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Structure-Based Design of Potent Inhibitors of Scytalone Dehydratase:
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ABSTRACT. Scytalone dehydratase (SD) is a molecular target of inhibitor design efforts aimed at protecting
rice plants from the fungal disease causedvagnaporthe griseaAs determined from X-ray diffraction

data of an Sb-inhibitor complex [Lundqvist et al. (19943tructure (London) 2937—-944], there is an
extended hydrogen-bonding network between protein side chains, the inhibitor, and two bound water
molecules. From models of SD complexed to quinazoline and benztriazine inhibitors, a new class of
potent SD inhibitors involving the displacement of an active-site water molecule were designed. We were
able to increase inhibitory potency by synthesizing compounds with a nitrile functionality displayed into
the space occupied by one of the crystallographic water molecules. Sixteen inhibitors are compared. The
net conversion of potent quinazoline and benztriazine inhibitors to cyanoquinolines and cyanocinnolines
increased binding potency-20-fold. Replacement of the nitrile with a hydrogen atom lowered binding
affinity 100—30 000-fold. X-ray crystallographic data at 1.65 A resolution on a-8ibibitor complex
confirmed that the nitrile functionality displaced the water molecule as intended and that a favorable
orientation was created with tyrosines 30 and 50 which had been part of the hydrogen-bonding network
with the water molecule. Additional data on inhibitors presented herein reveals the importance of two
hydrogen-bonding networks toward inhibitory potency: one between Asnl31 and an appropriately
positioned inhibitor heteroatom and one between a bound water molecule and a second inhibitor heteroatom.

The use of X-ray crystallography of protein complexes to tetrahydroxynaphthalene. A series of reductions and
has gained widespread acceptance for the design anddehydrations (the latter catalyzed by SD) converts tetrahy-
optimizations of ligands of importance for pharmaceutical droxynaphthalene to dihydroxynaphthalene which is the
and agrochemical utilitiesl( 2). Marked advancements in  ultimate precursor to fungal melanin. M. griseg fungal
molecular biology, X-ray crystallographic equipment, and melanin is absolutely required for infection of its host rice
computer technology has led to an exponential growth in leaves 4, 5, and therefore, the biosynthetic pathway
the number of protein and other biomacromolecular structuresenzymes are attractive targets for fungicide design. Further-
being solved. The models derived from the crystallography more, since the biosynthetic pathway does not exist in
experiments allow the medicinal chemist to design molecules mammalian or plant systems, the potential for off-target
from the consideration of the interactions within the enzyme- toxicity with chemistry that would block fungal melanin
binding pocket. We now report insights from the structure production is lowered.

of scytalone dehydratase (SD, EC 4.2.1'94) improving The X-ray crystal structure of SD fromV. grisea in
binding potency of a new class of inhibitors. SD catalyzes complex with salicylamide inhibitorla (6) became the
two steps §) in the melanin biosynthetic pathway of the plant - giarting point for our inhibitor design strategy. Inhibitba
pathogerMagnaporthe grisegFigure 1), the causative agent o, hibits an extensive hydrogen-bonding network with the
of blast disease in rice crops. This pathway begins with the protein and two bound water molecules (see Figure 2A) in

oligomerization of acetate to a pentaketide and cyclization y4ition to many hydrophobic interactions with protein side
chains (not shown). The hydrogen-bonding network as

* Atomic coordinates for the SD-inhibitor complex described herein diagrammed in Figure 2A corresponds to one we believe

have been deposited in the Brookhaven Protein Data Bank (accessiorbest accounts for the binding potency of the inhibitor
code 3STD). ;

* To whom correspondence should be addressed. E-mail: doug.b. However, the hydrogen bonds between the active site
jordan@usa.dupont.com and WAPR12.JM@war.wyeth.com. residues, the water molecules, and the inhibitor should be
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! Abbreviations: SD, scytalone dehydratase; Tris, tris(hydroxy- carbonyl oxygen atom and with the phenolic hydroxyls of
methylaminomethane; DDBO, 2,3-dihydro-2,5-dihydro-4H-benzo- +rq5ines 30 and 50. This water molecule has been postulated
pyran-4-one; DMSO, dimethy! sulfoxide; PEG, poly(ethylene glycol); ¢ | acid i . i ith the two t .
1STD, the PDB accession code for the original X-ray structure of SD O S€IVe as a general acid in conjunction with the two tyrosine

complexed with inhibitorla. residues to induce enolization of substrate scytal@n&)(
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Ficure 1: The fungal melanin biosynthetic pathway. 4HNRetrahydroxynaphthalene reductase; SBcytalone dehydratase; 3HNR
trihydroxynaphthalene reductase.

The second water molecule, which forms hydrogen bonds The evolution of our design of SD inhibitors can be
with the NH of the inhibitor and the-nitrogen atoms of  exemplified by the sequence shown in Figure 3. The
histidines 85 and 110, has been implicated as the water ofquinazoline and benztriazine rings ®fand5, respectively,
dehydration in the SD catalytic cycl€)( We have reason  serve as isosters for the salicylamitleFigure 2, panels B

to believe that if we replaced the salicylamide portioriaf and C, diagrams the orientations of the quinazoline and
with a nearly isosteric quinazoline heterocycle, the hydrogen- benztriazine inhibitors relative to the key binding pocket
bonding network involving the two water molecules would residues as modeled. The two water molecules associated
be maintained. The ability of the quinazoline heterocycle to with the salicylamide inhibitors were retained within these
mimic the ring resulting from the intramolecular hydrogen SD—inhibitor models. Replacing the quinazoline and benz-
bond of salicylamides such asiin the context of inhibiting  triazine 3-position nitrogens with a carbon atom allows for

SD catalytic activity has been publishe8).(It was antici- @ substituent X to occupy the position of the water molecule
pated that the 1-position nitrogen atom of the quinazoline Situated between Tyr30 and Tyr50. The region of the binding
ring would occupy the position of the hydroxyl dfa to pocket around this water molecule is rather small, and large

receive a hydrogen bond from the side chain of Asn131. R substituents are not eXpeCted to be tolerated. AIIOW|ng R
Upon completion of the work outlined in this paper, the t0 be CN is appealing since it is relatively small and the
X-ray crystal structure of SD bound with a quinazoline triple bondz-electrons could accept an albeit weak hydrogen
inhibitor was solved at high resolution (Z. Wawrzak, T. bond from the tyrosine hydroxyls1). The 1-position

Sandolova, J. Steffens, G. Basarab, T. Lundqvist, Y. nltroge'n of the quinoline and benztriazine rings are erented
Lindgvist, and D. Jordan, unpublished results) and, as t0 receive a hydrogen bond from Asn131 and the nitrile takes
predicted, the two inhibitor-associated water molecules are (e place of the water molecule associated with Tyr30 and
maintained as is the hydrogen bond from inhibitor to Asn131. 1Yr50. We synthesized a series of amino quinolines and

Importantly, an appropriate bulky hydrophobic substituent amino cjnnolines vyith a CN substituent at the 3-position for
is needed on the amino group to occupy a cavity lined with evaluation as SD inhibitors to determine whether we could

a number of hydrophobic amino acid side chains in order to I"deed displace an associated water molecule while gaining

achieve potent inhibition. We reasoned that fused hetero-nNiPitor potency. For comparison, we also synthesized the

cycles could serve as suitable scaffolds for introduction of 'garel?t quinoli?r(]as‘s.an(;j (;]itr;]n?"n.?s (Xh: H,lFtigure 3t)'.
functionalities that might displace one of the crystallographic inafly, we synthesized phthalazi §Scheme 1) to quan 'fy.
active-site water molecules. the importance of maintaining a hydrogen bond accepting

o ) . ) heteroatom adjacent to the Asn131 side-chain amide.
The benefits in binding efficacy that might be gained by

displacement of such a water molecule are well recognized MATERIALS AND METHODS

in the literature 9—15). First, there is a gain in entropy by

freeing the water molecule from a constrained environment Materials.Homogeneous wild-type scytalone dehydratase
to bulk solvent. Second, there is the potential to build a was purified as described?). Construction and purification
binding interaction directly with the protein residues that of N-truncated scytalone dehydratase will be described
coordinated the water molecule. This second point is elsewhere. DDBO was synthesized as descriliedl All
important as the steric and electronic environment for binding other materials were from Aldrich Chemical (Milwaukee,
the water molecule must offer an enthalpic contribution to WI), Sigma Chemical (St. Louis, MO), Hampton (Laguna
the overall free energy of the system that is greater than theHills, CA), Fluka (Buchs, Switzerland), ICN Biomedicals,
entropic penalty due to constraining the water molecule. Inc. (Costa Mesa, CA), or Lancaster Synthesis Inc. (Windham,
Otherwise, the water molecule would not be so constrained. NH).

If inhibitor analogues are designed to displace a bound water Computer Models of SD Complexed 2a and to 5a
molecule, the loss of enthalpic stabilization due to the water Molecular modeling was carried out using the Sybyl mo-
molecule should be regained, in part, with an enthalpic lecular modeling package from Tripos, Inc. (St. Louis, MO)
contribution from the designed inhibitor. on a Silicon Graphics Inc. Indigo. The 3D structure of the
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Ficure 2: (A) Interactions of salicylamide inhibitors with key
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energies produced by the modified inhibitors, each-SD
inhibitor model was optimized utilizing a set of nested
refinement procedures involving energy minimizatids)(

A Connolly solvent-accessible surface was generated with
the MOLCAD algorithm from Tripos, Inc. using a 1.3 A
probe while selecting 29 residues that line the binding pocket
and removing the inhibitor and the two associated water
molecules.

Synthesis of (R)-N-[1-(4-Bromophenyl)ethyl]-4-quinazo-
linamine 2a. A solution of 0.5 g (3.1 mmol) of 4-chloro-
quinazoline 20), 0.67 g (3.3 mmol) ofR)-1-(4-bromophenyl)-
ethylamine (Lancaster), and 0.73 mL (6.7 mmol) of
triethylamine in 30 mL of glyme was heated at reflux
overnight. Solvent was removed and the residue was dis-
solved in ethyl acetate, washed with water and brine, and
dried (MgSQ). Removal of solvent was followed by
chromatography on silica gel (4:1 hexaneshyl acetate)
affording 560 mg of2a as a white solid, mp 144145 °C.

H NMR (300 MHz, CDC}): ¢ 1.7 (d,J = 7 Hz, 3H), 5.6
(m, 1H), 5.8 (dJ = 5 Hz, 1H), 7.3 (dJ = 6 Hz, 2H), 7.5
(m, 3H), 7.75 (m, 2H), 8.85 (d] = 6 Hz, 1H), 8.6 (s, 1H).

Synthesis of N-(3,3-Diphenypropyl)-4-quinazolinanide
Following the procedure for the preparation of compound
2a, 1.0 g (6.1 mmol) of 4-chloroquinazoline, 1.4 g (6.7
mmol) of 3,3-diphenylpropylamine (Aldrich), and 1.35 g
(13.4 mmol) of triethylamine reacted to afford 1.2 g of
compound2d as a white solid, mp 149152 °C. *H NMR
(300 MHz, CDC}): 6 2.55 (9, = 7 Hz, 2H), 3.75 (qJ =
7 Hz, 2H), 4.1 (tJ =7 Hz, 1H), 5.5 (s, 1H), 7.27.35 (m,
11H), 7.4 (tJ = 6 Hz, 1H), 7.7 (tJ = 6 Hz, 1H), 7.8 (d,

J =6 Hz, 1H), 8.1 (s, 1H).

Synthesis of N-(3,3-Diphenypropyl)-4-quinolinamBe
A solution of 1.0 g (6.4 mmol) of 4-chloroquinoline (Aldrich)
and 1.3 g (6.4 mmol) of 3,3-diphenylpropylamine in 30 mL
of n-pentanol was heated at reflux overnight. Solvent was
removed, and the residue was partitioned between ethyl
acetate and water. The ethyl acetate was separated, washed
with brine, and dried (MgSg). Removal of solvent and
chromatography on silica gel (4:1 hexaneshyl acetate)
gave 1.23 g of a white solid, mp 14444 °C. 'H NMR
(300 MHz, CDC¥): 6 2.55 (q,J =7 Hz, 2H), 3.4 (qJ =
7 Hz, 2H), 4.1 (tJ = 7 Hz, 1H), 4.9 (m, 1H), 6.3 (dJ =
5 Hz, 1H), 7.2-7.5 (m, 12H), 7.6 (tJ = 6 Hz, 1H), 7.95
(d,J = 6 Hz, 1H), 8.5 (dJ = 5 Hz, 1H).

Synthesis of (R)-N-[1-(4-Bromophenyl)ethyl]-2-cyano-4-
quinolinamine4a. A solution of 0.20 g (1.06 mmol) of
4-chloro-3-cyanoquinoline2l), 0.43 g (2.12 mmol) ofR)-
1-(4-bromophenyl)ethylamine, 0.44 g (3.18 mmol) of-K
CQ0;, and 20 mg of Kl in 5 mL of DMF was heated at reflux
for 4 h. The reaction was worked up by quenching with water
and extracting with ethyl acetate. Removal of solvent gave
a brown oil which was purified by chromatography using
4:1 hexanesethyl acetate to give 0.36 g of product as an

residues in the scytalone dehydratase binding pocket as given byoff-white solid, mp 136-132 °C. 'H NMR (300 MHz,

crystallographic data fata. (B) Interactions of quinazolinge with
key residues in the scytalone dehydratase binding pocket as
modeled. (C) Interactions of benztriaziBa with key residues in

the scytalone dehydratase binding pocket as modeled.

salicylamide inhibitorla complexed to SD (1STD)Xj was
removed from the protein and modified graphically2a

CDCly): ¢ 1.7-1.75 (m, 3H), 5.9 (m, 1H), 7.257.3 (m,
1H), 7.45-7.50 (m, 4H), 7.8 (m, 2H), 8.0 (m, 2H), 8.5 (m,
1H).

Synthesis of N-(3,3-Diphenypropyl)-2-cyano-4-quinolin-
amine4d. Following the procedure for the preparation of
compoun4a, 0.17 g (0.9 mmol) of 4-chloro-3-cyanoquino-

and5a. Each inhibitor was then merged back into the active- line and 0.38 g (1.8 mmol) of 3,3-diphenylpropylamine
site of SD, forming two new complexes. To relax the strain reacted to give 270 mg of product as a waxy solid, mp-125
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127°C.H NMR (300 MHz, CDC}): 6 2.6—2.65 (m, 2H), reacted to afford 630 mg of compoubd as a white solid,
3.95-4.05 (m, 2H), 4.+4.2 (m, 1H), 5.2 (m, 1H), 71 mp 198-199°C. *H NMR (300 MHz, CDC}): ¢ 2.6 (q,J

7.15 (m, 1H), 7.157.30 (m, 10H), 7.37.40 (m, 1H), 7.6- =7 Hz, 2H), 3.9 (qJ =7 Hz, 2H), 4.1 (tJ = 7 Hz, 1H),

7.7 (m, 1H), 7.9-7.95 (m, 1H), 8.55 (s, 1H). 5.35 (m, 1H), 7.2 (m, 2H), 7.257.35 (m, 9H), 7.7 (tJ =
Synthesis of N-[1-(4-Bromophenyl)ethyl]-benz-1,2,3-tri- 6 Hz, 1H), 7.9 (t,J = 6 Hz, 1H), 8.2 (dJ = 5 Hz, 1H).

azin-4-amineba. A solution of 0.5 g (3.4 mmol) of 1,2,3- Synthesis of N-[(4-Bromophenyl)methyl]-4-cinnolinamine

benzotriazine-4(1H)-thione2@) and 0.82 g (4.1 mmol) of  6b. To a flask charged with 0.20 g (1.2 mmol) of 4-chlo-
(R)-1-(4-bromophenyl)ethylamine in 15 mL ofbutanol was rocinnoline @3) in 6 mL of DMF was added 0.81 g (3.6
heated at reflux overnight. Solvent was removed, and the mmol) of 4-bromobenzylamine hydrochloride, 1.0 g (7.2
residue was chromatographed on silica gel (4:1 hexanes mmol) of K,CO;, and 20 mg of KI. The resulting mixture

ethyl acetate) giving a white solid, mp 17476°C.'H NMR was heated at reflux for 4 h. The reaction was worked up
(300 MHz, CDC}): 6 1.7 (d,J = 7 Hz, 3H), 5.8 (m, 1H), by adding 10 mL of water and extracted with ether. The
6.0 (d,J =5Hz, 1H), 7.3 (d, 2H), 7.45 (t, 1H), 7.75 @,= organic layers were dried (MgQand concentrated to give

6 Hz, 1H), 7.8-8.0 (m, 2H), 8.2 (dJ = 6 Hz, 1H). an orange oil which was purified by silica gel chromatog-

Synthesis of N-(3,3-Diphenypropyl)-4-benz-1,2,3-triazin- raphy using 20:1 hexanegthyl acetate as the eluant to give
amine 5d. Following the procedure for the preparation of a solid which was further triturated with ether to give 240
compoundba, 0.5 g (3.4 mmol) of 2,3-benzotriazine-4(1H)- mg of product as a white solid, mp 24215°C. 'H NMR
thione and 0.86 g (4.1 mmol) of 3,3-diphenylpropylamine (300 MHz, CDC}): 6 4.6 (d,J = 5.4 Hz, 2H), 5.1 (s, 1H),
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7.3 (d,J=8.4 Hz, 2H), 7.5 (dJ = 8.4 Hz, 2H), 7.6-7.65
(m, 1H), 7.75-7.80 (m, 2H), 8.4 (dJ = 8 Hz, 1H), 8.7 (s,
1H).

Synthesis of N-[(4-Chlorophenyl)methyl]-4-cinnolinamine
6c. Following the procedure for the preparation of compound
6b, 0.30 g (1.8 mmol) of 4-chlorocinnoline and 0.77 g (5.4
mmol) of 4-chlorobenzylamine (Aldrich) reacted to form 280
mg of compoundsc as a white solid, mp 155159 °C. *H
NMR (300 MHz, CDC}): 4.6 (d,J = 5 Hz, 2H), 5.35 (s,
1H), 7.25-7.4 (m, 4H), 7.66-7.65 (m, 1H), 7.757.8 (m,
2H), 8.35-8.4 (m, 1H), 8.7 (s, 1H).

Synthesis of N-(3,3-Diphenylpropyl)-4-cinnolinambee
Following the procedure for the preparation of compound
6b, 0.20 g (1.2 mmol) of 4-chlorocinnoline and 0.77 g (3.6
mmol) of 3,3-diphenylpropylamine reacted to form 320 mg
of compoundsd as a white solid, mp 183187°C. *H NMR
(300 MHz, CDC}): 2.5-2.6 (m, 2H), 3.4-3.45 (m, 2H),
4.0-4.1 (m, 1H), 5.3 (s, 1H), 7:27.3 (m, 10H), 7.5-7.55
(m, 2H), 7.7#7.75 (m, 1H), 8.258.3 (m, 1H), 8.53 (s, 1H).

Synthesis of 3-Cyanl-(3,3-diphenylpropyl)-4-cinnolin-
amine7d. A solution of 0.25 g (1.32 mmol) of 4-chloro-3-
cyanocinnoline 24), 0.56 g (2.64 mmol) of 3,3-diphenyl-
propylamine, 0.36 g (2.64 mmol) of KOs, and 10 mg of
Kl in 5 mL of DMF was heated at 100C for 6 h. It was
cooled to room temperature and diluted with water. A tan
solid formed which was collected and purified by silica gel
column chromatography using 3:1 hexanethyl acetate as
the solvent to give product as a pale yellow solid (0.30 g,
63%), mp 215-220°C. *H NMR (300 MHz, CDC}): 2.6
(9,J = 7.3 Hz, 2H), 4.05 (gJ = 7.3 Hz, 2H), 4.15 (tJ =
7.0 Hz, 1H), 5.2 (s, 1H), 7.15 (d, = 6.8 Hz, 1H), 7.25
7.3 (m, 10H), 7.6 (tJ = 7.0 Hz, 1H), 7.85 (tJ = 7.0 Hz,
1H), 8.39 (d,J = 6.8 Hz, 1H).

Synthesis of (R)-3-Cyano-N-[1-(4-bromophenyl)ethyl]4-
cinnolinamine7a. Following the procedure for the prepara-
tion of compound7d, 0.25 g (1.32 mmol) of 4-chloro-3-
cyanocinnoline and 0.31 g (1.6 mmol) dR)¢1-(4-bromo-
phenyl)ethylamine reacted to give 250 mg of compoidad
as an off-white solid, mp 205206°C, *H NMR (300 MHz,
acetoneds): 1.8 (d,J = 6.0 Hz, 3H), 5.95 (qJ = 6.0 Hz,
1H), 7.5-7.6 (m, 4H), 7.85-7.9 (m, 1H), 8.6-8.05 (m, 1H),
8.35 (d,J = 6.7 Hz, 1H), 8.6 (dJ = 6.7 Hz, 1H).

Synthesis of 3-CyarN-[(4-bromophenyl)methyl]-4-cin-
nolinamine7b. Following the procedure for the preparation
of compound7d, 0.23 g (1.2 mmol) of 4-chloro-3-cyano-
cinnoline and 0.45 g (2.4 mmol) of 4-bromobenzylamine
reacted to give 230 mg of compourdth as a pale yellow
solid, mp 235-240°C. 'H NMR (300 MHz, CDC}): 5.1
(d, 3= 5.0 Hz, 2H), 5.5 (s, 1H), 7.3 (dl = 7.0 Hz, 2H),
7.6 (d,J = 7.0 Hz, 2H), 7.77.9 (m, 3H), 8.458.5 (m,
1H).

Synthesis of 3-CyarN-[(4-chlorophenyl)methyl]-4-cin-
nolinamine7c. Following the procedure for the preparation
of compound7d, 0.30 g (1.6 mmol) of 4-chloro-3-cyano-
cinnoline and 0.77 g (3.6 mmol) of 4-chlorobenzylamine
reacted to give 240 mg of compourfd as a pale yellow
solid, mp 229-231 °C. *H NMR (300 MHz, CDC}): 5.1
(d,J=5.0Hz, 2H), 5.6 (s, 1H), 7:37.4 (m, 4H), 7.7-7.8
(m, 1H), 7.8 (d,J = 7.5 Hz, 1H), 7.96-7.95 (m, 1H), 8.5
(d, J= 7.5 Hz, 1H).

Synthesis of N-[(4-Bromophenyl)methyl]-1-phthalazin-
amine8hb. A small quantity of8b was prepared by heating
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a mixture of 2-chlorophthalazine (ICN), 1.2 equiv of 4-bro-
mobenzylamine hydrochloride (Aldrich), 3.0 equiv of-K
CQ0;, and a catalytic amount of KI. The mixture was cooled
to room temperature and quenched with water and extracted
with ether. The organic phase was dried (Mgp@nd
concentrated to give an oil. The oil was purified by silica
gel column chromatography using 15:1 hexanethyl
acetate!H NMR (400 MHz, CDC}): 4.75 (s, 2H), 7.2 (d,
J=8.0 Hz, 2H), 7.5 (dJ = 8.0 Hz, 2H), 7.6 (dJ = 8.5

Hz, 2H), 7.6 (d,J = 8.5 Hz, 2H), 8.3 (s, 1H).

Synthesis of N-(3,3-dipheylpropyl)-1-phthalazinan@de
A mixture of 1.0 g (6.1 mmol) of 2-chlorophthalazine, 3.8 g
(18.2 mmol) of 3,3-diphenylpropylamine, 1.7 g (12.2 mmol)
of K,COs, and 20 mg of KI was heated at reflux for 16 h.
The mixture was cooled to room temperature and quenched
with water and extracted with ether. The organic phase was
dried (MgSQ) and concentrated to give an orange oil which
was purified by silica gel column chromatography (5:1
hexanes-ethyl acetate) to giv8d as a white solid, mp 134
136°C.'H NMR (400 MHz, CDC}): 6 2.55-2.62 (m, 2H),
3.8-3.85 (m, 2H), 4.1 (t) = 7.0 Hz, 1H), 4.9 (s, 1H), 7.15
7.2 (m, 2H), 7.257.3 (m, 9H), 7.77.80 (m, 3H), 8.9 (s,
1H).

Determination of Inhibition Constants. Method Assay
mixtures (1 mL) included 100 mM sodium phosphate;0.2
1.0 mM DBBO (the latter concentration, approximately 67-
fold larger than th&,, for the substrate), 0.5% DMSO, and
0.6 nM SD at pH 7.0 and 28C. Reactions (30 s) were
initiated with SD and monitored continuously at 320 nM by
using an HP 8542A spectrophotometer (Hewlett-Packard).
Initial rates were determined from the instrument’s software
fittings to a line which is valid since the traces were linear
and since the results indicated that even the tightest-binding
inhibitors had no apparent time dependencies in these assays
or ones which had longer time coursd§. values were
determined by fitting the data to eq 1 describing competitive
inhibition (25). V is the velocity of reactions in the absence
of inhibitor, A is the substrate concentratiol is the
Michaelis constant for substrate DDB® & 15 uM from
numerous determinationd),is the inhibitor concentration,
and K; is the dissociation constant for the inhibitor from
binary SD-inhibitor complex. Inhibitor concentrations in the
assays were at least 5-fold in excess of the enzyme
concentration in all cases so the enzyme concentration term
was omitted from consideration. Nonlinear least-squares fits
to eq 1 were through the computer program RS1 (BBN
Research Systems; Cambridge, MA).

VA

T AT+ K(IK) @

Method B.Determinations ofK;s were identical as in
method A with the following exceptions: enzyme concentra-
tion was increased to 3.0 nM and initial rates were
determined over a 10 s time course. Method B was employed
for the inhibitors having weaker binding constants.

Crystallization, Data Collection, and Refinement on-SD
7d. X-ray crystal studies of SBinhibitor complexes were
determined by using a N-truncated form of the enzyme
(lacking residues-39) and modified crystallization protocols.
Crystallization conditions for enzyme in complex witll
were 0.1 M Tris-HCI, pH 7.5, 206250 mM CaC}, and 32-



17740 Biochemistry, Vol. 37, No. 51, 1998 Chen et al.

34% PEG 400 in sitting or hanging _dr0p§' X-ray data was Table 1: Inhibition Constants of Amino Quinazolin2sAmino
collected at 100 K on a RAXIS-IV imaging plate system Quinolines3 and4, Amino Benztriaziness, Amino Cinnolinesé
with CuKa X-rays from a Rigaku rotating anode generator. and7 and Amino Phthalazine8 for Scytalone Dehydratase
Prior to data collection, crystals were mounted on nylon loops Yo
with a diameter of 0.30.5 mm, washed briefly in well X Z
solution, and directly frozen in the 100 K cold stream

generated by an Xstream cryosystem (Molecular Structure ','
Corp., The Woodlands, TX). H

The program AMoReZ6) was employed to calculate the  compq x v 2z R K: (NM)2
orientation and position of the SD trimer within the unit cell ———— =~ (R-4-Bro-Me-benzyl 0.68% 0.05
by using the model of 1STD6] as the search model. The 54 N cH N 3,3-diphenylpropyl  0.1% 0.02
structures were refined with the program X-PLOR (28 3d N CH CH 3,3-diphenylpropy! 20@- 40
beginning with the simulated annealing protocol between 4a N CH C-CN (R)-4-Br-u-Me-benzyl 0.25t0.01
3000 and 300 K followed by several positional @iactor gg m EH ﬁ_CN fé?_‘f_'g?_ir_‘x/'lgr_ggﬁ'zyl fg)gego.ooog
refinement cycles. A portion (7.5%) of the data was omitted 54 N N N 3,3-diphenylpropyl ~ 0.22t 0.02
from the refinement cycles for calculations of R-free values 6b N N CH 4-Br-benzyl 290Gt 170
(29). Water molecules were added to well-defined peaks 6c N N CH  4-Cl-benzyl 5500 280
(2.00 and greater irfF, — F. maps) found between 2 and 4 ?d m H CH N 3F'e3'f'ghe”|3\’/'lprgpy' | 149
A from O or N atoms in the protein. Within the set of water 5o SN B4 Bra-Me-benzyl 0355 0,069

rom _ p : ) 7b N N C-CN 4-Br-benzyl 19+ 2.0
molecules, those having very lo®-factors and residual 7c N N C-CN 4-Cl-benzyl 57+ 4.6
density were examined as possible calcium ions, and ifthere 7d N N C—CN 3,3-diphenylpropyl ~ 0.007% 0.001
were appropriate interactions with amino acid residues, they 82 ¢H N N 4-Br-benzy| 150k 5

’ 8d CH N N 3,3-diphenylpropyl 18.a1.2

were refined as calcium ions.

aValues and standard errors.

RESULTS AND DISCUSSION . . .
side chain of Asn131 could move substantially out of the

SynthesisThe amino heterocyclic compounds3, 4, 6, way. Among numerous X-ray structures of SD in complex
7, and8 were made by reacting heterocyclic chlorides with With different inhibitors, the side chain of Asn131 has
amines (Scheme 1). Amino benztriaziresvere made by ~ remained relatively static (Z. Wawrzak, unpublished results).
exchange with the benztriazine thiol. With the more potent Furthermore, secondary hydrogen bonds from Ser129 and
inhibitors described in this work, a 0.5:1 stoichiometry of His133 with Asn131 would seem to anchor the position of
inhibitor to enzyme (at elevated enzyme concentration) the latter residue (Figure 2).
resulted in 50% inhibition of catalytic activity indicating ~ Design of Inhibitors for Displacement of a Crystal-
indirectly the selectivity of the inhibitors for the active site. lographic Water Moleculewhen there is an indirect, water-

Interaction with Asn131Salicylamidelahas aK; = 0.05 mediated hydrogen bond from an inhibitor to the protein,

nM for SD. The R absolute configuration is necessary for there is good reason to attempt to build into the space

otent inhibition and is identical to the configuration reported occupied by the water molecule. Computer models of SD
p . X 9 N rep complexed to2a (Figure 2B) and tdba (Figure 2C) were
for the analogous amine portions of the commercial rice blast

funaicid roropamid For th ke of COMDANSON used as starting points for analysis and design. To determine
Fu' gic zeAqa '? 3pa |.3(0)|' Qdasbe fﬁ eK(-) _Cg 123 I\S/IO '’ the space around the bound inhibitor available for design, a

Igure 2A Includes saficylamidb with a ¥ = .14 ni. Connolly solvent-accessible surface (Figure 4) was generated
The additional fluorine olarelative tolb increases potency

imatelv 3-fold. Salicvlamidéb is. in ¢ 5 1 for the protein active site without the inhibitda and the
approximately s-iod. Salicylam IS, In turn, > times two bound water molecules. Graphical analysis indicated that
more potent than the quinazoli?a (Table 1), so minimal

inhibit i is lost wh ina f the int lecul the space due to removal of the water molecule bound to
Inhibitory potency IS 1ost when going from the intramaolecular tyrosines 30 and 50 could accommodate a small group. Our
hydrogen-bonded ring of a salicylamide to the heterocyclic

. . ) SD models suggested that the inhibitor’s position lab&ed
ring of the quinazoline (see also réy. in Figure 3 was the optimal place to project a small linear
Quinazoline2d with the diphenylpropylamine substituent  group such as a cyano group. This sp-hybridized group would
was 4.5 times more potent than the chiral bromaiethyl- project into the cavity formed by the bound water molecule
benzylamine substituent @&. Hence, we chose to investi-  providing favorable steric and polar properties. Cyanoquino-
gate both benzylamine and diphenylpropylamine substituentsline 4a was 2.5 times more potent as an SD inhibitor than
in the context of orienting a nitrile moiety to displace the the quinazoline analogu2a. More impressively, cyano-
crystallographic water molecule positioned between Try30 quinoline 4d was over 20 times more potent than the
and Tyr50. It should be noted that SD inhibitdrs 7 have analogous quinazolin@d. Thus, the nitrile functionality
a well-positioned heteroatom to accept a hydrogen bond fromimproved inhibitor binding despite the anticipated loss of
the side-chain nitrogen of Asn131. Replacing the heteroatomthe enthalpic contribution from the water molecule with the
with carbon decreases binding 80 times (com@deavith quinazoline 3-position nitrogen. The significance of this
5d), highlighting the importance of this hydrogen bond to interaction was re-enforced by the performance of hydrogen-
Asnl31. The direct hydrogen bond between side chain amidesubstituted quinolin€d which lost 30 000 times in binding
nitrogen atom of Asn131 and the acceptor heteroatom would potency relative to cyano-substitutdd. Our interpretation
preclude trying to place substituents otherwise on the of the data is that the lone pair of electrons at the quinazoline
3-position carbon of phthalazin@sunless one believes the  3-position is needed for the hydrogen-bonding network to
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Ficure 4: (A) Connolly surface of the SD-binding pocket generated from the crystal structure of théeS&mplex. (B) The Connolly
surface pealed partially back to expose the modeled benztri&aiaad the two associated water molecules (in red).

the water molecule. A carbon atom at the 3-position is compared to when there is a nitrile displacing the water
disfavored when substituted with hydrogen because amolecule as i4 and 7 (with a 35-45 times gain). We
hydrogen bond is lost, but it is favored when substituted with believe that the nitrile plays a role in predisposing the
a nitrile due to the displacement of the water molecule.  diphenylpropyl group toward its binding conformation by
This structure-activity correlation was also manifested in  limiting some of the available degrees of rotational freedom
the series of benztriazir& cinnoline6 and cyanocinnoline  in the relatively flexible bridge from the phenyl groups to
7 inhibitors. By replacing the 2-position carbon of quinazo- the nitrogen atom.
lines 2a and 2d with a nitrogen atom affording the corre- X-ray Crystallography of SD Complexed witldl. X-ray
sponding benztriazineSa and 5d, respectively, binding  crystallographic data of the SD complex wifld has the
potency decreases only 1.5 times. We assume all thenitrile occupying the position between Tyr30 and Tyr50
hydrogen-bonding interactions associated with the quinazo-where the previous crystal structu éhowed well-formed
line would be maintained with the benztriazines. Cinnoline electron density which was appropriately assigned as a water
6d with a hydrogen atom displayed toward the bound water molecule (Figure 5A). The high quality of the model is
molecule is 600-fold less potent thdd, which has the described by the statistics of Table 2. Resolution of 1.65 A
available nitrogen lone pair of electrons, but when the nitrile is a significant improvement over the 2.9 A resolution of
is introduced as i7d, binding potency increases nearly 30- the original model, 1STD€). The SD-7d crystals are in
fold compared tdbd and 18 000-fold compared @d. the 1222 space group, the same as seen for three other SD

Placing a methyl group on benzylamine substituents inhibitor complexes, and Cacations in this new structure
increases inhibitory potency upward of 50 times (compare have very similar interactions between trimers of SD in
7aand7b). This is due in part to a favorable hydrophobic forming the crystal lattice as the others in this space group
environment in the binding pocket for the methyl group and (Z. Wawrzak, T. Sandolova, J. Steffens, G. Basarab, T.
in part to the stabilization induced on the binding conforma- Lundqvist, Y. Lindgvist, and D. Jordan, unpublished results).
tion of the benzyl substituent by favoring noneclipsing Electron density in the active site is excellent and definition
interactions in the nitrogen to phenyl bridge. Placing a methyl Of the inhibitor provided unequivocal assignment of its
substituent analogously on 3,3-diphenylpropyl groups has orientation. Key inhibitor-enzyme binding distances are
been shown to diminish activity in the salicylamide analogue shown in Figure 5B. The distances from the Tyr30 and Tyr50
series. Extrapolating to the inhibitors described here, the side chain oxygen atoms to the inhibitor nitrile are 2.9 and
negative effect of the methyl substituent is explained, 3.1 A, respectively, giving credence to the notion that the
retrospectively, by limited steric capacity as seen from the nitrile zz-electrons might pick up a weak interaction with the
X-ray crystal structure of the SB7d complex which we  tyrosine hydroxyls 16). Neither of the tyrosines is well
report in this work (vide infra). The bulkier diphenylpropyl oriented geometrically to hydrogen bond to the sp-hybridized
group induces a realignment of some of the SD-binding nitrile lone pair of electrons if one assumes that a 180° angle
pocket residues relative to the benzylamines, most notablyfrom the nitrile to the tyrosine hydroxyls would be ideal.
manifested in Phe53. Other SD crystal structures have shownNo additional water molecules are seen within the region of
that, similar to this situation, some of the side-chain residues the nitrile, and visual inspection of the region’s Connolly
move due to the influence of different structural classes of surface (not shown) shows insufficient steric capacity to
SD inhibitors, but that the € trace of SD remains largely ~accommodate one. Given the high resolution of this structure,
intact (Z. Wawrzak, unpublished results). The net result is we can be quite confident that we succeeded in improving
that the diphenylpropyl substituent consistently confers binding potency by displacement of the active-site water
greater binding potency than the bromo-phenethylamine molecule.
substituent. Curiously, when there is a nitrogen atom As in the previous SD crystal structuré)( the water
displayed toward the binding pocket water molecule as in molecule associated with His85 and His110 remains well
2,5, and8, the binding gain is relatively modest{4 times) defined, 2.8 A from the acyclic nitrogen atom of the inhibitor.
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Ficure 5: (A) Stereoview of the electron density map around inhibitdand the associated water molecule in the active site of scytalone
dehydratase: |E,| — |F¢|. (B) Key contacts and distances (in angstromsyafvith amino acid side chains of scytalone dehydratase.

A distance of 3.2 A is seen between the Asn131 side-chainsubstituted carbon atom. Inhibitor potency, resulting from
amide and the 1-position nitrogen atom7f. The 1.65 A this replacement, increases-20 times depending on the
resolution is insufficient to delineate between the °180 nature of the amine substituent. Similar results are seen when
rotomers of the asparagine side chain amide, but thebenztriazine®aand5d are modified to cyanocinnolinésa
orientation shown in Figure 5B allows for donation of a and7d. The high-resolution X-ray crystal structure of the
hydrogen bond from the amide Nt the inhibitor 1-posi-  SD—7d complex offers experimental verification of the water
tion nitrogen atom. displacement. Molecules having a carbon atom at position
3 (Figure 3) that is substituted with a hydrogen atom were

CONCLUSIONS markedly less potent (by factors of 1:608000) inhibitors

The concept for design as outlined in Figure 3 was realized of SD. The poorer binding affinity of these hydrogen-
with the set of inhibitors described herein. Quinazolines such substituted inhibitors is attributed to the hydrogen atom being
as2a and2b are quite potent inhibitors of SD. There is a too small to displace the water molecule being held by Tyr30
water molecule within hydrogen-bonding distance to the and Tyr50 and to an unfavorable interaction between the
3-position nitrogen atom of quinazolines which we were able hydrogen atom and the same water molecule that remains
to displace by replacement of this nitrogen atom with a CN- in place.
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Table 2: Statistics for Data Collection and Refinement of SD in Complex Wdth

parameter values parameter values
(A) internal merging and scaling (B) refinement
resolution (A) 20.46-1.65 resolution (A) 8.61.65
space group 1222 reflectionsif, > 20(Fo)] 65 428
cell dimensions (A) 80.23, 90.26, 162.14 R-factor (%) 19.4
a=p=y=90 R-free (%) 23.0
Vv [A3(Da)] 2.52
water content (%) 51.2
(C) geometry and deviations
no. of reflections 512 109 no. of protein atoms 4104
no. of unique reflections 66 465 no. of water molecules 411
R-merge 0.058 meaB (A2) 18.1
completeness (overall) (%) 93.7 rmsd bond distances 0.009
completeness (last shell) (%) 86.4. rmsd bond angles 1.415
1o(l) 29.2 rmsd torsion angles 24.50
rmsd impropers 1.269

aR-merge= YnaYi(li — OV/3nad (00, wherel; is the scaled intensity to the ith observatidiiis the mean intensity of this reflection.

The increases in inhibitory potency mediated by introduc-
tion of the CN moiety into this class of chemistry can be
ascribed to contributions from at least three factors: the
entropy gain by the release of water to bulk solvent, the
entropy gain due to the ortho-CN limiting conformational
mobility of the amine substituent, and the augmentation of
the enthalpic binding between the inhibitor and protein. There
is a challenge associated with generating a scaffold that
allows for building into water-occupied regions of proteins
to gain the benefits of water displacement. There is also a
challenge associated with finding the correct functionality
that can favorably interact with the residues otherwise
associated with the water molecule.

Recently, there was a report in which a heterocyclic NH
was changed to COH in an attempt to displace a crystal-
lographic water molecule seen in the crystal structure of
hyperzine A bound tdorpedoeel acetylcholinesteras8)(

The net replacement of H with OH did not suffice to displace
the water molecule as determined by binding studies presum-
ably because the OH substituent was insufficiently large to
extend into the pocket occupied by the water molecule. This
is analogous to replacing the nitrogen lone pair of quinazo-
lines such agd with the hydrogen atom of quinolines such
as 3d which decreased binding potency toward SD. What
we have shown to be required is a larger substituent such as
CN which extends further into the space occupied by the
vacated water molecule. In our case, the cinnoline and
quinoline scaffolds proved to be quite valuable relative to
salicylamide 1a in achieving our objective of correctly
displaying the CN functionality for water displacement.
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