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ABSTRACT. We explore the use of site-directed mutations of scytalone dehydratase to study inhibitor binding
interactions. The enzyme is the physiological target of new fungicides and the subject of inhibitor design
and optimization. X-ray structures show that potent inhibitét&s(~ 10-1* M) interact mostly with 11

amino acid side chains and, in some cases, with a single backbone amide. Fifteen site-directed mutants
of the 11 enzyme residues were prepared to disrupt enzymhéitor interactions, and inhibition constants

for 13 inhibitors were determined to assess changes in binding potencies. The results indicate that two of
the six hydrogen bonds (always present in X-ray structures of native erzypimbitor complexes) are

not important for inhibitor binding. The other four hydrogen bonds are important for inhibitor binding,
and the strength of the individual bonds is inhibitor-dependent. Inhibitor atoms remote from the hydrogen
bonds influence their strength, presumably by effecting small changes in inhibitor orientation. Several
hydrophobic amino acid residues are important recognition elements for lipophilic inhibitor functionalities,
which is fully consistent with X-ray structures determined from crystals of enzjintebitor complexes

grown at neutral pH but not with those determined from crystals grown under acidic conditions. This
study of mutant enzymes complements insights from X-ray structures and struatdirgty relationships

of the wild-type enzyme for refining views of inhibitor recognition.

Scytalone dehydratase (SDEC 4.2.1.94) efficiently OH O OH OH
catalyzes the dehydrations of scytalone and vermelone, two

physiological substrates within the fungal melanin biosyn- @& ‘—T OO
thetic pathway (Figure 11(-8). Fungal melanin, a polymer HO ""OH H,0 HO

of 1,8-dihydroxynaphthalene, is used by the pathdgeg- Scytalone 1,3,8-Trihydroxynaphthalene

naporthe grisean forming a rigid infection structure capable
of penetrating host cell®(10). The resulting disease, known

as rice blast, has significant economic impacts worldwide o1 o
(11). The enzymes of the pathway become attractive targets @5 — OO

for fungicide design when considering that they do not belong oM ;

in plants or animals, suggesting that specific inhibitors should Vermelone H.0 1,8-Dihydroxynaphthalene

decrease the risk of deleterious effects occurring in off-target
organisms. Early blasticides, marketed for more than 20

years, inhibit the function of 3HN reductase which catalyzes OoH O
o OH o
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L Abbreviations: SD, scytalone dehydratase; DDBO, 2,3-dihydro- the NADPH-mediated reduction of 3HN, the product of
2,5-dihydroxy-#H-benzopyran-4-one; DMSO, dimethyl sulfoxide; EIMS,  scytalone dehydration12—14). Whereas 3HN reductase
electrospray ionization mass spectrometry; SDS, sodium dodecyl sulfate;hejongs to a large family of enzymes (the short chain

SDS-PAGE, SDS-polyacrylamide gel electrophoresis; 1STD, PDB -
accession code for the X-ray structure of scytalone dehydratasedehydmgenases)lz' 15), SD has no known functional

determined using crystals grown at pH 4.5; 3STD, 4STD, 5STD, 6STD, counterparts in plants or animals. SD is the target of newly
and 7STD, PDB accession codes for the X-ray structures of scytalone developed blasticidesl6—19), and it is the subject of a

dehydratase determined using crystals grown at neutral pH; 3HN, 1,3,8- _ ; inhihi
trihydroxynaphthalene; PCR, polymerase chain reaction; DTT, dithio- St.rucu."e based ‘?'es'gf‘ program that has produced_ mhl_bltors
threitol; Tris, tris(hydroxymethyl)aminomethane: Elcb, elimination first-  With picomolar dissociation constants and with efficacious

order conjugate base; SAR, structuetivity relationships. fungicidal activities 20—25).
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Off and on the enzyme, scytalone undergoes Elcb-like standard. For a table containing the molecular masses,
dehydration reactions that are differentiated by the greatercysteine contents, and inhibitor binding stoichiometries for
commitment to product formation (elimination) following the mutants prepared for this work, see the Supporting

enolization in the enzyme-catalyzed reactiéh E1cb-like Information. 'H NMR spectra were recorded on either a
mechanisms and their relevance to enzyme-catalyzed reacVarian VXR-300 NB or a Varian VXR-400-ND instrument.
tions have been examinef§—29). Additionally, the eno- For details of the syntheses of inhibitots-13, see the

lization step of scytalone dehydration is differentiated on and Supporting Information.
off the enzyme with respect to the preference for proton Preparation of Scytalone Dehydratase Mutar@$oning
abstraction from the C2 position (pi® preference by the  and generation of recombinant plasmids were carried out
enzyme and pr&solvolytically) 8, 30). All potent inhibitors using standard method83). Mutant constructs were pre-
of SD maintain structural features that mimic the transient pared by megaprimer mutagenes&l)(or more standard
enol intermediate of the reaction coordinate for scytalone methods. For details of the constructs for the F53A, F53L,
dehydration by having two strategically displayed sp2 centers F158L, F162L, V75A, M69A, and M69L mutants of this
in the binding pocket of the enzyme. Proof of the binding work, see the Supporting Information. Following sequencing,
interactions involving the two sp2 centers has been delineatedthe correct mutant SD expression plasmids were transformed
through X-ray structures of SD complexed with eight potent into Escherichia colBL21(DE3) cells for protein expression.
inhibitors 20—24, 31). Cells containing expression vectors for F53A, F53L, F158L,
Among the numerous contacts between amino acid F162L, V75A, M69A, M69L, or wild-type SDs were grown
residues and the inhibitors identified by X-ray crystal- at 37 °C in LB medium in the presence of 100 mg/L
lography, all but one arise from the amino acid side chain ampicillin to between 0.5 and 0.7 Q§ Induction was
atoms rather than from backbone ato@23-24, 31). Clearly, achieved with 1 mM isopropyl thig-p-galactopyranoside,
this preponderance of side chain contacts offers an experi-which was addeé 3 h before harvest. These SDs were
mental advantage for studying many of the inhibitor interac- produced predominately in the soluble fraction. Purification
tions within the binding site, as the protein residues may be of the mutant SDs was achieved by hydrophobic interaction
mutated to different amino acids allowing for determinations chromatography followed by anion exchange chromatogra-
and comparisons of inhibition constants. Previously, we phy essentially as described for wild-type SEP)
reported a considerable amount of information about the Determination of Inhibition Constanti method A, assay
structure-activity relationships (SAR) of SD inhibitor20— mixtures (1 mL) included 100 mM sodium phosphate; 0.2
25), and there will be additional SAR forthcoming. Inhibitors 1.0 mM DBBO (the latter concentration, approximately 67-
having stepwise changes offer insights for understandingfold larger than the<y, for the substrate for wild-type SD),
molecular recognition and become more informative when 0.5% DMSO, and 0.6 nM wild-type SD at pH 7.0 and 25
combined with X-ray crystallographic information. Having °C. Reactions (1860 s) were initiated with SD and
inhibitor SAR and structural information in hand, one might monitored continuously at 320 nm by using an HP 8542A
ask, “How can enzyme mutants offer additional value in a spectrophotometer (Hewlett-Packard). Initial rates were
study of molecular recognition?” From this case study on determined from the instrument’s software fittings to a line,
SD, enzyme mutants corroborate some predictions and offerwhich is valid since the traces were linear. Competitive
some unexpected results, thus refining our concepts abouinhibition was found for the wild-type enzyme for the
the factors contributing to molecular recognition. inhibitors that are described; also, the inhibitors described
have counterparts that are found to bind in the scytalone
EXPERIMENTAL PROCEDURES binding pocket as determined from X-ray crystallographic
Materials and General MethodDBO (Figure 1) was  studies 6, 20—24). MostK; values were determined by fitting
synthesized as described in B2Scytalone was purified from  the data to eq 1 describing competitive inhibition:
cultures ofrsy- mutants ofM. grisea(2). UV —vis spectro-
photometric analyses were performed on HP 8452A or HP )= VS (1)
8453 diode array spectrophotometers (Hewlett-Packard). S+ K, (1+1/K)
SDS-PAGE analyses of proteins were conducted by using
a PhastSystem (Pharmacia, Uppsala, Sweden). Homogeneousherev is the observed velocity/ is the maximum velocity,
wild-type SD was purified as described previousB2) Sis the DDBO concentration,is the inhibitor concentration,
Constructions and purifications of the N131A, H110N, K is the Michaelis constant for DDBK{, = 15 uM for
H110A, H85N, Y30F, Y50F, Y30F/Y50F, S129A, and the wild-type enzymeK, values for the mutant enzymes
S129T mutants of SD have been reportéf Steady-state  are reported in ref6 and in this work), andK; is the
kinetic parameters for SD and its mutants were determineddissociation constant for the inhibitor from the Sidhibitor
using published method8§)( Stoichiometries of SD mutants  binary complex. Method A was used for the more catalyti-
binding to the same potent inhibitor used previously € cally active mutant enzymes where the ratio of enzyme
9 pM) were determined as described in GefMolecular concentration to inhibitor concentration in the incubation did
masses of SD and the mutants were determined using anot exceed 0.2.
Fisons VG Quattro Il mass spectrometer in the electrospray In method B, when inhibitor concentrations in the assays
ionization mode with calibration against horse heart myo- were less than 4-fold in excess of the enzyme concentration
globin as an external standard. The cysteine content of the(as for some inhibitors with respect to the Y50F and Y30F/
enzymes was determined colormetrically using the thiol Y50F mutants)K; values were estimated with eq 2 which
reagent 5,5dithiobis(2-nitrobenzoic acid) in the presence includes an enzyme concentration tefif the calculation;
of 0.1% SDS at pH 8.0 with anhydrous cysteine-HCI as a the other terms are as described for eq 1.
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v=(VS/I(1+[l - {Ki(l + S/Km) +E+I1 - Table 1: Steady-State Kinetic Parameters for Scytalone Dehydratase
5 and Mutants with Substrate DDBO at pH 7.0 and°Z53
\/ [Ki(1 + KIKy,) + E+1]7 — 4IE}2)/ ka(DDBO)  keafKn(DDBO)  Kn(DDBO)
—1) -1g 1
Ki(l + S/Km)) ) enzyme (sh uM~tsh (uM)
wild-type? 400+ 9 2742 15+1
. F53A¢ 110+ 4 1.14+0.04 100+ 8
The use of eq 2 instead of eq 1 lowered the determited E53Lc 120+ 9 2748 4.54 2
values by no more than a factor of 3. F158L 280+ 20 454+0.3 63+8
In method C, in the case of the H85N mutant, which is so  F162L° 46+3 0.74+0.05 61+ 8
severely impaired with respect to catalysis that it would be mggﬁ éigi 28 3’2;_’1[ g.z gslig
impossible to obtain accurat&; values by using the V75A 21+ 05 1.1+ 0.06 20+ 2

procequres described above, a .double—eqmllbl’lum type of a Standard errors are indicated with the vallddeans and standard
a”{i'YS'S was employe(:B@' In this method, the catalytic deviations for eight determinationsCorrected for active site content
activity of the wild-type SD was used as the reporter of the (F53a, F53L, and F162L have inhibitor:enzyme protomer stoichiom-
unliganded inhibitor concentration in an incubation that etries of 0.82, 0.88, and 0.71, respectively).

included 1 mM DDBO, an inhibitor concentration affording

approximately 80% inhibition of the wild-type SD under cqrrect molecular weights (Supporting Information). Cysteine
these conditions, and varying concentrations of the mutant .ntent (one per protomer) is another indication of protein
enzyme. In the incubation, binding of t_he |nh|b|tor_ by t_he purity because there is only one cysteine per enzyme
mutant enzyme lowers the concentration of free inhibitor ,o1omer (Supporting Information). Active site titrations with
available for inhibiting the catalytic activity of the wild-type e same potent inhibitor used previousk; = 9.0 & 0.7
enzyme, and as a result, the rates of DDBO dehydration bpr for wild-type SD €)] were used as an indicator of the
wild-type SD increase as the concentration of the mutant fraction of properly folded recombinant protein (Supporting
enzyme is raised. Data from the double-equilibrium method Information). Most SD enzymes reported here and before
were fitted to eq 3 have nearly a 1:1 stoichiometry on binding the inhibitor.
Variations from 1:1 stoichiometry with the inhibitor with
v=(V)/(Q+[1 = {KQ+FK,) +E+1- respect to SD protomer were used to adjust the reported
steady-state kinetic parameters for SD mutants F53A, F53L,
and F162L, which had inhibitor:enzyme protomer stoichi-
) ) ) ) ometries of of 0.82, 0.88, and 0.71, respectively.
wherev is the velocity of DDBO dehydration, is the rate Steady-State Kinetic ParameterSteady-state kinetic
of the wild-type enzyme in the absence of inhibittk,is constants for the SD-catalyzed dehydration of the synthetic
the dissociation constaljt for dissociation pf the inhibitor from ¢ ,pstrate DDBO are listed in Table 1 for the wild-type and
the mutant enzymety, is the concentration of the mutant 1, tant SD enzymes prepared for this work. The mutations
enzyme (enzyme active sites) in the incubatias,the total of the active site hydrophobic residues cause 26-fold
inhibitor concentration, 165 is the concentration of inhibitor  yacrease ifk./Km and a 20-fold decrease ik, effects
affording 50% inhibition of the wild-type SD under these cqnsiderably smaller than those seen with most of the
conditions, S is the DDBO concentration, andn is the mtations of the hydrophilic residues studied previous)y (
dehydration rate of the mutant enzyme under these condi- |npipitor Binding Constants in the Mutated Hydrophilic
tions. For the H8SN mutant, the values fay were zero.  gjnging Site of the Enzyminhibitor binding constants for
The Ky, value (Michaelis constant for DDBO) for H85N is  the wild-type SD and several mutant enzymes are listed in
5-7ﬂM_(6)- o ) Table 2 for inhibitors having a common phenylpropyl linkage
Nonlinear least-squares fittings to eqs3were achieved 1 seven different hydrophilic groups that lie in the hydro-
with thg computer program RS1 (BBN Research _Systems, philic region of the binding site (Figure 2). Théphenyl-
Cambridge, MA). All protomer enzyme concentrations (for rqny| substituent was selected because it extends into the
exqmpIeE andEm in eqs 2 and 3) were determlned by USINg  hydrophobic region of the binding pocket and produces
extinction coefficients at 280 nm for the proteins which were jnhipitors with affinities lower than those of the better
calculated by using the Peptidesort computer program within o5timized substituents. This allows for direct determination
the Wisconsin Sequence Analysis Packa®fy).(The calcu-  of pinding potencies for the mutant enzymes that are
lated €250 values are 48 850 M cm for the wild-type, catalytically impairedK; values are raised for the wild-type
K73A, K73Q, D3IN, H85N, H110A, HI1ON, S129A, gp by factors of 1061000 in comparison to more optimized
S129T, F53A’ F53L, _F155_3'-’ F162L, M69A, M6IL, and hydrophobic substituents (compare with analogues in Table
V7§f‘ SDs discussed in this work. A value of 47570 M 3y Eyen though the inhibitors of Table 2 are less potent than
cm  was used for the Y30F and YSOF mutants, and 46 290 he optimized examples, it was necessary to correct for the
M~ cm for the Y30F/Y50F double mutant. enzyme concentration in calculating tKe values for the
RESULTS Y50 and Y30F/Y50F mutant enzymes by using eq 2 (method
B). In the case of H85N, whode, is 1(-fold lower than
Site-Directed Mutagenesis and Analysis of Mutant Con- that of wild-type SD, it was necessary to use the catalytic
structs.The mutant cDNAs were completely sequenced to activity of the wild-type SD as a reporter of inhibitor binding
confirm the fidelity of the PCR. All expressed mutant to the mutant protein (method C). The mutations produce
proteins were purified to homogeneity as judged by SDS large differences in binding affinities ranging from 10-fold
PAGE. EIMS indicated that the mutant proteins had the enhancements to 1100-fold reductions.

JIK (1 + SK,) + E,, + 11 — 41E, }2)/1Cs0) + vy (3)
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Table 2: K; Values (nanomolar) for Scytalone Dehydratase Mutants at pH 7.0 anda25 °C
enzyme 1 2 3 4 5 6 7

wild-type 12+ 05 2.2+0.2 13+ 0.7 3.8+ 0.2 3.6+ 0.4 15+ 2 4.6+0.2
N131A 130+ 1 37+ 1 19004+ 100 540+ 40 4100+ 300 1100+ 50 42+ 2
H110N 240+ 10 81+ 2 96+ 0.5 36+ 1 710+ 50 150+ 10 15+ 2
H110A 360+ 25 130+ 7 4004+ 40 51+ 3 900+ 20 ND? NDP
H85N¢ 89+ 6 29+ 2 210+ 50 200+ 20 120+ 20 20+1 3.3+0.2
Y30F 3.3+ 0.2 1.9+ 0.09 80+ 5 2.6+ 0.05 2.4+ 0.07 33t 1 3.1+0.2
Y50H 1.2+0.1 0.35+ 0.05 10+1 0.70+ 0.2 1.0+ 0.2 3.2+ 0.08 4.0+ 0.6
Y30F/Y50H 36+ 3 34+ 0.5 150+ 4 11+1 6.4+ 1 NDP NDP
S129A 19+ 2 3.0+0.1 16+ 1 4.9+0.2 6.8+ 0.7 25+ 0.6 4.3+0.2
S129T 2.6+ 0.09 0.66+ 0.04 150+ 10 26+ 0.1 81+ 8 230+ 30 42+ 2
F53A 930+ 110 450+ 6 320+ 20 97+ 7 70+ 9 NDP ND®
F53L 39+ 0.5 17+ 0.6 12+1 25+0.3 52+ 1 NDP NDP
F158L 110+ 6 36+ 1 120+ 5 19+ 0.1 NDP ND® NDP
F162L 86+ 0.1 33+1 100+ 0.1 18+1 NDP NDP NDP
V75A 51+0.1 1.1+ 0.06 19+ 0.8 1.9+ 0.2 NDP 14+ 0.7 0.59+ 0.01
K73A 19+ 0.7 3.0+ 0.1 20+ 0.8 47+0.3 ND° NDP NDP

a Standard errors from the determinations are indicated with the values. Unless indicated otherwise, method A was employed in the determinations.

bND, not determined¢ Determined by method C.Determined by method B.

Table 3: K Values (picomolar) for Scytalone Dehydratase Mutants at pH 7.0 arf€25

enzyme 8 9 10 11 12 13
wild-type 11+1 25+ 2 20+1 18+ 0.5 80+ 5 580+ 40
F53L NDP 76+8 2804+ 30 84+ 6 8604+ 100 2500+ 300
F158L ND 140+ 10 590+ 80 290+ 20 15004 100 5400+ 300
Fl62L ND? 280+ 50 900+ 70 670+ 50 3900+ 60 12000+ 1000
M69L 144+ 0.7 20+ 2 48+ 4 8704+ 40 17004 200 6600+ 600
V75A NDP 250+ 20 11004 20 13004 90 3800+ 400 12000+ 800

a Standard errors from the determinations using method A are indicated with the VaN2snot determined.
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of the SD binding site.
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region of the SD binding site.

producekK; values that range from 3- to 70-fold larger than
that of wild-type SD (Table 3)K; values, determined for
some of the mutated hydrophobic side chains against the
inhibitors having varied hydrophilic groups, increase by as
much as 200-fold in comparison to the wild-type values
(Table 2).

Inhibitor Binding Constants in the Mutated Hydrophobic
Site of the EnzymeAs the mutations of the hydrophobic
residues have catalytic activities approximating that of wild-
type SD, considerably more potent enzyme inhibitors could DISCUSSION
be examined. The inhibitors have a common cyanoacetamide
group linked to varied hydrophobic groups (Figure R). Here we examine through site-directed mutagenesis the
values were determined by using the more simple eq 1 which binding interactions of the side chains of the 11 amino acid
does not include an enzyme concentration term as theresidues thought to interact most closely with 13 inhibitors
inhibitor concentrations were at least 5 times greater thanfrom analyses of several reported X-ray structures: 1STD
the concentration of the respective enzymes in the incuba-(21, 31), 3STD @0), 4STD 1), 5STD 1), 6STD 1),
tions. Mutations F53L, F158L, F162L, M69L, and V75A and 7STD 21). The SD binding pocket may be divided into



Tight Binding Inhibitors of Scytalone Dehydratase Biochemistry, Vol. 39, No. 29, 2008597

on [yso0] [Y30]
A @, @8- HO~cz-ge2 B Y50

— ” OH CE2 3.4) 8.0} OH CE1 cep
(37) @8y (36) ),/ CE @ = e
N3 oo o0 ‘: : N13T- o, HO,
o1 -

. T e S [V78
ey e @7, 1,—

28" 07) (2.5)/@1\ SV - ’(3?5’)??_ _céz
S129fok- 4. N Yooen ‘ -3
: H S
@5 . g 8129 fB @2) ) @AycE
ol & B @w e e o) AN TM869]
@y s F ‘K - 17- F O
- \(3.5) . | o (3 6) (3 5)051 (3 5) P @
QZ~ CE1” (3 6) PR \‘(3.7)} B = TSireeo.(@5) ‘\(?\'6)
F158 L ey

9 | & Jsey '\ 29) . s ~c
g deene (37) /CE1—CD @) CKm Efam (337 ,’ (3.6)‘051;({2
(H85) i ﬁ =
H85) g Ere H8s|  yiyg  [FT62

Y30 D
C
QH Y50
(2 6) Y30 HO  cz2 V75
oH \
Yoo BNy
MNDz } 3.0), (37):‘,\‘:/(3.5

QD1"

fe) TN/
N N
1(2.8) N I i
S129 5 N N/\/O /
29
(3.8) \

cz Ao
@7
F158 s, CHO
- / (28) N

Y30
GE2—0Z—OH
\@8) \@9)
e A Y50
E . BNHT 35 -co V75
RN o '(3_3) _.caz
N131i-np2- €1 el -
OBt - 73 7:):N :\\‘\\
@n/ -0 @ (3.8)°SD,
AN I!Ia:l

| / (37) (35’
(351 | \\( » ‘\\(35)0 —cm 051
CErnee 29 PR (37) ) -Fss
) il
ﬁ?}Tﬂ F162 ﬁffgj

Ficure 4: Binding contacts of five inhibitors with the 11 side chains of SD examined in this study as determined by X-ray crystallography:
(A) a salicylamide 18), (B) an aminoquinazolinel@), (C) a cyclopropane carboxamid&8f, (D) a cyanoacetamidel®), and (E) a
cyanocinnoline 17). Distances are in angstroms.

two portions, a hydrophilic region containing the catalytic mutant, and by mutation of N131 to an alanine. H85 and
center of SD that includes the side chains of residues N131,H110 are bonded to a second crystallographic water molecule
S129, H85, H110, Y30, and Y50 and two crystallographic that accepts a hydrogen from the NH group of the inhibitor.
water molecules and a hydrophobic region that includes the The influence of the imidazoles on inhibitor binding is
side chains of residues F53, F158, F162, M69, and V75. characterized by mutations of H85 to an asparagine and H110
Figure 4A—E depicts in detail the binding interactions of to both an asparagine and an alanine. In all of the SD
five inhibitors with the side chains of the 11 residues structures that are studied, S129 forms a hydrogen bond with
examined in this study as determined by X-ray analysis. The N131, which could add rigidity to this portion of the binding
salicylamide in panel A is positioned to have hydrogen pocket. Though there are no direct hydrogen bonding
bonding interactions with N131, Y30, and Y50, the latter interactions between S129 and any of the inhibitors as
two interactions being indirect through a crystallographic determined by X-ray analysis, when substrate scytalone is
water molecule. What is the contribution of the hydrogen docked in place of the inhibitor, the C6 hydroxyl group of
bonds to inhibitor binding potency? Here we obtain a scytalone donates a hydrogen to the S129 hydroxyl oxygen
measure of the strength of the interactions by mutations of (8). Here we examine the effects on binding of mutations of
Y30 and Y50 to phenylalanines, individually and in a double S129 to alanine and threonine. Panel B details the interactions
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with an aminoquinazoline inhibitor of SD. Clearly, the (including some not reported) were investigated so that the
hydrogen bonding contacts shared with N131, tyrosines 30 interpretations presented below could be generalized for
and 50 (through a water molecule), and histidines 85 and ligand interactions with SD.
110 (through a water molecule) resemble those described S129A and S129Rnalyses of the alanine mutant of S129
above for the salicylamide. This mimicry was the result of determined that the hydroxyl side chain contributes to
a design program achieved before the availability of X-ray productive binding of scytalone (which contains a hydroxyl
crystallographic information for SCB(). It is expected that  group that can interact with the residue’s side chain hydroxyl)
the hydrogen bonding and strength of binding of the but not to that of substrates vermelone and DDBO (Figure
inhibitors in panels A and B of Figure 4 will be disrupted 1), which lack an analogous hydroxyl group for interactions
by mutations of the hydrophilic residues in similar fashions. with the amino acid side chai®), The inhibitors examined
Like the inhibitors in panels A, B, and E of Figure 4, those do not display functionalities toward the serine hydroxyl,
in panels C and D should retain the hydrogen bonding so the lack of significant effects on tl&'s determined for
network comprising histidines 85 and 110 and tyrosines 30 the alanine mutation (ratios of S129A to wild-tyldevalues
and 50 through the two crystallographic water molecules, range from 0.9 to 1.9) is not surprising. The simkawvalues
whereas they should not have hydrogen bonding interactionsestablish that the hydrogen bonding interaction between the
with N131. The inhibitor in panel E is a cyanocinnoline, hydroxyl of S129 and the side chain carbonyl of N131 does
whose cyano group displaces the water molecule that bridgesot significantly contribute to shaping the enzyme’s active
the hydroxyl groups of Y30 and Y50 with other inhibitors site for ligand binding.
(20). Chen et al. 20) speculated that the direct contacts Mutation to threonine places the side chain methyl group
between the cyano group and the hydroxyl groups of the into a position that can affect binding. The three inhibitor
two tyrosine residues provide enough of a binding enhance-classes represented By-5 with aromatic groups displayed
ment to overcome the loss of the favorable enthalpic toward S129 bind less well to S129T than to the wild type
contribution associated with binding of the water molecule. (by factors of 12, 7, and 23, respectively), while the two
These and other interactions of the hydrophilic residues areinhibitor classes represented band2 bind better (by factors
tested by examining the effects of mutations on binding of 5 and 3, respectively). Modeling of the S129T mutation
affinities for the inhibitors shown in Figure 2, which contain for each of the crystal structures obtained for the five
varied hydrophilic groups connected to a common hydro- inhibitor classes shows steric overlaps for the extra methyl
phobic group. group of S129T witl8—5 but not with1 and2. Inhibitors1
Hydrophobic interactions between the inhibitors of Figure and 2 likely gain small increases in binding potency with
4 are of considerable interest as they contributet Xcal/ S129T over the wild type through enhanced van der Waals
mol in binding energy in optimized inhibitors. Here we contacts, while steric encumbrance is detrimental to binding
examine the influence of the side chains of five residues (F53, potency for3—5.
F158, F162, M69, and V75) implicated in inhibitor binding H85N, H110A, and H110NH85 and H110 indirectly
through alterations to leucines and alanines. Inhibitors containcontact the inhibitors of Figure 4 (and all inhibitors in other
a common hydrophilic cyanoacetamide group linked to a set X-ray structures) with a water molecule bridging thai-
of hydrophobic substituents (Figure 3). trogens of the imidazoles to the inhibitor NH through
Roles of Hydrophilic Residuede studied inhibitor hydrogen bonds. This bridging water molecule has been
binding properties of site-directed mutants of SD hydrophilic described as the water of dehydration in the catalytic reaction
residues that have defined roles in the catalytic cyg)elf because modeling of scytalone into the binding pocket places
some cases, the mutations impair catalytic activity to an the leaving hydroxyl group in proximity to the position of
extent that would preclude determinations of picomolar this crystallographic water molecul8k). The water com-
binding constants for fully optimized inhibitors. Employing plexed with the H85 and H110 can be thought of as a base
the phenylpropyl substituent as a common hydrophobic that accepts a hydrogen from the NH of the inhibitors in
moiety (unoptimized for binding affinity so that it produces forming hydrogen bonds. The mutations of H85 and H110
K; values that are 1601000-fold higher than those of decrease the binding potencies of the inhibitors by factors
optimized groups) to varied amide and amine functionalities ranging from 1 to 250. Mutation of H110 to asparagine
allowed determinations of the mutation effects on the binding displays a carboxamide capable of hydrogen bonding, while
of the more hydrophilic groups of the inhibitors. The the mutation to alanine does not. H110A has only marginally
phenylpropyl group is well accommodated in the active site largerK;’s than H110N in all the cases that are examined,
of SD according to docking studies where it occupies a spacethus substantiating that the basicity of the imidazole side
similar to that occupied by optimized side chains of the chain is the significant component of tight binding interac-
inhibitors in Figure 4 (panels A, C, and D). Having the tions. Enhanced basicity of H85 through its contact with the
phenylpropyl moiety in common allows for a simple carboxylate of D31 is not a factor in the binding of inhibitors
comparison of inhibitor molecules, whose optimized hydro- as judged from there being generally lowéts for H85N
phobic portions depend on the structure of the hydrophilic than for HL10N.
portion 23). Mutation of K73 served as a negative control Inhibitor 5 is more greatly affected by the mutations (200-
as the native residue has no role in catalysis and is not partand 250-fold attenuations in the potency of binding to H110N
of the substrate or inhibitor binding site)( Inhibition and H110A, respectively, in comparison to that of wild-type
constants for the K73A mutant were determined for several SD) than inhibitors3 (7.4- and 31-fold attenuations) a6d
of the inhibitors that have altered hydrophilic groups; the (10-fold attenuation for H110N). The cyano substituent of
inhibition constants proved to be similar to those of wild- 5 is described below as entering into a steric encumbrance
type SD (Table 2). Numerous hydrophilic groups of inhibitors with the hydroxyls of Y30 and Y50. To the extent that this
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occurs, it could shift the molecule toward H110, giving the hydroxyl groups of Y30 and Y5@1). However, the
shorter and stronger hydrogen bonds, thus accounting forcontacts of the tyrosine hydroxyls are not favorable as
the attenuation of binding potencies with the H110N and reflected in the data of this worl;binds to Y30F and Y50F
H110A mutants of SD. Thus, inhibitor binding to H110 is 1.5- and 2.6-fold, respectively, more tightly than to the wild
considered to be influenced by an inhibitor functionality type. Hence, the favorable binding engendered by the nitrile
remote from the residue. of 5to wild-type SD is due to interactions of other side chains
Y30F and Y50F. &(DDBO) values of Y30F and Y50F (mainly N131 and H110) with inhibitor atoms remote from
are 10- and 100-fold lower than that of the wild type, the nitrile.
respectively; the effects of the mutations are additive as the N131A.The inhibitors studied display varying function-
catalytic activity of the double mutant Y30F/Y50F is 1000- alities toward N131 as determined by X-ray crystallography.
fold lower than that of the wild type&k,,(DDBO) values for The first crystal structure determined for SD complexed with
the individual and double mutants are similar to that of the a salicylamide inhibitor analogous #(Figure 4A) has the
wild type (6). These findings were interpreted as having the phenol oxygen positioned 3.1 A from the N131 side chain
water molecule relay the proton donating capability of the NH; forming a hydrogen bond. The extent of binding4f
tyrosine hydroxyls to the single coordination site available is diminished 140-fold by the N131A mutation, and this
on the substrate carbonyl in the transition state of the hydrogen bond with N131 amounts to the most important
enolization. Similarly, it could be envisioned that the water single interaction between the enzyme and the inhibitor
molecule protonates the carbonyls of compouhd 4, and among the mutants. This hydrogen bond is also important
7 and the 3-position nitrogen of compourland6, relaying to the recognition of the enzyme’s substrates, which similarly
the proton donating capabilities of the two tyrosines. contain a phenolic oxyge®). The design of the salicylamide
However, neither of the individual tyrosine mutations greatly class of inhibitors was based, in part, on the structural
affects inhibitor bindingWith the exception of the binding  resemblance to the substrate and its transition state for
of 3 with the Y30F mutant, all the binding interactions of conversion to product2(l).
the inhibitors are slightly tighter with the tyrosine mutants  The 1-position nitrogen atoms of the amino heterocycles
than with wild-type SD. The single tyrosine mutations still 3, 5, and6 are also poised to accept a hydrogen from N131,
allow for a hydrogen bonding network between inhibitors, and the mutation to alanine also causes the greatest deteriora-
a water molecule, and the remaining tyrosine. Indeed, antion in binding potency that we observed among the mutants.
X-ray structure of the Y50F in complex with a salicylamide Replacement of the 1-postion nitrogen in analogue3, &f
inhibitor (an analogue of) shows that the associated water or 6 with a carbon atom damages inhibitory potency to wild-
molecule is retained6]. It is reasonable that the three type SD considerably, further underscoring the importance
available hydrogen bonds among the tyrosines, the waterof the hydrogen bond with N131 to bindin@®Q). The
molecule, and an inhibitor would not exist concurrently, and deterioration in binding potency for N131A with is
there is presumably a dynamic equilibrium that has the considerably greater (1100-fold) than wRland6 (140- and
hydrogen bonding network shifting back and forth. A 73-fold, respectively). The nitrile 05 lies far away from
molecular dynamics study suggested that the water com-N131 and is adjacent to the hydroxyls of Y30 and Y50 whose
plexed with Y30, Y50, and an inhibitor is not held as tightly mutation to phenylalanine increases the binding potency (see
as the water molecule complexed with H85, H110, and an above). The steric encumbrance created by the nitrile with
inhibitor (38), again indicating that the hydrogen bonding the tyrosine hydroxyls can be envisioned to push the entire
network of the former is weaker than the latter. inhibitor molecules toward N131, creating a hydrogen bond
All of the inhibitors that we studied bind less well (by that is shorter than that existing wihand6 and accounting
4—20-fold) to the Y30F/Y50F double mutant (wherein two for the greater influence of the asparagine carboxamide on
hydroxyls of the inhibitor-water hydrogen bonding network  the binding of5.
are lost) than to the wild type. The nonadditivity of the single ~ Cyclopropane2 displays its dichloromethylene toward
mutations confirms that the overall hydrogen bonding N131 such that the two chlorine atoms are nearly coplanar
network around the water molecule contributes to inhibitor with the three heavy atoms of the side chain carboxamide
binding. The relief of steric congestion around the water as determined from the X-ray structure of a close-in analogue
molecule may mask the effect of losing a transient hydrogen bound to SD (Figure 4C2(). Since chlorine is not a good
bond in the single Y to F mutations. The double mutation hydrogen acceptor, the N131A mutation is not as deleterious
reflects the effect of losing a full hydrogen bond outright to binding as for inhibitor8—6. One of the chlorine atoms
with the inhibitors. Whereas each tyrosine hydroxyl is of 2 could be considered to form a good electrostatic
individually important for stabilizing the transition state interaction with the NkH of the N131 side chain carboxamide,
during catalysis, each is individually less important to the while the other would form a poor one with the carboxamide
ground-state situation of inhibitor binding. Thus, the inhibitor carbonyl.
interactions with Y30 and Y50 may be considered as ground- The nitrile of 1 is directed toward N131 as determined
state interactions instead of mimicking the transition state from the X-ray structure of the close-in analogue shown in
of the enolization. Figure 4D @2). Nitriles are poor hydrogen acceptors in
The nitrile of inhibitor5 was incorporated to displace the forming hydrogen bonds and have a strict geometrical
water molecule associated with the two tyrosine residues, requirement due to the sp hybridization of the electron lone
and the 4-fold increase in SD binding potency relative to pair. Correspondingly, the N131A mutation decreases the
that of 3 can be attributed to doing so as design2@).(An extent of binding ofl by 11-fold, much less than the effect
X-ray structure of an analogue 6f(Figure 4E) shows that  seen with the better hydrogen accepting inhibit8rs6.
the nitrile displacing the water molecule forms contacts with Modeling of inhibitor 7 in the SD binding pocket has a
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chlorine atom displayed toward the carboxamide of N131, the greatest drop in binding potency. F162 does not contact
and there is modest decrease in binding potency (9-fold) the inhibitors directly but rather borders the NH-bound water
realized by the N131A mutation. molecule that is important to inhibitor binding potency.
Roles of Hydrophobic Residues in Catalydike hydro- Therefore, F162 gives some definition to the binding pocket
phobic residues chosen for mutational analysis form a barrelaround the water molecule that is compromised by its
around the center of the oblong SD active site. The model mutation to leucine.
of scytalone in the active site has these residues (with the The mutant binding data support the true orientation of
exception of M69) encircling the substrate off-center to the F158 in lining the active site. All of the more recent SD
saturated ring. The mutations of the hydrophobic residues crystal structures (3STD, 4STD, 5STD, 6STD, 7STD, and
debilitate SD catalysis to a smaller extent than most of the others) have been determined using crystals grown at neutral
mutations in the hydrophilic residues, because they are notpH and have the side chain of F158 abutting the inhibitors.
directly involved in the bond-breaking and -forming events However, the original SD X-ray structure (1STD) was
of the transition state. However, the structural integrity in determined from crystals grown at pH 4.5 and resulted in a
the hydrophobic environment of the active site would be conformational change between residues 154 and 160 that
expected to be disrupted by mutations either to less hydro-oriented the side chain of F158 away from the inhibitor
phobic residues or to structurally distinct ones (e.g., of binding site into the solven®(, 31). Since the SD kinetic
aromatic residues to aliphatic residues). Correspondingly, theassays and inhibitor binding studies are carried out at pH
F53A mutant has &./Kn, nearly 25-fold smaller than that 7.0 where the enzyme is stable and catalytic activity is
of wild-type SD. This effect is due a 7-fold increaseKp maximal, it fits that the F158L mutation would affect binding
and a 3-fold decrease k., indicating there is a deterioration  of the studied inhibitors.
in both substrate binding and catalysis. This is certainly M69L and V75AThe crystal structure of SD in complex
reasonable as phenylalanine could facilitate catalysis morewith 11 (22) shows that the side chain terminal methyl group
than alanine by providing shape recognition for substrate and the sulfur atom of M69 border the 2-F atom of the
binding and by providing a lipophilic environment for phenoxy group and that the CG1 methyl group of Val75 lines
transient stabilization of the product before its release to the binding pocket facing the-cloud of the phenoxy group
solvent. (Figure 4D). Thus, the two residues offer a hydrophobic and
The mutations of phenylalanine to leucine vary in effect electrostatic reciprocal to the lipophilic and electronegative
from nearly no debilitation irk.o/Kn, for F53L to a 6-fold aromatic ring in the fluorine atom region. The progression
debilitation for F158L and a 36-fold debilitation for F162L. in going from the unsubstituted phenoxy groupliito the
In the case of F53L, a 3-fold decreasekijy: compensates  2-F substituted phenoxy group ©2 and the 2,5-diF-phenoxy
for a 3-fold reduction irKy,, the large lipophilic leucine side  group of11 increases binding potency to wild-type SD by
chain serving well as a surrogate for phenylalanine. F162 is 7- and 4-fold, respectively. The same inhibitor progression
of note since it lines the binding pocket of the histidine- increases binding potency for the two mutant enzymes to a
associated water molecule (and by inference the leavingsimilar extent, indicating that the enhancements in binding
hydroxyl of substrate) of the active site by the edge of its potency to the wild-type SD with the addition of fluorine
aromatic ring. This contrasts with the interactions of the atoms are mainly attributable to the more favorable desol-
remaining hydrophobic residues investigated in that there is vation energies intrinsic to the more lipophilic inhibitors.
a hydrophilic-hydrophobic interaction indicated rather than ~ The CG1 carbon of V75 also offers a measure of
hydrophobie-hydrophobic interactions. The edge orientation recognition for the methyl group at the chiral N-substituent
of the F162 aromatic ring could display hydrogen atoms for of the inhibitors. The distances between the CG1 atom and
a favorable electrostatic interaction with the substrate hy- the methyl groups of the compounds in Figure 4 are-3.7
droxyl (product water molecule). The V75A and M69A 3.8 A as seen in the respective crystal structures with SD.
mutations also debilitate./Kn, significantly (25- and 8-fold, Mutating the valine to alanine raises th§¢ of those
respectively), though they are less closely associated withcompounds containing an analogous methyl group (com-
substrate. It is clear that the native hydrophobic residuespounds 9—13) by 10-70-fold. In contrast, compounds
enhance catalysis though they do not directly mediate bond-without the methyl groupl(—4, 6, and7) are less affected
forming or -breaking steps of the SD-catalyzed reaction. by the mutation, and some bind more strongly to the V75A
Roles of Hydrophobic Residues in Inhibitor Binding. mutant than to wild-type SD.
Hydrophobic interactions between the inhibitor and enzyme  In the analogue serie®-13, large 2-position substituents
can be a complex interplay of steric repulsion, conformational such as the thiophene and phenyl8é&nd 9 lower theK;
flexibility, and desolvation energies along with weak van with wild-type SD. Whereas thi§ becomes larger for M69L
der Waals and electrostatic forc&9). We anticipated that ~ with 11-13, which have small 2-substituents, it is nearly
the correlation seen from the binding of inhibitors to SD unaffected with8 and 9. We speculate that the large
mutants might start to sort out some of these interrelated substituents displace the M69 side chain (and the leucine
interactions. side chain of the M69L mutant) outward toward solvent,
Phenylalaine MutationsThe Ki's of all the inhibitors inducing a larger binding cavity. The detrimental effect of
studied increase with the three phenylalanine to leucinethe M69 side chain displacement is counterbalanced by
mutations (F53L, F158L, and F162L) for inhibitors having accommodation of the phenyl or thiophene substituents into
varied hydrophobic portions (Table 3); hence, the structural the resultant hydrophobic environment. From the crystal
integrity and hydrophobic nature of the binding pocket are structure of the SD complex withl, Y50 would also have
compromised by the mutations. IncreaseKiimalues range  to move to accommodate bulkier substituents. A preliminary
from 3- to nearly 50-fold, with F162L affording consistently crystal structure o® complexed with SD corroborates that
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the side chain of M69 is rotated toward the solvent with the
2-position phenyl group 0® occupying the vacated space
(Z. Wawrzak, personal communication).

CONCLUSIONS

Analyses of inhibitor interactions with the SD mutants
provide information leading to significant enhancements in
our understanding of the enzyme that may not be gleaned
from X-ray structures of SBinhibitor complexes and from
SAR of inhibitors with the wild-type SD. The information
gives a measure of the strength of binding interactions. Now
we know that the hydrogen bond between the hydroxyl group
of S129 and the carboxamide of N131 (always present in
X-ray structures) is unimportant in shaping the active site.
The individual hydroxyl groups of Y30 and Y50 (which
appear to interact with all inhibitors) do not contribute to
inhibitor binding even in the case where the inhibitor displays
a cyano group toward them. The two tyrosine hydroxyl
groups interact with sp2 centers of the inhibitors (through a
crystallographic water) that are analogous to the sp2 center
of the substrate. The hydrogen bonding network encompass-
ing the basic side chains of H85 and H110 with a second
crystallographic water molecule provides considerable strength
to inhibitor binding, consistent with the second sp2 center
of the inhibitors (not present in the substrate) mimicking a
transient intermediate in the enolization of substrate. H85,
H110, and N131 interactions with inhibitors are influenced
strongly by inhibitor atoms that are remote from the side
chains of the residues. The carboxamide of N131 donates a
hydrogen in forming a strong hydrogen bonding interaction
with inhibitors that display a good hydrogen acceptor. The
side chain of V75 is a recognition element for the chiral
methyl group contained in some inhibitors. The side chain
of F158 has significant interactions with inhibitors which is
consistent with the residue being displayed toward the
inhibitor as seen in X-ray structures that used crystals grown
at neutral pH; it is inconsistent with the X-ray structures that
used crystals grown under acidic conditions where the side
chain is displayed toward solvent. F162 has significant
influences on inhibitor binding even though there are no
direct contacts of the residue’s side chain with inhibitors;
its role is likely to constrain the crystallographic water and
ensure a strong hydrogen bonding network.
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SUPPORTING INFORMATION AVAILABLE

Synthesis of inhibitors1—13 (Figures 2 and 3), the
constructs of SD site-directed mutants (F53A, F53L, F158L,
F162L, V75A, M69A, and M69L), and a table describing

the electrospray mass spectroscopic analyses, cysteineZ26.

determinations, and inhibitor binding stoichiometries for the
mutants prepared for this work are presented (12 pages). This
material is available free of charge via the Internet at
http://pubs.acs.org.
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