covered the inhibitor, ensuring its localization in the cavity.

Rice blast disease is one of the most serious and damagingathway of fungal melanin are good targets for developing
diseases in rice production. The disease is caused by aontrol agents against rice blast disease
filamentous fungusPyricularia oryzae(teleomorphMag- Carpropamid [(R$3SR-2,2-dichloroN-[(R)-1-(4-chloro-
naporthe grisep The pathogenic fungus directly penetrates phenyl)ethyl]-1-ethyl-3-methylcyclopropanecarboxamide] was
into the rice plant from a cellular structure called an developed as a potent control agent against rice blast disease
appressorium that is formed at the tip of the germ tube ( (3, 4). Recent biochemical studies revealed that carpropamid
Fungal melanin is synthesized through the polyketide strongly inhibits scytalone dehydratase (SB), a member
pathway @) and is arranged into a layer structure between of the group of enzymes involved in melanin biosynthesis.
the cell wall and the cell membrane of the appressorium. SpH catalyzes two reaction steps in melanin biosynthesis:
The melanin layer is a prerequisite for maintaining the the conversion of scytalone to 1,3,8-trihydroxynaphthalene
structure of the appressorium against osmotic pressures agnd the conversion of vermelone to 1,8-dihydroxynaphtha-
high as 8 MPa produced inside the appressorium. Thelene ). Carpropamid specifically binds to SDH)(and
fungus mechanically punctures the hard epidermis of rice inhibits the dehydration stepg)( A detailed kinetic study
by utilizing osmotic pressure and penetrates into rice. Thus, of the inhibition has shown that carpropamid works as a tight-
melanization of the appressorium is essential for pathogenichinding inhibitor ). The dissociation constant for carpro-
virulence, and the enzymes involved in the biosynthesis pamid ;) was measured to be 0.14 nM and was abowut 2

1P times smaller than that for the substrate, scytaldtg (
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Ficure 1: (A) Stereoplot of a ribbon model illustrating the structure of SDH complexed with carpropamid. The main body of SDH is
colored in yellow, and the C-terminal region (residues-1520) is colored in red. Carpropamid and three phenylalanines in the C-terminal
region (Phe-158, Phe-162, and Phe-169) are shown as a ball-and-stick model. (B) CPK representations oftee@&pamid complex

(right) viewed from nearly the same orientation depicted in panel A. The structure at the left is the same as the right panel except the
C-terminal region (residues 15270) is removed from SDH. Carpropamid is gray; otherwise, the same colors are used as are used in panel
A. The ribbon model in panel A was drawn with MOLSCRIPZ4).

(BFS) and SDHY). SDH has a hydrophobic cavity where MATERIALS AND METHODS
substrates bind. About 20 residues in the C-terminal region
covering the binding pocket are thought to function as a lid  Crystallization of the Complex of SDH and Carpropamid.
for the cavity. A recombinant SDH was produced usingEscherichia coli

To clarify the structural basis for tight-binding inhibition ~—Overexpression system and was purified as described previ-
by carpropamid, we determined the crystal structure of the ously 8). Carpropamid was synthesized as reportd (
complex of SDH and carpropamid by cryogenic X-ray Before each crystallization trial, 1 mg of SDH and 0.17 mg
crystallography. Here, we describe the structural basis of of carpropamid were mixed in a 40 mL solution of 10 mM
tight-binding inhibition and discuss the role of the C-terminal TES (pH 7.0) and the mixture was incubated for 2 days at
region in the binding of substrates and inhibitors. 4 °C. The resulting solution was concentrated to 16 mg/



Scytalone Dehydratase Complexed with Carpropamid Biochemistry, Vol. 37, No. 28, 1998933

mL SDH by ultrafiltration. All the crystallization trials were A 16
carried out with the hanging drop vapor diffusion method at
20°C. Crystallization of the complex was achieved by poly-
(ethylene glycol) (PEG) 3350 (Sigma) in a relatively narrow
pH range £0.2) with an optimum at pH 5.2. The precipitant
solution contained 14.5% (w/v) PEG 3350, 280 mM am-
monium sulfate, and 200 mM sodium acetate. The crystals
had a thin hexagonal plate shape, and the dimensions of the
crystals were typically 0.35 mm wide and 0.08 mm thick.
The crystal belonged to the space gr&®321, and the lattice
constants were as followsa = 74.54 A,b = 74.54 A, and 2]
¢ = 71.20 A. One subunit of SDH was contained in an
asymmetric unit, and the solvent content of the crystal was
calculated to be 65%. The obtained crystal was nearly
isomorphous with that of the BFSSDH complex 9).
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Cryogenic X-ray Diffraction Data CollectionCryogenic 5 80y
X-ray diffraction experiments were performed by the oscil- :
lation method at 100 K. In the experiments, a R-Axis IV & . E 08
system (Rigaku), double-mirror focusing optics (Rigaku), and 2 . T ¥ 2
a rotating anode type X-ray generator (Ultrax18, Rigaku) § a @ : " *Eaf
were used. In cryogenic experiments, protein crystals were T ” TR LI o .
rapidly and continuously cooled with a cold nitrogen gas T ST R oA
generator (Rigaku). The exit nozzle of the generator was i C owd 'af k.a‘é' - LI io @
placed within 10 mm of a crystal, and the temperature of £ 0. ;q.;% Mo o Bk ook g __ -
the gas was adjusted to 100 K at the sample position witha & R N E
thermocouple. The X-ray generator was operated at a load
of 3.6 kW (45 kV and 80 mA), and the focus size was 0.3 o D S ETC e e s s BT
mm x 3 mm. Cuka radiation £1.5418 A) was selected 20 40 60 80 100 120 140 160

with a Ni foil that was 1Qum thick. The crystatdetector Residue Number
distance was set to 150 mm. For crystal mounting in the FIGURE 2: (A) The rms differences in backbone and side chain

cryogenic experiment, an original crystal mounting device &0Ms between SDHs in the carpropamBDH and BFSSDH
was used 10). complexes are plotted against residue number. Full squares represent

. ) ) differences in backbone atoms and open ones those in side chain
Before cryogenic experiments, the mother liquor of the atoms. The rms differences were calculated after superimposing
crystal was exchanged to a cryoprotectant solution. Thethe main bodies of SDHs in the two models by least-squares
harvested crystals were transferred into a microdialysis cell ﬁé"g\cug‘t;% fg\f}tge(g;ﬂ'\‘/e‘igaig tgtrﬂmesrgt]utrgef ;;g‘r):g?% ;gﬂgguirﬁs
f"md were dialyzed against a cryoprotectant solution Contaln'SDH plotted against the resic?ue nunrw)ber. The filled and open squares
ing 25% (w/v) PEG 3350, 30% (w/v) sucrose, 280 MM represent the values for main chain atoms and side chain atoms,
ammonium sulfate, and 200 mM sodium acetate (pH 5.2). respectively. The secondary structureshelices (open boxes),
No crystals were cracked or dissolved after dialysis for 12 S-strands (filled boxes), and loops (lines), are specified in the
h. figures. The arrows indicate the residues that form the hydrophobic
Diffraction data were collected up to 2.1 A resolution as cavity in SDH.
a series of 1.50scillation frames with an exposure time of the BFS-SDH complex has been registered as 1STD in the
15 min. The indexing of reflections, the calculation of Brookhaven Protein Data BankZ2)]. A rigid-body refine-
integrated intensities, scaling, and postrefinement were ment was applied for moving the initial model to a correct
performed with the program PROCESS in the R-axis IV position relative to the crystal lattice using the amplitude
system. The absorption effect originating from the cryo- data between 8.0 and 3.5 A resolution. After the rigid-body
protectant solution remaining in the mounting device was refinement, the crystallographiR:-factor [R = Z,|Fondhkl)
corrected in the scaling process with the program SCCRYO — Fcadhkl)|/ZnkFond{hkl)] of the resultant model was 0.31.
(M. Nakasako, unpublished results). A total of 50 287 The conventional refinement procedures followed by model
reflections were measured between 20.0 and 2.1 A, and thebuilding were then iterated. At the early stage of the
overall Rnergd [=Znailli(hkl) — O(hkl)VZnaZili(hkl)] was structure refinement, the residues in the C-terminal region
0.073 for the symmetry-related reflections. The number of of the starting model (from 152 to 170) were removed
unique reflections was 12 014, corresponding to a complete-because the initial model was not consistent even with the
ness of 85.6%. The completeness in the highest-resolutioncalculated &, — F. electron density maps. The C-terminal
shell between 2.2 and 2.1 A was 74.6%. region was finally reconstructed with, — F. difference
Structure Refinement and Model BuildingStructure Fourier maps. Hydration water molecules were picked up
refinement was carried out with X-PLORY) followed by with a suite of FESTKOP programs (M. Nakasako, unpub-
model building with turbo FRODO (BIO-GRAPHICS). lished results). Newly introduced residues or hydration water
Because the present crystal was nearly isomorphous withmolecules were examined after the subsequent refinement
that of the crystal of the BFSSDH complex, the coordinates  with omit-annealed~, — F. difference Fourier maps.
of the BFS-SDH complex 9) were used as the starting The final structural model contained 1377 non-hydrogen
model of the structure refinement [the crystal structure of atoms of the enzyme, one carpropamid molecule, one sulfate
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Ficure 3: (A) Stereoplot of an omif, — F difference Fourier map for carpropamid and two hydration waters bound to the carboxamide
group. Also shown are the side chains forming the hydrophobic cavity (represented with a ball-and-stick model). The reflections between
8.0 and 2.1 A resolution were used for the calculation of the map. The blue and pink fishnets are drawn in 3.2 and 8.0 standard deviations
of the map, respectively. The hydrogen bonds important for stabilizing carpropamid in the cavity are shown with orange dashed lines. Each
residue is identified with the one-letter code and the residue number. (B) A schematic drawing of the interactions between carpropamid and
SDH. Figures in parentheses represent the distances between two atoms engaged in the interaction. Hydrogen bonds and van der Waals
interactions are represented by thick and thin dotted lines, respectively. The hydrophilic residues are b@xeeprksent the structural

segments of carpropamid.

ion, and 174 hydration water molecules. For the 11 759 SDH (residues 9151) consisted of three-helices (HA-
unique reflections f/o(F) > 2.0] between 8.0 and 2.1 A C), six p-strands (S%6), and loops connecting those
resolution, the model gave a crystallograpRdactor of secondary structures (Figure 1A). The model for the
0.179 (for 90% of the unique reflections) andRg.0f 0.259  C-terminal region (residues 15470) was rebuilt as two
(for the remaining 10% of the unique reflections). The mean short helices (HD and HE) and three loop structures (see
positional error of atoms in the final structural model was Materials and Methods). The final model did not include
estimated to be 0.22 A using Luzzati's methd®( The  the eight N-terminal residues and two C-terminal residues
root-mean-square (rms) deviations from the ideal case werepecause of poor electron densities for these residues. The
0.010 A for bond lengths and 1.72or bond angles. inhibitor, carpropamid, was located in a cavity formed by
RESULTS the residues from all thg-strands and the foum-helices
Structure of SDH Complexed with Carpropami@on- (HA and HC-E) (Figure 1A). Carpropamid was covered
firming the previous result®}, we found the main body of by the C-terminal region that would serve as a lid for the
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Table 1: Dihedral Angles Determining the Conformation of
Carpropamid in the Hydrophobic Cavity of SBH

Table 2: Centroid Distances and Dihedral Angles between
Aromatic Rings in Regions A and B in Figuré 3

target dihedral angle (deg) centroid dihedral
C2—-C1-C5-C6 173.2 residue residue distance (A) angle (deg)
C2-Cl1-C-0O 53.4 Tyr-50 carpropamid 55 87
C—N—-C7-C1 86.1 Phe-53 carpropamid 6.8 88
N—-C7-C1-C2 53.2 Phe-158 carpropamid 6.0 60
: PP — Phe-162 carpropamid 5.1 88
a2The atoms are identified in Figure 3B. Phe-169 carpropamid 70 80
Phe-53 Phe-158 5.2 64
; ; ; ; Trp-153 Phe-158 6.4 68
cavity (Figure 1B). The rms differences between SDHs in Phe-158 Phe.162 E 7 54

the carpropamig SDH and the BFSSDH complexes were
0.31 A for the a-carbon atoms of HAC and S3-6
composing the main bocy of SDH (Figure 2A). In contrast
with the main body of SDH, the structures in the C-terminal the binding through electrostatic interactions with partial
region were remarkably different between SDHSs in the two charges of Leu-147 and Trp-26.
complexes (Figure 2A). Even at 100 K, thermal factors were  |n region B, two well-ordered hydration water molecules
extremely large for the residues in the loop between S4 andwere bound to the carboxamide group of carpropamid (Figure
S5 and another loop between S6 and HD (Figure 2B).  3A). The hydration water molecules formed four hydrogen
Structure of Carpropamid Confined in SDHIhe con- bonds with hydrophilic residues of the enzyme (His-85, His-
formation of the inhibitor, carpropamid, was obvious from 110, Tyr-30, and Tyr-50). In region B, the carboxamide
the well-defined difference Fourier map shown in Figure 3A. group of the inhibitor was fixed by these interactions and
For instance, the three chloride atoms and the cyclopropaneone hydrogen bond with Tyr-50. The distances and the
ring of carpropamid were easily assigned by increasing the angles of hydrogen bonds formed by hydration waters were
contour level of the density map (purple fishnet in Figure very similar to those in the ideal hydrogen bond. Thus, these
3A). Carpropamid was positioned in the hydrophobic cavity two hydration water molecules can fix the carboxamide group
so that the dichloroethylmethylcyclopropane group interacted of the inhibitor in the central region of the cavity, although
with the bottom of the pocket composed of the residues from there is one direct hydrogen bond between carpropamid and
S4—6; the (chlorophenyl)ethyl group at the opposite end of the enzyme.
the inhibitor pointed toward helix HE (Figure 1A). The In region C, 26 van der Waals interactions4( A) were
dihedral angles specifying the conformation of carpropamid observed. The (chlorophenyl)ethyl group of carpropamid
in the cavity were tabulated in Table 1. strongly interacted with the enzyme through nine van der
Interactions between Carpropamid and the Amino Acid Waals interactions with Tyr-50, Val-75, Leu-76, and Phe-
Residues Forming the @iy. Carpropamid was confined 158 (Figure 3B). The van der Waals interactions between
in the cavity formed by the 20 amino acid residues, namely, carpropamid and two hydrophobic residues (Val-75 and Leu-
Trp-26, Tyr-30, Tyr-50, Phe-53, Leu-54, Met-69, Val-75, 76) were so strong that the main chain of Val-75 was largely
Leu-76, Thr-83, His-85, Val-108, His-110, Ala-127, Asn- distorted into an unfavorable conformation; the main chain
131, Leu-147, Pro-149, lle-151, Phe-158, Phe-162, and Phetorsion angles of Val-75 and ¢, were—129 and—113’,
169. About two-thirds of these residues are hydrophobic. respectively. This distortion indicates that the binding of
In particular, the three phenylalanine residues (158, 162, andcarpropamid might have caused a change in the secondary
169) in the C-terminal region were engaged in the formation structure of a segment (Lys-#&ly-77) following helix HC.
of the cavity despite their large thermal factors (Figures 1A,  The (chlorophenyl)ethyl group formed a cluster of aro-
2B, and 3A). Two well-ordered hydration water molecules matic rings together with the side chains of Tyr-50, Phe-53,
(WTA and WTB in Figure 3) were bound to the carboxamide Phe-158, and Phe-162. Table 2 lists the centroid distances
group of the inhibitor. Direct interactions between carpro- and dihedral angles between those phenyl rings that char-
pamid and SDH consisted of two hydrogen bor@@ A) acterize the arrangement of the aromatic rings. In particular,
and 43 van der Waals contacts4 A). Major interactions  the planes of the phenyl rings of Phe-162 and Tyr-50 were
are illustrated in Figure 3B. The structure of the inhibitor nearly perpendicular to the plane of the chlorophenyl group
can be thought to consist of three segments: dichloroethyl- and were very close<6 A) to being favorable for aromatic
methylcyclopropane (A), carboxamide (B), and (chlorophen- aromatic interactionsld). Furthermore, these two aromatic
yl)ethyl (C) groups. The characteristics of the interactions rings were symmetrically located against the chlorophenyl
vary accordingly. group of carpropamid, efficient for determining the orienta-
In region A, one hydrogen bond and 17 van der Waals tion of the chlorophenyl ring in region C. Of the four
interactions €4 A) were observed. The CL2 atom of aromatic residues forming the cluster, Phe-158 and Tyr-50
carpropamid and the ND2 atom of Asn-131 formed a were located close to the (chlorophenyl)ethyl group and
hydrogen bond. The direction of this bond was fixed by formed eight van der Waals contacts4 A) with the group.
the hydrogen bond between ND2 of Asn-131 and OG of As a result of this close packing, the cavity in region C was
Ser-129. The thermal factors of these two residues werenarrower than those in regions A and B, presumably helping
the lowest in all the residues forming the cavity (Figure 2B). the inhibitor confined in the cavity.
The orientation of the cyclopropane ring was determined by  Structure of the C-Terminal RegiorA structural model
the five van der Waals contacts with Trp-26, His-85, Val- for the C-terminal region (residues 15270) was built
108, and Leu-147. The CL1 atom may have contributed to independently from the former modé&)(on the basis of the

aOnly the pairs whose centroid distance is witffi A are listed.
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Ficure 4: OmitF, — F. difference Fourier maps for the residues of the C-terminal region. The maps were calculated with the diffraction
amplitude data between 8.0 and 2.1 A resolution. Blue fishnets represent 2.5 and 3.0 standard deviations of the maps in panels A and B,
respectively. The residues are represented in the same way as they are in Figure 3A. (A) The map for the linker loop having high positional
fluctuation between S6 and HD, namely, lle-151, Arg-152, Trp-153, Gly-154, Glu-155, and Phe-156. (B) The map for Phe-158, Asp-159,
Arg-160, lle-161, Phe-162, Glu-163, and Asp-164.

electron density maps shown in Figure 4. The present modelmolecules. In particular, hydration water molecules X01 and
for the region was composed of two short helices [HD (158 X04 were important in determining the orientations of the
161) and HE (165168)], three loops (152157, 162-164, two short helices, HD and HE. The hydration water
and 169-170) and nine hydration water molecules (X01  molecules formed a network of hydrogen bonds that linked
5, X10, X11, WT1, and WT2) (Figures 1A and 5). The the Asp-159 in HD and Arg-166 and Glu-167 in HE. Then,
characteristic structure of the C-terminal region seemed tothe principal axes of the two short helices were set to be
be stabilized by hydrogen bonds mediated by these hydrationnearly perpendicular by the network. Three hydration water
water molecules and nonbonded interactions between car-molecules, X02, X03, and X05, also contributed to the
propamid and phenylalanine residues in the region. stabilization of the C-terminal region by forming hydrogen
Five hydration water molecules (X&5b) contributed bonds within certain residues or between adjoining residues.
greatly to the determination of the structure of the C-terminal  Direct interactions between the C-terminal region and the
region, in that 12 of 20 hydrogen bonds3.4 A) within main body of SDH were relatively weak. The C-terminal
the C-terminal region were formed by those hydration water region formed three van der Waals contacts with the side
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FicurRe 5: Stereoplot of the ball-and-stick model for a part of the C-terminal region (residuesl¥8% viewed from outside. The residues

from the main body of SDH interacting with the C-terminal region via hydrogen bonds are also shown. The red, blue, and yellow spheres
represent oxygen atoms, nitrogen atoms, and hydration waters, respectively. The hydrogen bonds are shown with dashed lines. The notations
for hydration waters are divided into two groups. WT represents those mediating the interactions between the C-terminal region and the
main body of SDH and X those stabilizing the C-terminal region. This figure was drawn with MOLSCRH#pT (

chains from S2 and S5. There were only two direct hydrogen The ethyl group (C5 and C6 in Figure 3B) in region A of
bonds with Arg-112 and Phe-53 and two loose links mediated carpropamid is also important in tight-binding inhibition. The
by hydration water molecules (WT1 and WT2) between the presence of the group caused a remarkable structural differ-
C-terminal region and the main body of SDH. The large ence between the cavities of the carpropar8®H complex
thermal fluctuation of the C-terminal region (Figure 2B) and that of BFS-SDH; Phe-158 in the carpropami@GDH
might be ascribed to this lack of strong interactions. complex moved more tima4 A from the relative position in
The C-terminal region interacted with carpropamid through the BFS-SDH complex because of steric hindrance with
the aromatie-aromatic interactions and van der Waals the ethyl group (Figures 2A and 6A). The positional change
contacts through the three phenylalanine residues (Phe-158pf Phe-158 induced several interactions that were favorable
Phe-162, and Phe-169) (Table 2 and Figure 3B). Becauseto tight-binding inhibition. Strong interactions between Phe-
carpropamid strongly bound to the main body of the SDH 158 and the CLO atom of the (chlorophenyl)ethyl group
as described in the previous section, these interactions(Figure 3B) should contribute to tight-binding inhibition,
indirectly fixed the C-terminal region to the main body of because phenylethyl groups decorated with a single halogen

SDH. atom (Cl or Br) have been shown to be required for
increasing antifungal efficacy of control agen®.( The
DISCUSSION change increased the stability of the cluster of aromatic rings

in region C (Table 2) and induced 15 van der Waals
interactions €4 A) between carpropamid and the aromatic
rings. Simultaneously, a large positional change of Trp-153
occurred in the linker region between S6 and HD (Figures
2A and 6B). Trp-153 indirectly contributed to stabilization
of the aromatic cluster in the carpropami@DH complex
(Table 2). The positional change of Phe-158 also caused a

. : - - narrowing in the upper region of the hydrophobic cavity,
Structural Basis of Tight-Binding InhibitionThe hydro- e ; S .
gen bond between the CL2 atom in the dichloroethylmeth- thus inhibiting the dissociation of carpropamid from SDH.

ylcyclopropane group and the NE2 atom of Asn-131 (Figure ~ The carboxamide group is also one of the structural
3) is one of the determining factors in tight-binding inhibi- €lements required for effective inhibition with respect to
tion. The importance of the dichlorocyclopropane group has SDH. Because four of five hydrogen bonds observed in
been recognized in the process of developing carpropamidregion B were afforded by two hydration water molecules
(4). In the competitive inhibitor BFS R)-(+)-N-[1-(4- (WTA and WTB in Figure 3), hydration of the group is
bromophenyl)ethyl]-5-fluorosalicylamid], region A contains considered to be an important factor in fixing the group in
a fluorosalicylamide group9j (Figure 6A). A hydrogen  the cavity. The importance of this group has been demon-
bond formed between the OH of this group in BFS and Asn- strated by a kinetic study on salicylamidks); the deletion
131 would be weaker than the hydrogen bond in the of carbonyl oxygen from the inhibitor drastically reduced
carpropamie-SDH complex. the degree of inhibition.

A cryogenic crystal structure analysis at 2.1 A resolution
unambiguously revealed various types of interactions that
would cause the tight-binding inhibition by carpropamid to
SDH (Figure 3B). Here, we discuss the structural bases for
the tight-binding inhibition by carpropamid to SDH and the
role of the C-terminal region in the binding of inhibitors or
substrates.
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Ficure 6: (A) Structures of the binding cavity and inhibitors in the carpropan8i®H (represented with a ball-and-stick model) and the
BFS—SDH (drawn with a wire model colored in red) complexes. In the carpropa®iRH model, atoms in the carpropamid molecule and

the side chain of Phe-158 are colored in blue and green, respectively. (B) Structures of the C-terminal region (residii&s) irbzhe
carpropamie-SDH and BFS-SDH complexes. Models are represented in the same way as they are in panel A except for the color of the
atoms of Phe-158. These figures were drawn after superimposing the main bodies of SDHSs in the two models by least-squares calculation
for the main chain atoms in the secondary structures-BAand S3-6. These figures were drawn with MOLSCRIPZ4J.

In summary, we propose the following structural bases The carboxamide group and two hydration water molecules
for tight-binding inhibition of carpropamid. (i) The chloride form hydrogen bonds in region B. These structural bases
atom, CL2, in the dichloromethylethylcyclopropane group revealed by our structural analysis should prove useful in
forms a hydrogen bond with Asn-131 in region A. (ii) The designing efficient and novel inhibitors for SDH.
(chlorophenyl)ethyl group makes a tight contact with helix  Structural bases similar to those observed in the carpro-
HC and four aromatic residues in region C. (iii) The ethyl pamid-SDH complex have been found in inhibiteenzyme
group decorating the cyclopropane group causes a rearrangesr hapten-Fab fragment complexes. For instance, a tight-
ment of Phe-158 so that the cluster of aromatic rings in region binding inhibitor for aldose reductase, zopolrestat, has three
C is stabilized and the cavity in region C is narrowed. (iv) fluorine atoms and two aromatic rings, greatly contributing
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to its binding affinity (L6—18). Synthetic peptides inhibiting
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an aromatic cluster in the binding site9j. The formation
of clusters of aromatic rings has also been observed in
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complexes of various haptens and Fab fragments of immu-REFERENCES

noglobulins 20—23). Thus, some of the structural bases
observed in the carpropami6DH complex may become
common factors in designing novel agents for targeting
enzymes or proteins.

Structure of the Flexible C-Terminal Regioihe structure
of the C-terminal region of SDH in the carpropami@DH
complex was quite different from that in the BFSDH
complex (Figures 2A and 6B). The length of helix HD was
half of that in the BFS- SDH complex, and large positional
changes occurred in Trp-153 and Phe-158. These structural
changes and the thermal fluctuation of the C-terminal region
(Figure 2B) suggest that the C-terminal region, particularly
the residues from 152 to 159, is extremely flexible and can
be deformed easily by inhibitors. In the binding of substrates
or inhibitors, SDH must move the C-terminal region to
expose its hydrophobic cavity to solvent. In that motion,
the loop linking S6 and HD may work as a hinge as has
been observed for several proteins showing large structural
changes upon binding of substrates or inhibit@4).(

Phe-162 occupied corresponding positions in carpropa-
mid—SDH and BFS-SDH complexes, despite the large
structural differences in the residues from 152 to 158 (Figure
6). This fact suggests that the phenylalanine residue is
important in the binding of inhibitors or substrates. A
surprising result of mutagenesis experiments involving SDH
(5) indicates that deletion of Phe-162 causes the loss of SDH
enzymatic activity. Furthermore, even a point mutation of
Phe-162 to alanine causes this loss of activity (T. Motoyama
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only helps to stabilize the bulky inhibitor in the cavity but
also is crucial for preserving enzymatic activity.

The size of the substrate, scytalone, is half of that of
carpropamid and the enzymatic reaction occurs in the “A”
and the “B” regions as propose®)( Thereatfter, the substrate
must be confined in the bottom area of the cavity. The
phenylalanine residue may work like a tentacle, driving the
substrate into the bottom of the cavity. During this process,
a large conformational change would occur in the C-terminal
region. To refine this model for substrate recognition by
SDH, further studies need to be carried out at the molecular
level.
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