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ABSTRACT. On the basis of the X-ray crystal structure of scytalone dehydratase complexed with an active
center inhibitor [Lundqvist, T., Rice, J., Hodge, C. N., Basarab, G. S., Pierce, J. and Lindqvist, Y. (1994)
Structure (London) 2937—944], eight active-site residues were mutated to examine their roles in the
catalytic mechanism. All but one residue (Lys73, a potential base in an anti elimination mechanism) were
found to be important to catalysis or substrate binding. Steady-state kinetic parameters for the mutants
support the native roles for the residues (Asn131, Asp31, His85, His110, Ser129, Tyr30, and Tyr50)
within a syn elimination mechanism. Relative substrate specificities for the two physiological substrates,
scytalone and veremelone, versus a Ser129 mutant help assign the orientation of the substrates within the
active site. His85Asn was the most damaging mutation to catalysis consistent with its native roles as a
general base and a general acid in a syn elimination. The additive effect of Tyr30Phe and Tyr50Phe
mutations in the double mutant is consistent with their roles in protonating the substrate’s carbonyl through
a water molecule. Studies on a synthetic substrate, which has an anomeric carbon atom which can better
stabilize a carbocation than the physiological substrate (vermelone), suggest that His110Asn prefers this
substrate over vermelone in order to balance the mutation-imposed weakness in promoting the elimination
of hydroxide from substrates. All mutant enzymes bound a potent active-site inhibitor in near 1:1
stoichiometry, thereby supporting their active-site integrity. An X-ray crystal structure of the Tyr50Phe
mutant indicated that both active-site waters were retained, likely accounting for its residual catalytic
activity. Steady-state kinetic parameters with deuterated scytalone gave kinetic isotope effects of 2.7 on
kear and 4.2 onkea/Km, suggesting that steps after dehydration partially liki. Pre-steady-state
measurements of a single-enzyme turnover with scytalone gave a rate that was 6-fold lardey.than
keafKm with scytalone has al, of 7.9 similar to the K, value for the ionization of the substrate’s C6
phenolic hydroxyl, whereds.a: was unaffected by pH, indicating that the anionic form of scytalone does
not bind well to enzyme. With an alternate substrate havingagove 11 k../Kn had a K, of 9.3

likely due to the ionization of Tyr50. The non-enzyme-catalyzed rate of dehydration of scytalone was
nearly a billion-fold slower than the enzyme-catalyzed rate at pH 7.0 afi@.ZBhe non-enzyme-catalyzed

rate of dehydration of scytalone had a deuterium kinetic isotope effect of 1.2 at pH 7.0 &g 26d
scytalone incorporated deuterium from@ in the C2 position about 70-fold more rapidly than the
dehydration rate. Thus, scytalone dehydrates through an E1cb mechanism off the enzyme.

Scytalone dehydratase (SD, EC 4.2.1'%Htalyzes the  in the world where rice is grown extensivel)( As part of
dehydrations of scytalone and vermelone in the fungal atarget-site design program to discover rice blast fungicides,
melanin biosynthetic pathway (Figure 1). The pathogenic we began to characterize enzymes involved in the biosyn-
competence oMagnaporthe griseas normally dependent  thesis of 1,8-dihydroxynaphthalene, the precursor of fungal
on the ability of the fungus to synthesize fungal melanin melanin. The X-ray crystal structures bf. griseaSD (5)
during the infection procesd < 3). M. griseais a filamentous =~ and 3HN reductaseg), two enzymes from the pathway
ascomycete responsible for the economically significant which are the targets of commercial fungicides, are the first
disease known as rice blast, which occurs nearly everywherethree-dimensional structures determined for fungicide-
targeted enzymes from an agronomically important pathogen.
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Ficure 1: The fungal melanin biosynthetic pathway: 4HNRetrahydroxynaphthalene reductase;SBcytalone dehydratase; 3HNR

trihydroxynaphthalene reductase.

Scheme 1. Potential Mechanisms for the Dehydration of Scytalone
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an Elcb-like mechanism would invoke protonation of the elimination entails a rapid loss of hydroxide to leave a
substrate’s carbonyl, promoting the removal of tody- carbocation intermediate before slow deprotonation. It should
drogen atom to form an enol intermediate. Gerlt and Gassmanbe recognized that there is a continuum of possible mech-
refer to this mechanism as a concerted general acid/baseanisms in going from an Elcb to an E1, in which the relative
catalyzed enolization followed by vinylogous E2 elimination timing of a-deprotonation and hydroxide loss lies between
(20). An E2 mechanism involves a concerted removal of the the two extremesi@).

1 Abbreviations: SD, scytalone dehydratase; KIE, kinetic isotope
effect; DDBO, 2,3-dihydro-2,5-dihydroxy-4H-benzopyran-4-one; HBO,
5-hydroxy-4-benzopyran-4-one; DMSO, dimethyl sulfoxide; EIMS,

electrospray ionization mass spectrometry; SDS, sodium dodecyl sulfate; . . .
ey P Y v substrate scytalone are predicted to occur exclusively with

SDS-PAGE, sodium dodecy! sulfatepolyacrylamide gel electro-

An interesting feature that provides some experimental
accessibility to the catalytic mechanism of SD is that nearly
all of the contacts with active-site inhibitors are made with
the side chains of enzymic residues. The contacts with

phoresis; 1STD, the PDB accession code for the original X-ray structure €nzymic side chains. The absolute stereochemistries of SD’s

of scytalone dehydratase; DH&shydroxyscytalone or 3,4-dihydro-
6,8-dihydroxy-1(2H)-naphthalenonéC-DHS, 3C-labeled deshy-
droxyscytalone or 3,4-dihydro-6,8-dihydroxy-1(2H&-naphthale-
none; kyon, the rate of the reaction in the absence of enzyme; 3HN,

1,3,8-trihydroxynaphthalene; 4HN, 1,3,6,8-tetranydoxynaphthalene;

DBO, 4,5-dihydroxy-2H-benzopyran-2-one; PCR, polymerase chain
reaction; R-scytalone, 2,2,4,4,5,7-hexadeuterioscytalone; DTT, dithio-
threitol; Mes, 2N-morpholino]ethanesulfonic acid; Tris, tris(hydroxy-
methyl)aminomethane; Hepe$\-[2-hydroxyethyl]piperazineN'-[2-
ethanesulfonic acid]; Mops, 3Nfmorpholino]propanesulfonic acid,;
Ampso, 3-[(1,1-dimethyl-2-hydroxyethyl)amino]-2-hydroxy-propane-
sulfonic acid; Capso, 3-[cyclohexylamino]-2-hydroxy-1-propanesulfonic
acid; E1, elimination first-order; Elcb, elimination first-order conjugate
base; E2, elimination second-order (concerted).

natural substrates, scytalone and vermelone, are knb8yn (
Two conformations of scytalone are considered favorable
for the dehydration reaction, both of which orient the C3
hydroxyl axially (see Figure 2 for scytalone numbering). One
conformation can be described as a boat having a syn-diaxial
orientation between the C2 hydrogen and the hydroxyl; the
other, as an envelope with a corresponding anti-diaxial
orientation? The two conformations for scytalone were
mapped onto the structure of salicylamide inhibit¢Figure

3) within the original X-ray model (1STD)5§ of the SD
active site for visualization.
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FiGure 2: Reactions catalyzed by scytalone dehydratase.
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Ficure 3: Molecules discussed in this work.

In Figure 4A, scytalone is poised in the active site for a
syn-diaxial elimination. The imidazole of H85 is in a good

position to remove the axially disposed C2 proton of substrate
and then donate the proton to the C3 hydroxyl leaving group.
The basicity of the H85 imidazole could be enhanced through

a hydrogen bond with the carboxyl group of D31. The
hydroxyl groups of Y30 and Y50 could increase the acidity

of the associated water molecule for hydrogen bonding to

Basarab et al.

is positioned to form a hydrogen bond with the C6 hydroxyl
of scytalone for substrate recognition. In a recent review on
p-elimination mechanisms, Anderson suggests a syn elimina-
tion mechanism for the enzyme-catalyzed dehydration of
scytalone 12).

In Figure 4B, scytalone is poised in the active site for a
anti-diaxial elimination. Potential roles for the amino acid
side chains remain the same as with the syn-diaxial elimina-
tion mechanism with the exception of H85, which is not well-
positioned to abstract thecCproton. In this model, H85
would be protonated (interaction with the carboxyl group of
D31 would elevate its Ig,) for neutralization of the sub-
strate’s hydroxyl leaving group. There is no available
enzymic base to remove the axial C2 proton from the
substrate. It was suggested from inspection of the initial
X-ray structure (1STD) that SD undergoes a structural
reorganization on binding inhibitol due to the bulky
bromophenyl group thought to disrupt anhelix flanking
K73, thereby displacing the residue from the active $je (
Restoring the region around K73 to a helix would bring the
residue into a position to participate as a catalytic base. K73
which extends into solvent as given by the X-ray structure
thus became a candidate for mutational analysis to support
or eliminate this hypothesis. As well, the other seven above-
mentioned residues were mutated in this work to examine
their roles in the catalytic mechanism.

An alternative hypothesis might have SD catalyzing the
dehydration by removal of an axial proton from C4 which
could be activated through conjugation in the scytalone
aromatic ring to the carbonyl functionality. Though not in
an ideal orientation, H110 lies abiod A from this proton
in our model. However, in addition to catalyzing the
dehydrations of physiological substrates scytalone and ver-
melone, SD efficiently catalyzes the dehydration of a
nonphysiological substrate (DDBO, Figure 2%). In our
model, DDBO displays an oxygen atom toward H110 rather
than the C4 methylene of scytalone. Since DDBO is a better
substrate than scytalone for the enzyme-catalyzed dehydra-
tion, H110 does not likely function as a base for removing
a proton from C4 of scytalone. The function of H110 is
examined in this work through changes to alanine and
asparagine.

Relative substrate specificity measurements comparing

the substrate’s carbonyl. Acid catalysis by the two tyrosine DDBO and scytalone suggested that the enzyme may have
residues in concert with a bound water molecule has beenan €arly transition state with respect to the hydroxide leaving

shown by molecular orbital theory to stabilize enol formation
in a proposed transition state for the dehydratib).(H110

group of DDBO (L5). This suggestion is re-examined in this
work through pre-steady-state rate measurements and studies

could assist in stretching the bond of the C3 hydroxyl leaving With the alternate physiological substrate vermelone. Also,
group. The ND2 atom of the N131 amide could help We synthesize#C-labeleddeshydroxyscytalone{C-DHS;

protonate the substrate’s carbonyl to induce enol formation Figure 3) to determine if we could detect favorable binding
in a relay through donation of a hydrogen to the substrate’s Of the enol form of the substrate. In the same vein, we

C8 phenolic hydroxyl, and the amide functionality could

investigated the SD-catalyzed dehydration of scytalone in

serve for substrate recognition in productive binding. S129 D20 to determine if a reversible enol formation could be

trapped during catalysis, thus examining an El1cb-like
mechanism as reported for some enzyme-catalyzed reactions

2 Clearly, the C2 hydrogen and the C3 hydroxyl need to be in the o . .
axial orientation for removal, but not necessarily simultaneously. For (12). Additional studies relevant to the mechanism of the

example, a second envelope conformation of scytalone orients the C3SD-catalyzed reactions are reported: the kinetic isotope effect
hydroxyl equatorially and a C2 hydrogen axially. The axial hydrogen for deuterated scytalone in the enzyme-catalyzed and in the
could be removed prior to a conformational change of the enol gqyglytic, non-enzyme-catalyzed dehydration reactions, and
intermediate to orient the C3 hydroxyl axially for elimination. The two ’ : T ’

diaxial conformations of scytalone serve to illustrate the syn and anti the pH dependencies of the enzyme’s kinetic parameters for
elimination mechanisms in a simple fashion. scytalone and DDBO.
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Ficure 4. Models of scytalone in the SD active site: (A) syn-diaxial orientation; (B) anti-diaxial orientation.

EXPERIMENTAL PROCEDURES expression plasmids were transformed into BL21(DES3) cells
Materials and General Method®DBO (15) and DHS for protein expression. Cells containing expression vectors

j : X for Y30F, D31N, Y50F, Y30F/Y50F, H110N, N131A, or
& F|gur_e_ 3) 16) were synthesized as descnbec_i. Scytalone wild-type SD’s were grown at 37C in LB medium in the
was purified from cultures alsy” mutants oM. grisea(3). presence of 100 mg/L ampicillin to between 0.5 and 0.7
The enzymatic synthesis of vermelone from scytalone Was 55 - duction was with 1 mM 1-(isoprop ItﬁiqB-D- '
accomplished essentially as describad)( UV/Vis spec- galg%ofopyranosi de. which was addé h beforye hanvest
trophotomgtnc analyses were performed on HP 8452A or These SD’s Were,produced predominately in the solljble
HP8453 diode array spectroph_otometers (HeW|ett_PaCkard)'fraction. HB5N was produced predominately in inclusion
:gﬁ;;é;;;e?nn?&%ﬁ;g&g%ﬂg;ﬁerSeV\fgggr:J)Ctﬁgn?ggﬁlgg odies under these conditions. Successful production of
wild-type SD (L8) and 3HN reductasel) were purified as 85N in the soluble fraction was accomplished by growing

described. Inhibition constants were determined as beforethe cells at, 30C for 3 h after in.dL.ICtiOH. I?urification of the
(8). Crystallization at pH 7.5, data collection at 100 K, data mutant SD's was by hydrophobic interaction chromatography

processing, and refinement methods for the Y50F mutantfonov"ed by anion-exchange chromatography essentially as

complexed with inhibitor2 were very similar to those described for wild-type SD1E).
reported 8). Molecular masses of SD and the mutants were  The D31N mutation was introduced into an N-truncated
determined using a Fisons VG Quattro Il mass spectrometerform of SD, which lacks residues-3 (22). The N-truncation
with calibration against horse heart myoglobin as an external has no effect on SD catalytic properties. Attempts to produce
standard. Cysteine content of the enzymes was determined®31N in the soluble fraction failed; hence this SD was
colormetrically using the thiol reagent, 5dithio-bis(2- refolded from the inclusion bodies. Lysé&cherichia coli
nitrobenzoic acid), in the presence of 0.1% SDS at pH 8.0 cells containing D31N in 50 mM Tris-HCI, pH 7.5, 5 mM
with anhydrous cysteine-HCI as a standaitd. NMR and MgCly, 5 ug/mL RNAse, 5ug/mL DNAse, and protease
13C NMR were recorded on either a Varian VXR-300 NB cocktail (COMPLETE; Boehringer Mannheim) were incu-
or a Varian VXR-400-ND instrument. Preparation2aind bated 16-20 min at 22°C until the extract was no longer
4 (Figure 3) can be found in Supporting Information. viscous. Following centrifugation for 5 min at 18Qf)ahe
Preparation of Scytalone Dehydratase Mutar@$oning inclusion body-containing pellet was washed twice with
and generation of recombinant plasmids were carried outextraction buffer by resuspending the pellet and recentri-
using standard method&(@). Mutant constructs were pre- fuging. The final pellet was solubilizechi6 M guanidine-
pared by megaprimer mutagenisi2ll or more standard HCI, 0.1 M sodium phosphate, pH 7.0, and 20 mM DTT.
methods. For details of the constructs see Supporting The denatured protein (5 mL, 50 mg/mL) in guanidine-HCI
Information. Following sequencing, the correct mutant SD buffer was refolded at 4C by adding it in 0.1 mL aliquots
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to a stirre 1 L solution of 50 mM Tris-HCI, pH 7.5, and 1  and 7.01 were 100 mM sodium phosphate; pH’s 6.95 and
mM DTT to achieve a final dilution of 200-fold. The diluted 7.0 were 90 mM sodium phosphate; pH 7.44 was 100 mM
protein solution was concentrated in an Amicon ultrafiltration Hepes-NaOH; pH 6.98 was Mops-NaOH; pH 7.45 was 80
unit with a PM10 membrane before purifying the protein mM sodium phosphate and 20 mM sodium pyrophosphate;
by anion-exchange chromatograptBy, pH 7.95 was 90 mM Tris-HCI; pH 8.29 was 50 mM sodium

Determination of Steady-State Kinetic Constar{ssay phosphate and 50 mM sodium pyrophospate; pH 8.99 was
mixtures (0.5 or 1 mL) included 100 mM sodium phosphate, 90 mM Ampso-NaOH; and pH’s 9.49 and 9.99 were 90 mM
variable concentrations of scytalone {2ZD000«M), DDBO Capso-NaOH.

(10—4200uM), or vermelone (36-400uM) at pH 7.0 and NMR Studies with Enzyme ardC-DHS 4. 3C NMR
25°C. Reactions (1860 s) were initiated with enzyme and  spectra of 0.5 mM=3C-DHS in 50 mM Tris HCI, pH 7.5,
monitored continuously in 0.2 or 1 cm quartz cuvettes at containing 20% BO and 5%'3C-depleted @DMSO in 1
the following substrate-dependent wavelengths: 352 nm mL were recorded in the absence and presence of 1 mM SD
(Aezsp = 4100 Mt cm™?) for scytalone 23), 276 nm (ex7g with a pulse width of 5.5s and a delay of 2.0 s between
= —5800 Mt cm™) or 320 nm QAesz = 1500 Mt cm™?) 4096 and 100 352 scans, respectively. A thit@ NMR
for DDBO (15), and 332 nm Aezz, = 5050 Mt cm™2) for spectrum (4096 scans) was obtained after adding aL60
vermelone (this work). Initial velocities were fit to eq 1 where solution of 17.5 mM solution of in 3C-depleted @-DMSO
to the SD13C-DHS solution: 3C NMR (without SD),6 39;
)= Keaf L (with SD), 6 41 (broad) and 39 (broad); (with SD and
K+ A inhibitor 1), 6 39.

) . ) i ) Incubation of DH3) with SD in B,O. Three buffers were
vis .the observgd mmal velocity of the reacthrism is prepared in BO: buffer A, 100 mM MES-NaOH, pD 6.0;
maximum vequty,A is the substrate concentration, akd buffer B, 100 mM sodium phosphate, pD 7.0; and buffer C,
is the Michaelis constant. o . _ 100 mM sodium pyrophosphate, pD 9.0. Three 10 mg

Determination of Inhibitor to Actie-Site Stoichiometries. portions of DHS 16) were wetted with 0.02 mL of DMSO.
Rates of catalysis were titrated with t_|ght blndmg. inhibitor - Tan milliliters of buffer A was added to one, 10 mL of buffer
2 (Ki = 9.0+ 0.7 pM; Figure 3). Reactions (1 mL) included g 45 added to a second, and 5 mL of buffer C was added
100 mM sodium phosphate, pH 7.0, 0.5% DMSO, 0.3 MM 4 5 third. The three samples were sonicated and filtered
DDBO, and at least kM SD protomer. Inhibitor concentra-  5gh a 0.2 micron filter, and each sample was split into
tions were varied in order to achlev§5% inhibition a_nd two equal volumes. An aliquot (0.033 mL of 1.39 mM SD,
the spectrophotometric data were fitted to eq 2, wheie 0.92 mg) in 50 mM Tris-HCI, pH 7.5, was added to one of

| each of the split samples to give an enzyme and a nonenzyme
v= V(l - M) (2) incubation of DHS at the 3 pD’s. After incubationrfd h at
25 °C, the samples were extracted twice with 2 volumes of
the observed rate of catalys¥,is the uninhibited rate of  ethyl acetate. The ethyl acetate layers were dried with Na
catalysis|| is the inhibitor concentration, arid is the total ~ SO; and evaporated under,NAll of the samples exhibited
concentration of active sites. Stoichiometries of inhibitor the same NMR spectruntH NMR (CDCl;) 6 2.05 (m, 2H),
binding per enzyme protomer were calculated by solving for 2.85 (m, 2H), 2.85 (m, 2H), 6.2 (s, 2H), 12.8 (s, 1H).
thel intercept. Protomer concentrations were determined by ~ Time Course Incubation of Scytalone with SD ¥0DTo
using extinction coefficients at 280 nm for the proteins which a 1 mL solution of 5.0 mM scytalone inD was added 10
were calculated by using the Peptidesort computer programuL of SD (4 ug) in 50 mM Tris-HCI, pH 7.0. Aliquots (10
within the Wisconsin Sequence Analysis Packa®.(The uL) were removed at time points corresponding to before
calculatede,go values were 48 850 M cm~1 for the wild- enzyme addition and 20, 60, 120, 180, and 360 s after the
type, K73A, K73Q, D31N, H85N, H110A, H110N, S129A, addition of enzyme. The aliquots were added to 1 mL
and S129T SD’s discussed in this work. A value of 47 570 solutions containing kD, acetonitrile, and formic acid (1:
M~ cm™! was used for the Y30F and Y50F mutants and 1:0.01 by volume) at ©4 °C and subjected to electropspray

46 290 M cm? for the Y30F/Y50F double mutant. ionization mass spectrometry. Positive scans were collected,
pH StudiesSteady-state kinetic parameters were measuredand the ratios of the 195.25 and 196.25 amu peaks were
at varying pH’s. Values fok. andk../K were fit to eq 3, compared at the individual time points to search for
incorporation of deuterium into scytalone. The 360 s time
p:L ©) point corresponded to approximately 50% conversion of
1+ KJH'] scytalone to 3HN.

Preparation of 3-Scytaloneés. Scytalone (0.1 mmol) was
which describes the titration of a single ionizable group when incubated in 20 mL of 100 mM sodium phosphate buffer in
there is a decrease on the basic sigerepresents the D,O, pD 7.0, 1 mM NADP, and 10 mg of 3HN reductase
measured parametd®?,is the pH-independent value for the under a nitrogen atmosphere at 26. After 4 h, the
parameter, [H] is the proton concentration, arit, is the equivalent of 5 mM NADPH, 10 mM glucose 6-phosphate,
acid dissociation constant for the group affecting catalysis. and 10 units of glucose 6-phosphate dehydrogenase was
Buffers used when scytalone was the substrate were theadded to the reaction mixture without changing thgdD
following: pH’s 6.26, 6.95, and 8.06 were 100 mM sodium composition. After an additiohd h at 25°C the reaction
phosphate; and pH’s 8.90 and 9.50 were 90 mM sodium mixture was extracted thrice with equal volumes of ethyl
pyrophosphate and 10 mM sodium phosphate. Buffers usedacetate. The ethyl acetate layer was dried,8@), evapo-
when DDBO was the substrate were as follows: pH’s 6.10 rated, and stored at20 °C until use. EIMS of the material
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in_dicated that the S_(?ytalone de_rivative had 6 deuterium atoMStapie 1: Molecular Masses, Cysteine Content, and Active-Site
with no other significant species present. Th& palues of Titrations with Inhibitor 2 of Wild-Type and Mutant Scytalone
De-scytalone and scytalone were determined spectrophoto-Dehydratases

metrically by measuring 330 nm absorbencies versus pH.
De-scytalone had alg, of 7.31+ 0.004, similar to the value

molecular mass (Da) cysteine content molar ratio
electrospray predicted (mol of cysteine/ (inhibitor 2/

of 7.29+ 0.015 determined for scytalone. enzyme msvalue valueé molofenzyme) enzyme)e
Measurements of Deuterium Kinetic Isotope Effects. g tyne 20118.2 20118.6  1.050.05 099 0.03
Steady-state kinetic data forgi3cytalone were measured K73A 20060.9 20061.5 1.080.02 1.1+0.02
side-by-side with scytalone as described above. Data Weregﬁ(’gId fg%ie&% 12851.3 11.& 0.01 é.é);t 06035
i Tafti . D . . . 87+ 0.
fit to eq 4 for the estimation of KIE’s 0R¢5andkeafKn,. PV D31N 194815 1947670
VA D31N 19402.7 1950490
= (4) H85N 20096.1 200955  1.04 0.64+ 0.04
K+ f,(°(V/IK) — 1)) + AL+ f(°V — 1)) H110A 20051.0 200525 1.020.05 0.92+0.02
: : H110N 20096.6 200955  1.020.04 1.3+0.08
. . . N131A 20075.8 20075.5  0.980.03 1.14+0.03
D X
is the KIE onkea, °(V/K) is the KIE onkeafKm, fi is the — y3oF 20102.0 201025  1.080.05 1.1+ 0.03
fraction of isotope enrichment, and the other definitions are ysoF 20102.2 201025 0.200.01 1.0£0.07
the same as in eq 1. Y30F/Y50F 20086.0 20086.6 142 1.1+ 0.01
Single-Turneer ExperimentsThese were conducted using 51294 201020  20102.6  0.980.09 1.6:0.02
; . . S129T 20131.9 201326 146 0.814+0.02
a stopped-flow instrument (Applied Photophysics; Leather-
head, U.K.) thermostated at 25%C. The right syringe 2 Predicted mass for the protomer minus the N-terminal methionine.

. - . b Enzyme protomerS Standard errors from the fits to eq 2 are indicated.
contained 1 mM SD in 100 mM sodium phosphate, pH 7.0, 4 An N-truncated SD (lacking residues-9) was used to prepare the

and the left syringe contained either 0.1 mM scytalone, 0.1 p31N mutante Single determinatior.Predicted mass for the protomer
mM De-scytalone, 0.1 mM DDBO, or 0.1 mM vermelone. including the N-terminal methioniné.Predicted mass for the protomer
Equal volumes (0.06 mL) of the contents of each syringe including the N-terminaN-formylmethionine.

were mixed to initiate reactions. Absorbencies of the

reactions were monitored for 30 ms at 352, 320, or 332 nm physics stopped_ﬂow instrument thermostated af6.8The

for scytalone, DDBO, or vermelone reactions, respectively, |eft syringe contained 2 mM scytalone in 100 mM sodium
and the data were fit to a single-exponential decay. Data werephosphate, pH 7.0. The right syringe contained 0.050 mM

collected in triplicate or more for all four reactants. SD in 100 mM sodium phosphate, pH 7.0. Absorbencies of
Measurements of the Non-Enzyme-Catalyzed Rates ofhe reactions were monitored at 352 nm for 100 ms, and the
Dehydration for Scytalone, £6cytalone, and DDBOA 2 data were fit to a single exponential followed by a steady

mL solution containing 100 mM sodium phosphate, pH 7.0, state. Data were collected in triplicate.
and 2.0 mM substrate was filtered through a 0.2 micron filter
into a sterile tube. The solutions were incubated in a thermo- RESULTS
stated water bath at 2&. Aliquots (0.1 mL) were removed i _ . .
at time points for up to 60 days using a sterile pipettor and Site-Directed Mutagenesis and Analysis of Mutant Con-
stored at—80 °C until use. The samples were analyzed in Structs.All mutant cONA's were completely sequenced to
triplicate for remaining scytalone, gcytalone, or DDBO conflr.m the fldellty .of the PCR reaction. Expressed mutant
by adding 30uL of the sample to 97QuL of sodium proteins were pur!fled to homogeneity as judged by SDS
phosphate, pH 7.0. For the scytalone- angsBytalone- PAGE. EIMS_ indicated that the mutants had the correct
containing samples the absorbance at 352 nm was recordednolecular weights (Table 1). The cysteine content (one per
before and after the addition ofidy of SD in 0.4uL tothe ~ Protomer) was taken as another indication of protein purity.
sample and the enzyme-catalyzed reaction had reached aA\ctive-site titration with the inhibitoR (K; = 9.0+ 0.7 pM)
end point (less than 1 min). For the DDBO-containing Was usgd as an mt_dlcator of the fraction of properly folded
samples, the absorbance at 320 nm was recorded before antgcombinant protein (Table 1). Only the H85N mutant
after the addition of kg of SD in 0.1uL to the sample and diverged substantlally_ below one active site per protein
the enzyme-catalyzed reaction had reached an end point (les§0nomer, and corrections to catalytic constants were made
than 1 min). The delta absorbance data were fit to an equation®" the basis of these titrations.
describing a first-order decay with a zero endpoint. Steady-State Kinetic Parametersy for the wild-type SD
Equilibrium of Scytalone-3HN within the Aaéi Site Reac- is limited by events after the dehydration reaction by a factor
tions (0.5 mL) contained 1.4 mM SD, 0.19 mM scytalone, Of 6 when scytalone is the substrate and very little when
100 mM sodium phosphate, pH 7.0, at 25. After 70 s, DDBO is the substrate (see belovk: values of mutant
the reactions were quenched with 40 of 1 M H,SQ,, enzymes severely compromised in catalysis should reflect
bringing the pH to 2.5. The mixture was extracted four times the true rates of dehydration. Steady-state kinetic constants
with 2 mL volumes of ethyl acetate, and the ethyl ace- for SD-catalyzed dehydrations of scytalone and the synthetic
tate layers were dried under g Btream. The residue was substrate DDBO are presented in Tables 2 and 3, respec-
dissolved in 1 mL of 100 mM sodium phosphate, pH 7.0, tively. There was one residue (K73) that, when mutated to
and was analyzed enzymatically for scytalone as describedalanine and glutamine, has no effectler or K, for either
above. The extract was found to have a UV/vis spectrum substrate.
corresponding to 3HN, and no scytalone could be detected. Replacement of either H85 or H110 with an asparagine
Burst ExperimentsPre-steady-state followed by steady- residue greatly decreases catalytic efficiency. It was impos-
state experiments were conducted using an Applied Photo-sible to measure the turnover of scytalone with the H85N
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Table 2: Steady-State Kinetic Parameters for Scytalone Dehydratase and Mutants with Substrate Scytalone at pH 7@ and 25

enzyme keafscytalone) (s) KealKm(scytalone) gM—1s71) Km(scytalone) gM)

wild-type® 73+ 8 2.2+03 33+ 3
K73A 80+2 20£0.1 40+ 2
K73Q 76+ 2 2.0+01 38+ 4
D31Ne 0.014+ 0.002 1.0x 104+ 3 x 10° 140+ 60
H110A 0.011+4 x 104 47x104+6x 10° 24+ 4
H110N 0.039+ 0.001 57x 1074+ 2 x 10°° 68+5
N131A 0.82+ 0.02 35x 10°%+2x 10 240+ 20
Y30F 8.0+ 0.2 0.14+ 0.006 58+ 4
Y50F 0.154+ 0.004 2.9x 103+ 2x 10 50+ 4
Y30F/Y50F 7.0x 103+ 4 x 10 3.0x 10%+5x%x 10°° 23+5
S129A 0.94+0.03 43x103%+2x 104 220+ 20
S129TF 0.61+ 0.08 8.0x 10%+7 x 10° 770+ 160

a Standard errors from the fits to eq 1 are indicated with the valulgeans and standard deviations from 7 determinati®Bsised on active-

site titration.

Table 3: Steady-State Kinetic Parameters for Scytalone Dehydratase and Mutants with Substrate DDBO at pH 7°C%nd 25

enzyme kea( DDBO) (s7Y) kealKm(DDBO) (uM~1s71) Kn(DDBO) (uM)
wild-type 400+ 9 2742 15+ 1
K73A 380+ 6 18+1 21+1
K73Q 340+ 8 21+1 16+1
D31Ne 4.6+0.2 24x 103%+1.0x 104 1,900+170
H85N¢ 8.2x10°%4+8x 10 14x1034+8x 10 57+ 4
H110A 0.244+0.01 0.064+ 0.02 3.8+ 1
H110N 1.8+ 0.05 0.16+ 0.02 12+ 2
N131A 120+ 7 0.20+ 0.01 600+ 70
Y30F 28+ 0.6 1.9+ 0.1 15+1
Y50F 1.9+ 0.03 0.17+ 0.01 11+ 1
Y30F, Y50F 0.05Q+ 0.003 0.01H- 0.003 46+ 1
S129A 390+ 11 17+ 1.0 22+ 2
S129T 580+ 30 3.3+ 0.2 170+ 20

a Standard errors from the fits to eq 1 are indicated with the valuiggans and standard deviations for 8 determinatidih&lues corrected for

active-site content.

mutant in the continuous spectrophot.ometrlc method €M- rable 4: Steady-State Kinetic Parameters for Scytalone Dehydratase
ployed for the other mutant enzymes; on the basis of the ang Mutants with Substrate Vermelone at pH 7.0 and@5

assay sensitivity it is estimated thiat; is reduced at least ke(vermelone)  kedKn(vermelone)  Kn(vermelone)
100000-fold. A low level of enzyme activity was detected  gnyme — (s) T aMis ™M

using the alternate substrate, DDBO, sufficient for measuring wild-type 73+ 3 24403 3114

kinetic parameters. Thie., for this substrate was lowered 110N 029+ 001 1.7x103+05x 105 180+ 9

by 50000-fold in comparison to wild-type SD, whitg, was N131A 50+ 6 3.6x102+2.0x 103 1400+ 200

reduced 3-fold. Smaller effects are seen upon mutation of Y50F 2.8+£0.08 3.5x10%+2.0x10°° 78+5

H110. Replacing histidine with alanine at this position results S129A  180+6 35+03 51£5

in 1900- and 200-fold reductions in turnover rates with a Standard errors from the fits to eq 1 are indicated with the values.

scytalone and DDBO as substrates, respectively. The H110N

mutant hadk.,; values reduced by 6600- and 1800-fold for 5000-fold and substrate affinity about 4-fold. With DDBO,

the same substrates. Substrate binding is not greatly affectedurnover and substrate affinity are both reduced approxi-

by either H110 mutation. The effect of replacing Y30 and mately 100-fold. S129 was changed to alanine and threonine

Y50 with phenylalanine is also on catalysis rather than residues. Replacement with alanine resulted in a 80-fold loss

substrate binding, with the Y50 mutation having a larger in ki and a 7-fold increase iKKn, with scytalone. With

effect. The Y30F mutant had, values 9- and 14-fold lower = DDBO there was no loss ik, and a 1.5-fold increase in

for scytalone and DDBO, respectively, while the Y50F K. Replacement of S129 with threonine resulted in a 120-

mutant showed turnover rates reduced by 500- and 200-fold,fold decrease irk.;; and a 23-fold increase iy, with

respectively. The combined effect of the two mutations is scytalone. With DDBO k.o and Ky, were elevated by a

roughly additive for the two individual mutations, the double factors of 1.5 and 11, respectively.

mutant having 0.01% of the wild-type activity with both Studies on substrate vermelone were limited due to its

substrates without appreciably affecting substrate binding. availability. Kinetic parameters obtained for the wild-type
Mutation of three residues produced effects on both SD and mutant enzymes are listed in Table 4. The wild-

substrate binding and catalysis. Replacement of N131 withtype SD has steady-state kinetic parameters with this

alanine decreased turnover by nearly 90-fold and increasedsubstrate that are very similar to those with scytalone.

Km 8-fold with scytalone as the substrate. With DDBO, the Replacement of H110 with asparagine caused a 250-fold drop

effect on catalysis is less but the loss of binding affinity is in k. and a 6-fold increase ii,. The N131A mutation

greater. Similar but larger effects are seen upon mutation of caused a 40% loss k. and a 45-fold increase i,. The

D31 to an asparagine: with scytalone, catalysis is reducedY50F change decreaség;; 26-fold and increased, 2.5-




Mechanism of Scytalone Dehydratase Biochemistry, Vol. 38, No. 19, 199%019

Table 5: Relative Substrate Specificities of Scytalone Dehydratase Obse_rved faof 7.9 is likely elevat_ed OYef _'tS true value Of,
and Mutants for Scytalone, Vermelone, and DDBO at pH 7.0 and 7.3, in part because of enzyme inactivation at lower pH'’s

25°Ca that prevents a true (and higher) value for the pH-independent
kealKm(vermelone)/ kea/Kn(DDBO)/  keafKn(DDBO)/ value fork./Kn to be realized. Substrate stickiness is an
enzyme  kea/Km(scytalone) kea/Km(scytalonekealKm(vermelone) unlikely factor, as a large KIE ok../Kmn was measured (see
wild-type 11 12 11 below). k.4t is constant over the pH range, indicating that
H110N 3.0 290 97 the drop ink:a/Kn is due to the poor binding of the anionic
N131A 10 570 57 form of scytalone. In contrast, there is no drogkig/K, for
;iggA %3220 405090 4580 DDBO until pH 9 is reached (Figure 7). DDBO has K.p
S129T nd 4100 nd > 11 (15), and therefore the drop indKy having a K, of
Y30F nd 14 nd 9.3 can be attributed to the proteka,: is constant over the
Y30F, Y50F nd 37 nd pH range, so thel, of 9.3 for ke.o/Ky, may be attributed to
D3IN nd 24 nd an enzyme residue that needs to be protonated in order for
H110A nd 140 nd ;
K73A nd 9.0 nd substrate to bind.
K73Q nd 11 nd Enolization Studiesi®C-labelel DHS was incubated with
2 Ratios of the values found in Tables 2, 3, and Mot determined. ~ SD t0 provide evidence for enolization, which would

represent a partial reaction in the dehydration of scytalone
, , in an Elcb-like mechanism. At the concentrations used and
fold. The S129A mutation increasekl, 2.5-fold and with aK; = 10 uM, most of the'*C-DHS should have been
increased<m 1.6-fold. complexed with the enzyme. There was a dramatic broaden-
The mutations alter relative substrate specificities for jng of the resonance on mixing with SD supporting this, and
scytalone, vermelone, and DDBO as indicated in Table 5. 3 three-day accumulation of data was required in order to
With the exception of the K73 mutants, the mutant enzymes yjsyalize thel3C resonance. The slight downfield shift for
lost specificity for scytalone more than for the other two the13C resonance of DHS when bound to S 41 ppm)
substrates in comparison to wild-type SD. The largest js consistent with the keto form of the molecule. A second
changes in relative specificities (comparing DDBO and peak atd = 39 ppm suggests a second binding mode for the
vermelone to scytalone) were with the S129 mutants. This keto form or a trace of unboun¥C-DHS. There was no
result helps orient scytalone in the active site of SD with eyidence of an enol form of the inhibitor, as might have been
the C6 hydroxyl directed toward S129. Relative specificities geen with a resonance betweeh00 and 130 ppm. However,
(comparing DDBO and scytalone) were also increased t s estimated that a minimum of 15% of tH€-DHS would
significantly in the H110 and N131 mutants. Among the peed to be present in the enol form in order to be detected.
mutants examined, only H110N and N131A preferred DDBO adding inhibitor 1 displacedC-DHS from the SD binding
significantly over vermelone in comparison to wild-type SD. pocket as observed in the regeneration of a sharp resonance
X-ray Structure of the Y50F MutanThe Y50F mutant  at¢ 39. Incubations (1 h) of DHS with SD in buffere.O
was cocrystallized with potent inhibit& (K;j = 9.0 £ 0.7 at pD’s 6, 7, and 9 followed by its reisolation showed no
pM) using conditions that were developed for crystallizing deuterium incorporation to the carbonyl by NMR analysis.
an N-truncated SD8). The crystal diffracted well, and a It is possible that, although SD does not accept DHS as a
data set was collected to 1.9 A. After molecular replacement, substrate for enolization, it does induce an enolization of
the data was put through only one cycle of refinement where scytalone that could be detected. Running the enzyme-
Y50 was replaced with an alanine in the model. It is clear catalyzed dehydration in £ to 50% completion and
from the electron density of this initial map that Y50 had reisolation of scytalone showed no deuterium incorporation
been changed to a phenylalanine (Figure 5). It is also clearfrom EIMS analysis. The ratios (195.25/196.25) of scytalone
that both of the active-site water molecules are retained, parent ions were 4.40, 4.38, 4.45, 4.38, 4.44, and 4.44 at
including the one that is hydrogen bonded to Y30 and the times 0, 20, 60, 120, 180s and 360 s after adding enzyme to
inhibitor carbonyl. In many structures of wild-type SD, this  the reaction, whereas the ratio (177.14/178.24) of 3HN parent
water molecule is hydrogen bonded to Y30 as well as Y50 jons changed from 2.34 at 20 s to 0.59 at 360 s, showing
and the inhibitor. The presence of this water molecule is that the reaction was proceeding and that the product was
likely responsible for the residual catalytic activity in the incorporating deuterium as expected. These results do not
Y50F mutant. preclude the possibility that the enzyme removes a praton
pH StudiesWe are able to study the effect of pH on to the carbonyl and returns the proton without exchange with
catalysis above pH 6, but as the medium becomes moresolvent.
acidic, SD becomes irreversibly inactivated: when the Dg-Scytalone and Pre-Steady-State StudidsIE of 2.7
enzyme is incubated at pH 6.0 for 10 s followed by raising was measured fdk.,, and a KIE of 4.2 was measured for
the pH to 7.0 (where the enzyme is fully stable), there is k../Kn (Table 6). The larger KIE fok.a/Km over that ofkga
little catalytic activity remaining. It was found that the pH suggests that an event after the first irreversible step
inactivation was protected by substrates scytalone and DDBO(dehydration) is rate-limiting té... Pre-steady-state experi-
(data not shown), so it seems likely that the low-pH ments measured a rate of 430 as the single-turnover rate
conditions disturb the active site (possibly H85 and H110, with scytalonek, of Scheme 2), a value that is 6-fold higher
which are neighbors). For the dehydration of scytalone, pH than that of the steady-stale,; and about equal to thiea
7 is optimal (Figure 6). As the pH increasés.,/Kmn drops for DDBO. Single-turnover experiments with DDBO and
with a pK, of 7.9 due to deprotonation of the substrate; the vermelone gave rates of 4430 and 430+ 60 st for the
C6 hydroxyl of scytalone has aKp = 7.29 + 0.01. The respective substrates indicating, that the three substrates for
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Ficure 5: Stereoview of the electron density map around the active site of the Y50F mutant of scytalone dehydiBtase:| ).

log ke, (s™)
log K. (5

1.59

1.24

0.91

0.6
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log k,, /K (UM s°1)
log k., /K, (uM! s°1)

pH pH

FiGURe 6: pH dependence of steady-state kinetic parameters of g e 7. pH dependence of steady-state kinetic parameters of
scytalone dehydratase with substrate scytalone: top papekrsus scytalone dehydratase with DDBO: top pathel;versus pH: lower

pH; lower panelkeaKm versus pH. A [, of 7.90 + 0.05 was anel, ke Versus pH. A K, of 9.27 & 0.05 was determined
determined from the fit to eq 3. IProm the fit to eq 3. P Ka

SD have nearly equal values flg. The KIE measured in
the pre-steady state was 3.6 with-8cytalone (Table 6), a measurement of 1 nmol scytalone by our methods, the value

KIE that is similar to that ofk../Km. The effect of Q- for k-, is estimated as at least 190-fold smaller tikan

scytalone on the kinetic parameters of two site-directed _ NOn-Enzyme-Catalyzed Rates for Reactions with Scytalone,

mutants was measured. KIE’s &g andkea/Km were 4.8+ De-Scytalone, and DDBOScytalone and DDBO were

0.4 and 5.8+ 0.8, respectively, for the Y50F mutant and ncubated at pH 7.0 and 2% in 0.1 M sodium phosphate

4.6+ 0.4 and 4.3+ 0.9, respectively, for the N131A mutant.  Puffer, and the rates of dehydration were measured in the
For the SD-mediated dehydration of scytalone, a burst in absence of enzyme. Scytalone was considerably more stable

pre-steady state to steady state is difficult to measure at 25t"@n DDBO. The rate for scytalone dehydration was 117

°C because the substrate absorbency properties limit the2-07 x 1077 s™, while that for DDBO was 5.23 0.09 x
usable concentrations and becakisi quite large. Therefore, 10 ° S The KIE observed with Bscytalone was 1.24

we conducted the burst experiments at&8with scytalone ~ 0-08- Incubations of scytalone in 0.1 M sodium phosphate
40-fold more concentrated than enzyme. The observed burs@t PD 7.0 in DO indicated that a C2 hydrogen exchanged
had an amplitude equal to 223 «M, similar to the enzyme with solvgnt with a half-life of. about 1 day, about 70-fold
concentration (25M). Since the single-turnover rate is a More rapid than the dehydration rate.

func_t_ion ofk, andk-,, we measured the substral!ar_oduct DISCUSSION

equilibrium constant at 28C as a means of arriving at a

value fork—,. The incubation included 1.4 mM SD and 0.19 Reactions Off the Enzym@&he non-enzyme-catalyzed
mM scytalone, ensuring that substrate scytalone and productehydration rates for scytalone and DDBO were well-
3HN would be fully bound. After extraction, all of the differentiated kno(Scytalone) was 45-fold slower thdhor-
material was found to be 3HN. Given a lower limit of (DDBO), and it is likely that the anomeric effect afforded
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Table 6: Steady-State and Pre-Steady-State Kinetic Parameters for Scytalone Dehydratase Acting on Scytalone and D6-Scytalone at pH 7.0 and
25°C?

kinetic parameter value kinetic parameter value
keafscytalone) (s4) 69+ 3 k.o De-scytalone) (s%) 26+1
kealKm(scytalone) gM 1 s71) 2.7+£0.3 keal Km(Ds-scytalone) gM 1 s7%) 0.65+ 0.05
Km(scytalone) gM) 26+3 Km(Ds-scytalone) gM) 40+ 4
keafScytaloneMcafDs-scytalone) 2.#0.3 keal Km(scytalone o/ Km(Ds-scytalone) 4.2-0.9
ko(scytaloné) (s™%) 430+ 20 ko(Dg-scytaloné) (s™2) 120+ 3
ko(scytalone¥x(De-scytalone) 3.6+£0.2

aUnless indicated, values are from steady-state measurements. Standard errors from the fits to eq 1 are‘inMtitegedrom single-turnover
measurements.

Scheme 2. The Catalytic Cycle of Scytalone Dehydratase =~ M~ for scytalone and DDBO, respectively, illustrating that

K, [S] K K, the enzyme lowers the activation energy barrier more effi-
E ES EP E ciently for its natural substrate than for the synthetic one.
kg kg k 3lP) That the lowering of the activation energy barrier by SD for

DDBO is less than that for scytalone indicates that the
by DDBO is largely responsible for a more rapid rate of anomeric carbon atom is important to the dehydration mech-
dehydration. The non-enzyme-catalyzed dehydration rate foranism off the enzyme but not on the enzyme. The leveling
De-scytalone had a KIE of 1.2. The C2 hydrogens of of the activation energy required for the dehydration of
scytalone exchanged more rapidly with solvent in comparison scytalone as mediated by SD is smaller than that provided
to the rate of dehydration. Thus, the solvolytic dehydration by fumarase which catalyzes an analogous elimination reac-
of scytalone is through an Elcb path as represented intion (25), but SD is nonetheless quite impressive as a catalyst.
Scheme 1. The measured KIE is likely a combination of In addition to providing catalytic residues to promote the
primary and secondary effects, the primary effect being dehydration of scytalone, the SD active site is arranged to
severely dampened. The mechanism for the solvolytic lower the activation barrier by recognition of either the anti-
dehydration of DDBO is less well-established with respect diaxial or syn-diaxial conformers of scytalone (Figure 4),
to the experimental information. Examination of the ex- the latter conformer having more appeal because it orients
change of its @ hydrogens with solvent is noninformative the axial C2 hydrogen more satisfyingly toward the basic
because the reversible opening and closing of the pyranoneH85.
ring of DDBO is fast; the opening unveils a highly gnoli;able Kinetic Isotope EffectIE’s on kea and kea/Km offered
p-keto aldehyde that exchanges tydrogens rapidly with e first suggestion that a step following catalytic dehydration
D,O. However, the anomeric carbon atom of DDBO Wo_uld by SD may be rate-limiting té..(scytalone). We measured
be expected to enhance the rate of dehydration most in ansjngle-turnover rates to find the magnitudekefrelative to
Elcb mechanism. If one assumes that the ring-closed formkcat_ The first-order decay measurements for determitking
of DDBO enolizes at the same rate as scytalone, then thegre influenced by the value fdt ,, but since the produet
rates for enolization and dehydration of DDBO become gpstrate equilibrium constants in the enzyme active site and
similar to one another. in solution lie far in the direction of product 3HN (at least

The Anomeric Effect of DDB®reviously, it was reasoned  190-fold), the value from the single turnover should closely
that, since thek., for DDBO is 6-fold larger than that for  approximatek,. However, when one calculates the steady-
scytalone, there is an anomeric effect on the wild-type state value folk.,(scytalone¥..{De-Scytalone) using eq 5
enzyme-catalyzed dehydration of DDBQ®g]. In this work
we determined from single-turnover experiments tkat Ka(H) Ko D) = (K(H)/ko(D)(Ko(D) + kg)/(ky(H) + ky)

values (Scheme 2) for scytalone, vermelone, and DDBO are (5)
about the same (400§ and that thek..{scytalone) of 73
s is likely limited by a subsequent everks). Sincekea with the pre-steady-state values fafscytalone) and(De-

for DDBO is equal tok, for DDBO, ks for this substrate  scytalone) in Table 6 and assuming a rate of 100(8 kea
must be considerably larger than 400h.sOne difference  for scytalone) forks, there is a discrepancy. The measured
between the products of dehydrations of DDBO and scyta- value for kea(scytalonele.(De-scytalone) is 2.7, and the
lone is the C3 hydroxyl of the latter's dehydration product yajye calculated from eq 5 is 1.5. It appears tkats an
(3HN), which can form a hydrogen bond to S129 and perhapsisptope-sensitive step invalidating the use of eq 5. We
account foraleWer Off'rate'limitingg. Refuting th|S notion Specu|ate here that dehydration affords an enone that
is that the measureida:andk, values for vermelone, whose  tautomerizes relatively slowly and that the dehydrated
pI’OdUCt also lacks the C3 hydl’oxy|, are about the same aSproduct (the enone) of&cyta'one would present a primary
those for scytalone. A second difference is that after geyterium KIE on the tautomerization. The half-life fos®
dehydration, scytalone and vermelone must undergo aexchange is 7 min for 4HN which exists as a 7:3 mixture of
tautomerization reaction from a tetralenone structure to the the phenolic to keto forms in acetor26f. Since hydrogen
naphthol (see below and Scheme 1) whereas DDBO doesyonding stabilizes the keto forms ofdiphenols 27), it is
not. reasonable that tautomerization of the enone form of 3HN
It is calculated thak..{scytalone}.(Scytalone) is 6x is somewhat slow. Supporting this is that DDBO, which does
10, whereak:o(DDBO)/k,or(DDBO) is 8 x 10’. Catalytic not tautomerize after dehydration, haga= 400 s%, similar
proficiencies [Kea/Km)/knor] are 2.3x 10 and 5.1x 10% to the value ok, on the enzyme. The timing and nature of
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the events (tautomerization and product release) kftavait for wild-type SD (4.2), consistent with the role of Y50 in
more detailed experimentation with substrate scytalone. Thelowering the energy barrier for the deprotonation of C2. That
pre-steady-state value fég(scytalone},(De-scytalone) is the two tyrosine mutants lowée,; supports the hypothesis
3.6, which is too large for a secondary KIE in mechanisms that they serve in concert with the water molecule to
that do not have C2 deprotonation in the transition state. Thatprotonate the substrates’ carbonyl groups. This protonation
a full primary KIE onk; of 6 or greater is not observed is serves to substantially lower th&pof the methylenex. to
understandable within any mechanism involving rate-limiting the carbonyls of substrates. The unique aspect of having a
deprotonation, as the observed KIE would be dampened bywater molecule relay the effects of two tyrosines for the
other catalytic events, mainly the elimination of hydroxide. proton donation represents an opportunistic adaptation by
Site-Directed MutantsThe kinetic parameters for the the enzyme. Only one lone pair of electrons is available on
mutant enzymes indicate that all of the side chains examinedthe carbonyl oxygen for coordination by the water molecule,
here have critical roles in catalysis with the exception of yet both tyrosines serve as proton donors as revealed in the
K73. The certainty that K73 has no role in catalysis is additive nature of thé., effects of the single mutations in
consistent with the observations from numerous crystal the Y30F/Y50F double mutant.
structures indicating that the residue does not change its We speculated that N131 positions substrates for produc-
position (from its orientation toward bulk solvent away from tive binding and helps protonate their carbonyl through
the active site) enough to relocate it even close to the activedonation of a hydrogen to the phenolic oxygen atom. The
site (6, 8, 22). The K73 mutant data also places certain doubts finding that ke is decreased and thét, is raised by the
on the proposed anti elimination mechanism, as there remaindN131A mutation with the three substrates is consistent with
no other enzymic residues near C2 of scytalone to serve ashis dual role. However, the more severe los&dfscyta-
a general base. For such an elimination to occur on thelone) in comparison to the modest losse&if{DDBO) and
enzyme, the C2 hydrogen must be accepted by bulk waterk.,(vermelone) suggests that the primary role of N131 is in
which would require organization of the solvent to greatly substrate orientation and that N131A causes nonproductive
increase its basicity. binding with substrate scytalone, resulting in the large losses
Substrate specificity studies on the two S129 mutants helpin ks The KIE for keaf K with De-scytalone was about the
assign the orientations of scytalone within the active site assame for N131A (4.3) as that for wild-type SD (4.2),
shown in Figure 4. S129A was designed to remove a consistent with N131 having little impact on the deproto-
hydrogen bond with the C6 hydroxyl of scytalone. Con- nation of C2. H110 is thought to have a role in stretching
versely, since vermelone and DDBO lack the analogous the C3 carborroxygen bond by sharing a hydrogen bond
hydroxyl, the effect of the mutation on the two substrates with the hydroxyl leaving group. Consistent with this role,
was expected to be minimal. This was borne ouka&n, the H110A and H110N mutants have large decreaskgyin
was severely compromised for scytalone but not for sub- and only minor changes ik, with the substrates. H85 and
strates DDBO and vermelone in comparison to wild-type D31 form a dyad to increase the basicity of the H85
SD. About a 10-fold increase in th&y(scytalone) may be  imidazole. Consistent with the dual role of H85 as a general
attributed to the loss of a hydrogen bond from S129. That base and a general acid in the syn elimination mechanism,
keafSCytalone) is severely compromised in S129A suggeststhe H85N mutant was compromised tky100000- and
that the mutation perturbs productive binding of this sub- 50000-fold in ke, for substrates scytalone and DDBO,
strate, perhaps by forming a hydrogen bond between the siderespectively, while having minor effects a4, for DDBO
chain of N131 and the C6 hydroxyl of scytalone. This makes (Kn, was not measured for scytalone). The D31N mutant has
scytalone an inappropriate substrate for interpretiggvith devastating effects on bota,: and K, for both substrates
respect to S129A. It is a curiosity that the recently reported scytalone and DDBO, likely resulting from losses of the
sequence of SD fromspergillus fumigatug28) places an native side chain roles in increasing the basicity of H85 and
alanine in the position corresponding to the S12Mofrisea in organizing the active site through its participation in an
SD. This change perhaps makes the fumigatusSD a extensive hydrogen-bonding network. D31 cannot form a
vermelone-specific dehydratase, thus raising questions on thalirect interaction with the substrate, and its role in catalysis
melanin biosynthetic pathway in this organism. There is only is mediated through the enhanced basicity of H85. His-Asp
one known dehydratase M. griseg and it processes both  dyads are well-recognized for their roles in serine proteases
scytalone and vermelone efficiently. S129T maintains the where they serve to deprotonate a serine hydroxyl for the
capability for hydrogen bonding with the C6 hydroxyl of addition to a peptide bond and in other enzymes [e.g.,
scytalone but places a steric impediment into the portion of aconitaseZ9) where it protonates a leaving hydroxyl group].
the binding pocket where the hydroxyl is situated. Accord-  The Anomeric Effect of DDBO Risited Large differences
ingly, theK, for scytalone is increased 20-fold by the S129T in substrate specificities against the wild-type and mutant
mutation. Similar to S129Ak..: is severely compromised enzymes were observed. Specificity for substrate scytalone
with scytalone but not with DDBO. Unlike the S129A was eroded more in the mutants than for the other two
mutant, S129T has a 10-fold increasggifor DDBO, which substrates. This is reconciled for the S129 and N131 mutants
is attributed to the increased steric hindrance. by the C6 hydroxyl of scytalone causing nonproductive
It was proposed that Y30 and Y50 assist the protonation binding as discussed above. Therefore, if one wanted to
of the substrates’ carbonyl through the water molecGle ( examine the anomeric effect of DDBO on catalysis, it would
14). It was not predictable that Y50F mutant would be more be a mistake to compare substrates DDBO and scytalone. It
debilitated inke than the Y30F mutant, and it required would be more appropriate to compare DDBO and vermel-
experimental data to reveal this difference. The KIEKg/ one, substrates which differ by a methylene for an oxygen
Km with De-scytalone was larger for Y50F (5.8) than that atom, against mutations in SD that affect turnover rather than
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substrate binding. This leaves two mutant enzymes (H110N and N131), those primarily involved in assisting the eno-
and Y50F) for comparison with wild-type SD. H110 and lization of substrate (Y30 and Y50 in conjunction with a
Y50 may be considered as having opposite-spectrum roleswater molecule), and one primarily involved in assisting the
in the enzyme-catalyzed dehydrations with regard to stretch-elimination of hydroxide from the substrates (H110) have
ing the C3 carborroxygen bond (providing E1 character) been identified experimentally. It is likely that H85 (in
and assisting enolization (providing Elcb-like character), complex with D31) has dual roles in assisting enolization
respectively, corresponding to two theoretical partial reac- and elimination of hydroxide from the substrates.

tions on the enzyme. The expectation is that the mutations

which damage the ability to stabilize the developing negative ACKNOWLEDGMENT

charge on the I.eaving hydroxyl group would .prefer DDB.O We thank Winnie Wagner for growing hundreds of grams
and its anomeric carbon over vermelone, while those which wild-type SD-producing cells oE. coli; Steve Hansen

damage the rate of substrate enolization would not have suchfor synthetic work: Bruce Lockett for NMR spectroscopy:

a preference. Given thd (Scheme 2) for the wild-type J Dought d Robert Livinaston for determinati
equals 430 and 410 5for substrates vermelone and DDBO, o?mispro(t)gi% rr):azges b(y)/ EIrMSIVg]r?dS ,(A)\Ir;]anolgened?r:;n:r?dl(\)(gs-

respectively, and that the tw.rdistressed mutant enzymes : :
(H110N and Y50F) havk;, values equal to thek; values, Jun Zheng for helpful discussions.
then the relativé, values for DDBO versus vermelonekf{
(DDBO)/ky(vermelone)] become 0.95, 6.2, and 0.68 for wild-
type SD, H110N, and Y50F, respectively. These results are  The synthesis o2 and4 (Figure 3) and the preparation

in accord with the H110N mutant |acking a strong hydrogen of site-directed mutants are detailed. One figure containing
bond with the substrates’ C3 hydroxyl in comparison to wild- the nucleotide and corresponding amino acid sequence of
type enzyme, thus welcoming the anomeric center provided SD is included (6 pages). This material is available free of

SUPPORTING INFORMATION AVAILABLE

by DDBO to assist in the elimination of hydroxide from
substrates. In contrast, the Y50F mutation slows the reaction
because it is less effective in protonating the substrates’
carbonyl to assist enolization of the substrate, and accord-
ingly, the anomeric carbon of DDBO does not help catalysis.
In fact, vermelone is actually slightly preferred by Y50F over
DDBO in terms ofk.a. Though these relative differences in
keat (k2) values are subtle, the two mutants seem to prefer
substrates which help balance the transition state.
Summary of the Mechanismhe kinetic parameters for
the mutant enzymes are consistent with a syn elimination of
water from the substrates through an Elcb-like mechanism,
and they help verify the importance of the individual side
chains in supporting the elimination. We searched for
experimental evidence implicating an enzyme-catalyzed
enolization step within an Elcb-like mechanism by incubat-
ing SD with scytalone in BD versus time in an EIMS
analysis and by incubating SD witHC-DHS in a NMR
analysis and failed to find support for such a step being
catalyzed by the enzyme. Large KIE's d@ and KeafKn
suggest that the kinetic barrier on the enzyme for the
elimination of the C3 hydroxyl from scytalone is similar to
that for enolization, likely accounting for our inability to
detect an enol intermediate. The pH profile with substrate
DDBO indicated a = 9.3 for ke.o/Km which we attribute
to an active-site residue having a role as a general acid. In
the context of a syn elimination, thi&plikely reports Y50;
the phenol has aly, = 10—11 in water but would become
more acidic when complexed with the active-site water
molecule and the second tyrosine (Y30). That there is not a
drop on the acidic side in the pH profile is understandable,
as we could only measure kinetic parameters above pH 6.0.
Due to its hydrophobic environment, H85 could easily have
a K, below 6.0 and serve as the base in a syn elimination.
Even though its basicity is raised by sharing a hydrogen bond
with D31, H85 needs to approximate th&pof the G
methylene in the transition stat®12), and the acidity of
this methylene is greatly enhanced by the enzyme through
multiple interactions with the C1 carbonyl. Thus, enzymic
side chains primarily involved in substrate recognition (5129

charge via the Internet at http://pubs.acs.org.
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