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ABSTRACT. Sulfoxides inhibit horse liver alcohol dehydrogenaEgADH) by binding to the enzyme
NADH complex. X-ray crystallography suggests that sulfoxides make a eatianteraction with the
benzene ring of Phe-93 [Cho et al. (198Bidchemistry 36382—-389]. Structure-function relationships
were examined with seven different sulfoxides binding to five human enzyme,(y2, 7, ando) and

three mutated forms of the horse enzyme. The humaenzyme,EqADH, and EGADH with Phe-93
replaced with Trp were selectively and strongly inhibit&gd £ 1 xM) by the 3-butyl or hexyl derivatives

of thiolane 1-oxide. The other human enzymes (all with Thr-48) BgdDH with Ser-48 substituted
with Thr had relatively lower affinities for the thiolane 1-oxides due to close contact of the methyl group
of Thr-48 with a carbon adjacent to the sulfoxide sulflBtgADH binds theSisomers of 3-butylthiolane

1-oxides, hexyl methyl sulfoxide, and phenyl methyl

sulfoxide more tightly thaRRieemers, buEgADH

with Phe-93 substituted with Ala and the huneaanzyme (with Ala-93) prefeR)-phenyl methyl sulfoxide,
apparently because the phenyl ring fits into the space near residuB@®H and the enzymes with
Phe-93 replaced with Ala or Trp had similar affinities for sulfoxides, indicating that the contribution of
the cation-7r interaction to binding is small or compensated for by altered interactidks.initio
calculations also suggest that the interaction of a sulfoxide with benzene is relatively weak.

Sulfoxides are analogues of ketones, the products of theTabIe 1: Amino Acid Residues in the Substrate Binding Sites of

oxidation of secondary alcohols by ADHand they bind
preferentially to the enzymeNADH complex. They are
uncompetitive inhibitors against varied concentrations of
alcohols and can inhibit ADH in the presence of saturating
concentrations of alcohold (2). Such inhibitors could be
more effective than competitive inhibitors, such as ethanol
and 4-methylpyrazole, for prevention of toxicity caused by
methanol and ethylene glycol metabolism. Studies on the
specificities of alcohol dehydrogenases for sulfoxides should
define the binding interactions that make sulfoxides potent
inhibitors and could lead to useful therapeutic agents.

Five ADH enzymes (Table 1) in human tissues can
function in metabolism of ethanol and other alcoh@s (
The class | human ADHHSADH o, 3, y) have about 95%
amino acid sequence identity to each other—80%
sequence identity t&gADH, and 60% and 69% sequence
identity to HSADH & and o, respectively 4). The three-
dimensional structures of the human 3, ando enzymes
and EGADH are very similar 4—6), but the amino acid

residues in the active sites and the specificity and stereo-

selectivity for substrates and inhibitors differ.
The participation of active site residues in the binding of
sulfoxides was studied with human enzymes and with
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1 Abbreviations: ADH, alcohol dehydrogenase; CD, circular dichro-
ism; EGADH or E, EE isoenzyme of hors&quus caballusliver ADH;
F93A, mutation of Phe-93 to Ala; FO3W, mutation of Phe-93 to Trp;
S48T, mutation of Ser-48 to ThiiSADH, human Homo sapiens
ADH; BTO, 3-butylthiolane 1-oxide; HF, Hartred-ock.

ADHs?
human
class | class Il class IV
residue hoie ADH1 ADH2 ADH3 ADH4 ADH7

no. E o p y T o

48 S T T S T T

57 L M L L F M

93 F A F F Y F
110 F Y Y Y L L
116 L \Y L L L |
117 S S G G S AP
140 F F F F F F
141 L L L Vv F M
143 T | T \% T T
294 \Y \Y Vv Vv \Y \Y%
306 M M M M E M
309 L L L L | F
318 | | \% | F Vv

aFrom refs 45 and 468 A deletion of one residue.

mutants ofEgADH. The hydroxyl group of Ser-48 forms a
hydrogen bond to the sulfoxide oxygen, which coordinates
to the catalytic zinc. Several hydrophobic residues in the
substrate binding pocket make van der Waals contacts with
the side chains of the sulfoxides. The electron-rictloud

of the benzene ring of Phe-93 interacts with the positively
charged sulfur in enzymeNADH —sulfoxide complexesf].

The noncovalent iorquadrupole interaction is important in
biological recognition, for instance in the interaction of
acetylcholine with acetylcholine esterase an&aidenosyl-
methionine with DNA methyltransferaseB€10). The
contribution of the cationtr interaction to the binding of
sulfoxide inhibitors by ADH was tested by substituting Phe-
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Ficure 1: Cotton effects in CD spectra of stereoisomers of (A)
hexyl methyl sulfoxide and (B) phenyl methyl sulfoxide in water.
The CD scans were made with 0.2-nm intervals with an AVIV CD
spectrometer 62Ds at 28C. Background absorbance from the
solvent was digitally subtracted. Molar ellipticity &) was
calculated using the equatiofi][= 106/dC, whered is the path
length in dm andC is the molar concentration.

93 with alanine or tryptophan residues and by calculating
complexation energies of dimethyl sulfoxide and aromatic
compounds.

EXPERIMENTAL PROCEDURES

Materials. Crystalline horse liver ADH (EE isoenzyme),
NAD*, and NADH were purchased from Boehringer Mann-
heim. Sulfoxides were either purchased (Aldrich) or syn-
thesized 2). Clones for expression dfisADH a (11), 31
(12), ando (13) enzymes were obtained from Dr. Thomas
D. Hurley (Indiana University School of Medicine) and for
y2 (14) and & (15 enzymes from Dr. Jan-Olov Hg
(Karolinska Institutet).

Chromatography and Characterization of Stereocisomeric
Sulfoxides. The stereoisomers of the sulfoxides were sepa-
rated isocratically on a Chiralcel OB-H column (cellulose
tribenzoate, Chiral Technologies Inc., 4.6 mu250 mm).
Methyl phenyl sulfoxides were separated (selectivity=
1.87) with hexane/2-propanol (90/10, v/v) at a flow rate of
1 mL/min with detection afys, and methyl hexyl sulfoxides
with hexane/2-propanol (95/5, v/v) at 0.5 mL/min, detected
at Aois (o0 = 1.10). The concentrated fractions were
rechromatographed to confirm enantiomeric purity. The
concentrations of sulfoxides were determined using UV
spectrophotometryefipin water= 820 M~ cm* for BTO
and hexyl methyl sulfoxides,zoin water= 3370 M cm™?!
for phenyl methyl sulfoxide).

The Sisomer of phenyl methyl sulfoxide elutes faster than
theRisomer on Chiralcel OB-H16). The first peak of hexyl
methyl sulfoxide showed a positive Cotton effect in its CD
spectrum (Figure 1), just like th8 enantiomer of butyl
methyl sulfoxide 17), and therefore is assigned as t8e
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enantiomer. Thémax based on CD is at 208 nm for hexyl
methyl sulfoxide and at 212 and 235 nm for phenyl methyl
sulfoxide. TheRisomer of phenyl methyl sulfoxide showed
a positive exciton-coupled (A~ 7* and = — 7*) Cotton
effect around 235 nm, which is correlated to the absolute
configuration of alkyl aryl sulfoxides.

Expression and Purification of Alcohol Dehydrogenases.
The mutatedEgADHs were expressed and purified using
the procedure described by Park and Pla@).( The human
enzymes were prepared essentially as described by Stone et
al. (19) and Hurley et al. §). Protein homogeneity was
established by polyacryamide gel electrophoresis in the
presence of sodium dodecyl sulfate. The specific absorb-
ances forHSADH 7 (Azgo = 0.570 mg?* cn?) and o (Azso
= 0.490 mg?! cn?) were calculated from the extinction
coefficients of the constituent amino acids and corrected for
hyperchromic effects by reference to the values§5gADH
(calculatedAsg0= 0.40 mg™* cn?, 0.455 mg* cn? observed).

For class IHSADHSs (o, 3, ¥), Asso = 0.455 mg* cn? was

used. The turnover numbers based on a standard assay (1.75
mM NADT*, 550 mM ethanol, 6.5 mM semi-
carbazide, 18 mM glycine, 85 mM sodium pyrophosphate,
pH 9, 25°C) were 0.56 st (HsADH a), 0.093 st (1), 0.61

s1 (y2), 0.34 st (), and 27 st (o).

Kinetic Studies. Inhibition of the forward reaction was
studied with varied concentrations of inhibitors against varied
concentrations of ethanol with saturating NA[2 mM for
HSADH ¢ and 1 mM for other enzymes) in 46 mM sodium
phosphate buffer, pH 7, at 2&. For inhibition studies of
the reverse reaction, cyclohexanone or freshly distilled
acetaldehyde and saturating NADH (0.3 mM f&sADH o
and 0.1 mM for others) were used. Substrate concentrations
were adjusted according to th&, values of the enzymes
(in the ranges of 022 mM ethanol for EGQADH and
E/F93W, 0.07-0.5 mM acetaldehyde for E/S48T+-25 mM
ethanol or 0.090.9 mM cyclohexanone for E/F93A and
HsADH a, 0.025-0.25 mM acetaldehyde fdAsADH f;,
0.2-2 mM ethanol foHsADH y,, 5-50 mM acetaldehyde
for HSADH 7, 15-150 mM ethanol or 660 mM acet-
aldehyde forHsADH ¢ enzymes). Initial velocities were
determined from the change of absorbance due to NADH
(e340= 6.22 mMt cm™1). Data were fitted to the equation
for uncompetitive inhibition ¢ = VA[Kn + A1 + 1/Ki)])
for the forward reaction or competitive inhibitiom & VA
[Km(1 + I/Kis) + A]) for the reverse reactior2(). Standard
errors of the fitted values were usually in the range of
5—-15%. TheK; values reflect binding to the enzyme
NADH complex. Some data sets were described better by
noncompetitive inhibition, which can arise if the inhibitor
also binds to the enzymeNAD* complex, but the corre-
spondingK; values agreed within a factor of about 3 for the
different fits.

Modeling and ComputationBinding of inhibitors with
the ADHs was modeled using the program2®)( The close
contacts between active site residues and inhibitors were
measured after manual docking.

Ab initio molecular orbital calculations were performed
on dimethyl sulfoxide, benzene, indole, and 1:1 complexes
using the Gaussian 94 program on a Silicon Graphics Power
Challenge computer2@). Geometry-optimized sulfoxides
and benzene were superimposed onto the sulfoxide group
of BTO and Phe-93 in the 1.66-A resolution structure of
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Table 2: Inhibition of Human Alcohol Dehydrogenases by SulfoxXides

Ki, ,LtM

inhibitor EgADH Hsa Hs-(1 Hsy2 Hsm Hs-o
dimethyl sulfoxide 1500 120000 43000 1500 140000 130000
ethyl methyl sulfoxide 410 8600 13000 360 36000 24000
phenyl methyl sulfoxide 58 65° 1400 360 1000 11000
hexyl methyl sulfoxide 3 590 370 11 10 22
thiolane 1-oxide 19 7000 6800 15 2100 26000
3-butylthiolane 1-oxide 0.56 73 120 0.30 110 530
3-hexylthiolane 1-oxide 0.39 11 14 0.35 15 42

a Inhibition of the forward or reverse reactions was studied with varied concentrations of inhibitors against varied concentrations of substrates

in 46 mM sodium phosphate buffer, pH 7, at 5. ® Calculated for the racemic mixture from values in Table 4 using the relationsKigo2hate)

= 1Ky + 1Kjr. ¢ From refs 1 and 2.

EGADH—NADH—-SSBTO (PDB entry 3BTO), and the
coordinates of the dimethyl sulfoxieddenzene complex
were extracted. The coordinates of the complex of dimethyl
sulfoxide with the indole ring of Trp-93 were obtained by
docking of dimethyl sulfoxide into the active site of the
structure of theegADH/F93W—NAD —trifluoroethanol com-
plex determined by X-ray crystallography at 2.5-A resolution

(S. Selveraj and S. Ramaswamy, unpublished). The com-

plexation energies of NH, acetone, 2-methylpropane, and
cis-N-methylformamide with benzene were also calculated
for comparison with the dimethyl sulfoxigdeenzene com-
plex. Both geometry optimizations and energy calculations
were carried out at the 3-21G, 6-31G**, and 6+3%**
levels. Geometry optimization with HF/6-31G** was fol-
lowed by correlation energy calculation with B3LYP or
B3PW91 of the density functional theory meth@8<{25).
The program SYBYL (Tripos Associates, r26) was used

to view the minimized structures.

RESULTS AND DISCUSSION

Inhibition of Human EnzymesThe inhibitory activity of

and Val-294, Met-306, Phe-309, and lle-116 (Figure 2A).
However, thiolane 1-oxide and 3-substituted thiolane 1-oxide
are relatively poor inhibitors for the enzyme, probably due

to the close contact between C4 of thiolane 1-oxide and the
side chain of Met-141.

TheK; of phenyl methyl sulfoxide with thet enzyme is
about the same as fdEgADH, apparently because the
increased space near residue 93 (Ala-93 instead of Phe) can
accommodate the phenyl group.

The strong inhibition ofEGQADH and HSADH y as
compared to the other enzymes probably results from the
presence of Ser-48 instead of Thr. Steric hindrance between
the sulfoxide and the methyl group of Thr-48 apparently
decreases the binding affinities of the sulfoxides. Enzymes
with Thr-48, excepHsADH a, also show low activity on
secondary alcohols due to this steric hindrar&8-30). For
these human enzymes, formamide derivatives would be better
inhibitors since they are not hindered by Thr-83)(

Determinants of Specificity for Binding of Sulfoxidékhe
structure-function relationships were explored further with
the horse enzyme where the effects of mutations can be

sulfoxide compounds was surveyed with five human enzymes studied against a common structural background. In the

(Table 2). They enzyme is selectively inhibited by sulfoxide
inhibitors, and the binding affinities are similar to those for
EgADH. Inhibition of HSADH a, 3, &, and o by most
sulfoxides is 2 or 3 orders of magnitude lower than inhibition
of EQADH. As the length of the alkyl chain of the sulfoxide
increases, the binding affinities increase with all enzymes.
Extension of the butyl chain of the 3-substituted thiolane
1-oxide to hexyl has small effects on inhibition BGADH
andHsADH y. The added methylene units apparently do

human enzymes, multiple differences in amino acid residues
can produce subtle changes in structure that make interpreta-
tions uncertain. The effects of S48T, F93A, or FO3W single
mutations inEgGADH on the binding of sulfoxide inhibitors
were studied (Table 3). Ser-48 is located at the top of the
substrate binding site, and the methyl group introduced by
the S48T mutation is close to C1 of substrates. The E/S48T
enzyme has about £.00-fold lower affinity for sulfoxides
than wild-type enzyme does, probably due to steric hindrance

not make good van der Waals contacts due to the relativelybetween the methyl group of Thr-48 and the carbon next to

wide substrate binding channel. GeneratisADH 7 and
o are more sensitive to the length of the alkyl chain.

The binding constants of hexyl methyl sulfoxide to the
ando enzymes are about the same as those&efgkDH or
HSADH y, even though the binding constants of other
sulfoxides with # and o enzymes are relatively high
compared to those witHsADH y. The interaction between
the hexyl group and the middle part of the substrate binding
site of ther enzyme could be tighter than in other enzymes
because the site in the enzyme is expected (ho three-
dimensional structure of threenzyme is available at present)
to be narrower than in the other enzym2%)( The middle
part of the binding site of the enzyme is also narrow, as it

sulfur, as the distance is 2.8 A in a modeled structure (Figure
2A).

The F93A mutation was used to evaluate both strueture
function relationships and the possible cationinteraction
of the sulfoxides with Phe-93. The smaller sulfoxides,
dimethyl sulfoxide, ethyl methyl sulfoxide, and thiolane
1l-oxide (tetramethylene sulfoxide), bind ®©gADH and
E/F93A enzymes with the same selectivity. In contrast, BTO
and 3-hexylthiolane 1-oxide are relatively weaker inhibitors
of E/F93A enzyme. The small sulfoxides could bind to
E/F93A enzyme in various orientations and fill the space
vacated by removal of the Phe-93 side chain, producing
hydrophobic interactions that could compensate for the lost

has Met-57, Met-141, and Phe-309 instead of leucines. Theinteraction with Phe-93 and maintain the inhibitory potency.
modeled structure shows good van der Waals contactsLikewise, theR isomer of phenyl methyl sulfoxide could

between the alkyl chains of hexyl methyl sulfoxide or BTO

bind in another mode, and its phenyl group could fill the
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NADH

Ficure 2: Models of interactions between sulfoxide inhibitors and active site residues. (A) Binding,85)B-butylthiolane 1-oxide
(SSBTO) to HSADH ¢ enzyme. Small adjustments in the position of Met-14flwere made in order to get the fewest close contacts. The
close contacts with Thr-48 and Met-141 are indicated by dotted lines RBplienyl methyl sulfoxide binding tB8gADH (dotted phenyl
methyl sulfoxide and Phe-93) or E/F93A. The coordinates of E/F93A were obtained from the coordinatesEgAbtd—NAD™—
pentafluorobenzyl alcohol comples1) through graphical mutation. (C) §39)-3-Butylthiolane 1-oxide binding t&gADH (dotted Phe-

93) or E/F93W enzyme. The E/F93W structure with NABNd trifluoroethanol was determined from 23 430 reflections, from 8.0 to 2.5
A resolution, refined to aRaue Of 21.5% Ryee 27.3%) for a triclinic crystal with unit cell dimensions af= 44.15 A,b =51.20 A,c =
92.52 A, =92.2, p = 102.9, andy = 109.7 (S. Selvaraj and S. Ramaswamy, unpublished).

empty space created by the F93A substitution (Figure 2B). does not noticeably change the local structure (Figure 3C).
In contrast to small sulfoxides or phenyl methyl sulfoxide, Modeling of dimethyl sulfoxide or thiolane 1-oxide into the
the long alkyl side chains of BTO and 3-hexylthiolane active site of the mutated enzyme suggests that the substitu-
1-oxide could not be accommodated in the space near Ala-tion would not produce unfavorable steric interactions or
93, which explains why BTO and 3-hexylthiolane 1-oxide altered positioning (Figure 3C). The F93W substitution does
are relatively weaker inhibitors for E/F93A enzyme. not appear to alter binding interactions significantly.

The E/F93W and wild-type enzymes have similar affinities  Stereoselectity. TheSisomers of various sulfoxides bind
for most inhibitors. The three-dimensional structure of the better than the correspondifisomers toEgADH. The S
E/F93W enzyme, complexed with NADand trifluoro- enantiomers of hexyl methyl sulfoxide and phenyl methyl
ethanol, shows that the indole ring of Trp-93 occupies the sulfoxide bind 5-8-fold tighter to EGADH than do their
position of the benzene ring in the wild-type enzyme and respectiveR enantiomers (Table 4). Th&lisomers of BTO



4486 Biochemistry, Vol. 37, No. 13, 1998 Cho and Plapp

Table 3: Inhibition of Horse Liver Alcohol Dehydrogenases by
Sulfoxide$

Ki, uM

inhibitor EgADH E/F93W E/F93A E/S48T
dimethyl sulfoxide 1500 970 1200 28000
ethyl methyl sulfoxide 410 890 570 6000
phenyl methyl sulfoxide 58 440 44 17000
hexyl methyl sulfoxide 31 160 470 410
thiolane 1-oxide 19 16 21 2100
3-butylthiolane 1-oxide 0.56 1.0 12 39
3-hexylthiolane 1-oxide 0.19 0.45 1.5 5.1

2|n 46 mM sodium phosphate buffer, pH 7, at 25. P Calculated
from the values in Table 4 using the relationshifi@dcemate)= 1/Kicg
+ 1/Kjw. ¢ From refs 1 and 2.

also bind 16-100-fold tighter than their correspondingr 1
isomers 7). With the sulfoxide oxygen bound to the zinc
and the lone pair electrons oriented toward Phe-93, the alkyl
chain of the §-sulfoxide fits better into the active site than
does theR isomer, which results in a loweK; for the S
isomer. However, phenyl methyl sulfoxide shows the
opposite stereoselectivity for E/F93A (20-fold reversal
compared t&egADH). HSADH a (Thr-48, Ala-93) has less
stereoselectivity for hexyl methyl sulfoxide but more for
phenyl methyl sulfoxide than E/F93A doebklsADH S, (Thr-

48, Phe-93) is selective for tHeisomer of phenyl methyl
sulfoxide. Thus, Phe-93 and Ser-48 tend to determine
selectivity for theS isomers, whereas Ala-93 and Thr-48
interact better with th& isomers.

Cation— Interaction and Biochemical StudiesChree-
dimensional structures &gADH—NADH complexed with
BTO or dimethyl sulfoxide suggest that there is a catian
interaction between the electron-rigttioud of Phe-93 and
the positively charged sulfur7( 32, 33. The distance
between the sulfoxide sulfur and the plane of the benzene
ring is 3.4-3.7 A, and the Mulliken charge on the sulfur is
about+0.9. Binding constants for “guest” sulfoxide, sul-
fonium, or quaternary ammonium ions to a “host” (aromatic
molecule) are comparable4). The typical distance for
“amino—aromatic” interactions is 346 A according to the
survey of Burley and Petsk@%). Values below 3.4 A are
rarely observed because of unfavorable van der Waals
contacts. The optimum distance for catiegquadrupole
interaction between Kand benzene is about 2.7 A based
on electrostatic calculation8€). However, the stabilization
energy of K'—benzene at 344.4 A distance is still about
—10 kcal/mol, since it decreases relatively slowly with

SR e

""" A/é‘ig\

°

3.09 A 3.09 a

rrrrr e

Ficure 3: Complexes of various compounds optimized with HF/
6-31G**. The distances from the sulfur, carbonyl carbon, tertiary

increasing ior-ligand distance, and this prediction is in fairly ~ carbon, or nitrogen to the plane and to the center of the benzene or
six-membered ring of indole and Mulliken charges are given: (A)

good ag.ree.ment W!thH values from g.as-phase'experlments. dimethyl sulfoxide-benzene, (B) protonated dimethyl sulfoxitle
We did biochemical and computational studies to evaluate benzene, (C) dimethy! sulfoxiggndole, (D) protonated dimethyl

the cation-x interaction between the sulfoxide and Phe-93. sulfoxide-indole, (E)cis-N-methylformamide-benzene, (F) acetone

Unfortunately, no amino acid substitution would eliminate benzene, (G) Nkt —benzene, (H) 2-methylpropaneenzene.

only the quadrupole moment from Phe-93 without affecting 3). For comparison, substitution of aromatic residues

the binding interactions, but substitution with Trp could (especially Trp-86) at the active site of acetylcholine esterase

strengthen the catienr interaction. Theb initio calculation
shows that the interaction energy@) between Na—indole
(32.6 kcal/mol) is higher than that betweenNédenzene
(27.1 kcal/mol) in the gas phas87. Since the F93W

by aliphatic side chains substantially decreased binding
affinities for cationic inhibitors 38).

Evidence for a cations interaction in binding of amides
was also sought by comparing the inhibition B§ADH

substitution apparently does not disturb the structure (Figure variants by cyclic sulfoxides and cyclic amides (lactams) with

30C), an intensified cationx interaction might be observed.

five- or six-membered rings (Table 5). Amides could form

However, neither the FO3W nor F93A substitution signifi- a cation-s interaction with Phe-933(). The lactams bind
cantly alters the binding affinities of small sulfoxides (Table to the E-NADH complex, as they are uncompetitive
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Table 4: Stereoselective Inhibition of ADHs by Sulfoxides

Ki,‘uM
inhibitor isomer EGADH E/F93A Hsa Hsp:
hexyl methyl sulfoxide S 19 ND*> 460 ND
R 94 ND 816 ND
phenyl methyl sulfoxide S 33 73 180 1800
R 270 32 40 1100

2In 46 mM sodium phosphate buffer, pH 7, at 256.°ND, not
determined¢ Calculated from the value in Table 2 and the relationship
2/Kiracematey= 1/Kiig + LKir).

Table 5: Inhibition of Horse Liver Alcohol Dehydrogenases by
Cyclic Sulfoxides and Lactarhs

Ki, ,L{M
inhibitor EgADH E/FO3W E/F93A
o-valerolactam 1650 78000 7.3
2-pyrrolidinone 6300 5200 50
thiane 1-oxide 480 1800 110
thiolane 1-oxide 19 16 21

2In 46 mM sodium phosphate buffer, pH 7, at 25. ® From ref
31.¢From ref 1.

Table 6: Complexation Energies between Sulfoxides or Other
Compounds and Aromatic Molecules after Optimization with
HF/6-31G**2

AE, kcal/mol
complex HF  DFT/B3LYP DFT/B3PW9E

NH,*—benzene —15.3 -17.4 —16.9
(CH3),SO—-benzene —1.85 —1.66 —1.18
(CH;3),SO~indole —2.70 —2.52 —1.84
cissCH;NHCHO—benzene -2.64 —2.66 —2.22
(CH3),CO—benzene -1.72 —1.65 —-1.04
(CHg)sCH—benzene —0.59 —0.49 —0.082
(CH3),SOH"—benzene —8.18 —8.68 -7.97
(CH;3),SOH"—indole -11.9 —-12.8 —-12.1

aConvergence of Hartreg=ock optimization was set to 1®Hartree.
b Correlation and exchange energy correction by density functional
theory (DFT) was made after HF optimization with the 6-31G** basis
set. B3 for exchange energy calculati@8)and LYP for correlation
energy calculation24). ¢ B3 for exchange energy calculation and PW91
for correlation energy calculatior2).

or amide nitrogen) to the benzene plane are less than 4 A,
and the complexation energies are comparable to that of the
dimethyl sulfoxide-benzene complex even though the

central atoms have much less charge (Figure 3E,F). If we

inhibitors against varied ethanol concentrations and competi- assume that the interaction of 2-methylpropane with benzene
tive against carbonyl substrates. Lactams have less positivgFigure 3H) reflects the van der Waals interaction of dimethyl
charge on the carbonyl carbon and nitrogen than the sulfursulfoxide with benzene, the catierr interaction could

of the sulfoxides has and are relatively poor inhibitors for contribute about—1 kcal/mol for dimethyl sulfoxide

wild-type EGADH. The F93W mutation does not change

benzene and-2 kcal/mol for dimethyl sulfoxideiindole

binding constants for the inhibitors with five-membered rings complexes. These magnitudes are comparable to the energies
but decreases by severalfold binding of the inhibitors with of interaction for the NH moieties of imidazole and car-

six-membered rings. The F93A substitution increases by boxyamide groups with aromatic rings (Table 6,16f. The

100-fold the binding of 2-pyrrolidinone andvalerolactam,

calculations suggest that the binding of sulfoxide with indole

apparently by relieving steric hindrance, but thiolane 1-oxide should be about 5-fold better than with benzene, but this
binding and thiane 1-oxide binding are much less affected. effect was not observed with the F93W mutant enzyme.

The lactams and sulfoxides probably bind in different

orientations. The inhibition studies withgADH and the

In the observedegADH—NADH —sulfoxide complexes,
the distance between the sulfur and the benzene ring of Phe-

mutated enzymes provide no evidence to support a strongg3 is about 3.3 A, shorter than the 4.5 A in the optimized

contribution of the catioftr interaction to the binding of
sulfoxides or lactams t&gADH.

Computational Studies on Catietr Interactions. The
potential contributions of catierr interactions between
sulfoxides and the electron-rich cloud of Phe-93 or Trp-
93 were also evaluated witih initio calculations in the gas
phase (Table 6). Optimization of the dimethyl sulfoxide

model complex. The energetically unfavorable steric effect
must be offset by other interactions. The cationinterac-

tion between the sulfur and benzene might be augmented
due to polarization of the sulfoxide bound to the catalytic
zinc. A model for the maximum effect of polarization is
the protonated sulfoxide. The calculations show that the
sulfur remains 3.74.0 A away from the planes of benzene

benzene (or indole) complexes starting from the geometry or indole with 8-13 kcal/mol stabilization energy (Table 6
determined by X-ray crystallography moves the sulfur away and Figure 3B,D). In the enzyme, however, the zinc is

from the plane of the benzene ring (to 4.5 A or to 4.1 A
from the indole ring), while the two methyl groups of

neutralized by two thiolates furnished by cysteine residues
and should have much less effect on the sulfoxide. We

dimethyl sulfoxide make van der Waals contact with the conclude that the contribution of the catien interaction
benzene or indole ring (Figure 3A,C). The interaction energy to the binding of sulfoxides to ADH is relatively small. It

of dimethyl sulfoxide with benzene or indole is much lower
(—4 kcal/mol or less) than that of typical catiew interac-
tions (more than-10 kcal/mol), even considering thAiG

is underestimatedd, 39, 40. After correction with density

appears that good van der Waals interactions account for
the tight binding of thiolane 1-oxides.

Pharmacological Implications of Inhibition of ADH by
Sulfoxides. HADH  andy show higher catalytic activity

functional theory, the calculated complexation energy of thana, 7, ando enzymes for methanol and ethanol (Table
NH,* with benzene is slightly smaller than the experimental 7). It is interesting thaHsADH 7 is also active on steroid

AG (about —19 kcal/mol, ref41), but this correction

substrates42). HSADH f andy contribute significantly to

decreases the calculated interaction energies of dimethylthe total ADH activity in human liver43, 44. We studied

sulfoxide with benzene or indole.

the y, enzyme, but the/; enzyme would probably show

Interactions were also evaluated with compounds similar similar kinetic and inhibition patterns singe and y, are

to dimethyl sulfoxide. With acetone @is-N-methylform-

identical except at residues 234{Arg andy,-GIn) and 349

amide, the distances from the central atoms (carbonyl carbon(yi-1le andy,-Val), which are far from the substrate binding
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12. Hurley, T. D., Edenberg, H. J., and Bosron, W. F. (19R0)

Table 7: Kinetic Parameters of Human Alcohol Dehydrogerfases Biol. Chem. 26516366-16372.

ethanol methanol 13. Kedishivili, N. Y., Bosron, W. F., Stone, C. L., Hurley, T.
Km  Vinax Ve Kim Kn  Vinax Vina/Kin D., Peggs, C. F., Thomasson, H. R., Popov, K. M., Carr, L.

HsADH (mM) (min*l) (mM*l min*l) (mM) (min*l) (mM*l min*l) geégij?e)gggl’g, H. J., and Li, T.-K. (1995.) Biol. Chem. 270

O‘bc 3-3022 273 3 1&4 38% 9 %Aés %%%11 14. Htdg, J.-O., Hede, L.-O., Larsson, K., Jowvall, H., and von

p1 : : : : : Bahr-Lindstfon, H. (1986)Eur. J. Biochem. 159215-218.
y2 0.21 32 150 18 4.0 0.23 A .

d 15. Haodg, J.-O., von Bahr-Lindstro, H., Heda, L.-O., Holmquist,
w1200 470 4 NA B. L K., Hempel, J., Vallee, B. L., ancreall, H
o 28 1800 65 4000 51 0.013 - Larsson, ., mempel, .., valee, b. L., an » A

(1987)Biochemistry 261926-1932.
Colonna, S., Gaggero, N., Casella, L., Carrea, G., and Pasta,
P. (1992)Tetrahedron: Asymmetry, 35—106.

Mislow, K., Green, M. M., Laur, P., Melillo, J. T., Simmons,
T.,and Ternay, A. L., Jr. (1965) Am. Chem. So87, 1958-

aThe kinetics for methanol oxidation was determined with 2.4 mM
NAD™ in 46 mM sodium phosphate buffer with 7.7 mM semicarbazide
and 0.25 mM EDTA, pH 7.5, at 28C. Standard errors of fits with
HYPER @0) were 5-15%.° Data for ethanol were determined at pH
7.5, 25°C (48), and for methanol with the monkey enzyme at pH

16.

17.

1976.
7.5, 25°C (30). ¢Data for ethanol, pH 7.5, 258C (49). ¢ Data for _ :
ethanol, pH 10, 25C (50). HSADH  is not active (NA) on methanol 18'53‘356_%£62and Plapp, B. V. (1991) Biol. Chem. 266
R .
(47). © Data for ethanol, pH 7.4, 25 (19). 19. Stone, C. L., Bosron, W. F., and Dunn, M. F. (1993Biol.

Chem. 268892—-899.

Cleland, W. W. (1979Methods Enzymob3, 103-138.

Jones, T. A., Zou, J. Y., Cowan, S. W., and Kjeldgaard, M.
(1991)Acta Crystallogr A47, 110-119.

Frisch, M. J., Trucks, G. W., Schlegel, H. B., Gill, P. M. W.,
Johnsosn, B. G., Robb, M. A., Cheeseman, J. R., Keith, T.
A., Petersson, G. A., Montgomery, J. A., Raghavachari, K.,
Al-Laham, M. A., Zakrzewski, V. G., Ortiz, J. V., Foresman,
J. B., Cioslowski, J., Stefanov, B. B., Nanayakkara, A.,
Challacombe, M., Peng, C. Y., Ayala, P. Y., Chen, W., Wong,
M. W., Andres, J. L., Replogle, E. S., Gomperts, R., Martin,
R. L., Fox, D. J., Binkley, J. S., Defrees, D. J., Baker, J.,
Stewart, J. P., Head-Gordon, M., Gonzalez, C., and Pople, J.
A. (1995) Gaussian 94Revision A.1, Gaussian, Inc., Pitts-

20.
21.

site (L4). The sulfoxides, especially BTO, are selective
inhibitors ofHSADH vy, enzyme and might be usefial vivo.
BTO is an effective inhibitor of ethanol metabolism in rats
and has low toxicity Z). In contrast,HSADH g is not
strongly inhibited by BTO, and other types of inhibitors may
be required for this enzyme.
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