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ABSTRACT. Formamides are aldehyde analogues that have demonstrated potent and selective inhibition of
human alcohol dehydrogenase isoenzymes. ddugs131, v2y2, andoo isoforms have all been found to

be strongly inhibited by substituted formamides. In this paper, the structure abtligoform of human

alcohol dehydrogenase complexed whtttyclopentylN-cyclobutylformamide was determined by X-ray
crystallography to 2.5 A resolution, th#as; isoform of human alcohol dehydrogenase complexed with
N-benzylformamide and witN-heptylformamide was determined to 1.6 and 1.65 A resolution, respectively,
and the structure of the,y, isoform complexed witiN-1-methylheptylformamide was determined to

1.45 A resolution. These structures provide the first substrate-level view of the local structural differences
that give rise to the individual substrate preferences shown by these highly related isoenzymes. Consistent
with previous work, the carbonyl oxygen of the inhibitors interacts directly with the catalytic zinc and the
hydroxyl group of Thr48 (Ser48 fop,y,) of the enzyme. The benzene ring dfbenzylformamide and

the carbon chains dfl-heptylformamide andN-1-methylheptylformamide interact with the sides of the
hydrophobic substrate pocket whose size and shape is dictated by residue exchanges bett@en the
andyzy» isoenzymes. In particular, the exchange of Ser for Thr at position 48 and the exchange of Val
for Leu at position 141 in theyy, isoenzyme create an environment with stereoselectivity for the
R-enantiomer of the branch&d1-methylheptylformamide inhibitor in this isoenzyme. The primary feature

of the aa. isoform is the Ala for Phe93 exchange that enlarges the active site near the catalytic zinc and
creates the specificity for the branchidetyclopentylIN-cyclobutylformamide inhibitor, which shows the
greatest selectivity for this unique isoenzyme of any of the formamide inhibitors.

Excess ethanol consumption is believed to contribute to acid synthesis by consumed ethanol may contribute to the
many pathologic conditions including malnutrition, heart abnormalities associated with fetal alcohol syndroB)elf
disease, liver disease, and cancgr The severity of these s, therefore, important to develop different methodologies
conditions depends on the amount and the time course ofto study the role of human ADH enzymes in alcohol and
ethanol consumed and upon the ability of the human body aldehyde metabolism.
to metabolize and ellmlngte ethanol. In humans,' the_re aré  The zinc-dependent medium chain alcohol dehydrogenases
several systems that contribute to ethanol metabolism includ-4,¢ cytosolic, dimeric isoenzymes that catalyze the NAD-
ing first-pass metabolism in the stomach, the microsomal (4y.dependent, reversible oxidation of alcohols to their
ethanol oxidizing system (MEOS), catalage, and the glcohol corresponding aldehydes or ketonds Seven zinc-depend-
dehydrogenase (ADH) enzymefy.(The relative contribution ot ADH genes ADH1-ADH7) have been identified in
of each of these systems toward the oxidation of ethanol , ;mans §). Theaa, BB, y1y1, 7, andyy isoenzymes are
and other dietary and biogenic alcohols and aldehydes is notgcoged by thé‘DH,lA Aleé AD,H1C, ADH4 andADH5
fully understood @). Itis curr_ently believed that the ADH genes, respectivelys). No human protein product has yet
isoenzymes provide the major pathway for the metabolism oo identified in vivo for theADH6 gene 6). The ADH7
of consumed ethanol as well as other alcohols and aldehyde§Jene encodes theo isoenzyme §). Functional polymor-
that are biologically importan®j. Since the ADH enzymes phisms have been identified at tAOH1B (8:51, B2f2, and
contribute significantly to the metabolism of many different f4#3) and ADHLC (y1y1, andyay2) loci (5). The different
compounds, it is likely that consumption of excess ethanol ;o isoenzymes exhibit divergent enzymatic character-
perturbs many pathways by competing with the physiologiC jgtics \ith respect to their turnover rate and catalytic
substrates. For example, inhibition of ADH-mediated retinoic efficiency toward ethanol. A classification scheme has been
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Table 1: Inhibition Constants for Substituted Formamida$/)

Formamide Inhibitor ADH Isoenzyme
oL BiB: Y nn oo
N-benzylformamide 31 0.33 4.9 110 11
N—/0

@/\’!‘
N-heptylformamide 3.6 0.33 12 11 0.74
\/\/\/\NJO

H
(R,S)-N-1-methylheptylformamide 7.0 1.7 041 40 100

CH,

NN W

H
N-cyclopentyl-N-cyclobutylformamide | 0.36 10000 | 47 360 1100

el

aData extracted from ref3.

ADH isoenzymes ADH1A ADHI1B and ADH1C gene onstrate potent and selective inhibition of human ADH
products), and they have been shown to form both homo-isoenzymes. Thea, 84, yy, andoo isoforms of ADH have
and heterodimers (e.gaf1) (5, 8). Although the overall all been found to be strongly inhibited (sub-micromadkar
sequence identity among the Class | ADH isoenzymes is values) by variously substituted formamides (Table 1). The
high, the identity between the active sites is lower; ranging formamides bind to the ADHNADH complex and are,
between 50 and 70% sequence identity in pairwise com- therefore, uncompetitive against alcohols and competitive
parisons 9). The differences between the active sites are against aldehydes or ketonek3). Inhibitors of this class
substantial enough that selective inhibitor design is feasible. have been shown to decrease ethanol elimination in vivo and
In contrast to these within class properties, the other classescould prove to be effective in blocking production of toxic
of ADH exhibit roughly 60% sequence identity with the class alcohol metabolites, such as formic acid and glycolic acid,
| ADH isoenzymes and have only been found as homodimerswhich are produced by the ADH-facilitated oxidation of
(2. methanol and ethylene glycol, respectively

Over the years, in vitro studies of the human isoenzymes The structural dimensions and properties of the active sites
have provided valuable information but have not established of the humarua, 811, y2y2, andoo ADH isoenzymes vary
unambiguous roles for the human ADH isoenzymes in vivo. considerably due to amino acid substitutions within their
Recent in vivo studies in ADH null mutant mice support Substrate binding site9,(15). The aim of this study was to
some of the in vitro findings10) but cannot address the obtain detailed three-dimensional structural information about
issue of the human class | ADH isoenzymes since mice the binding of isoenzyme-specific formamides to human
possess only one isoenzyme in this class, whereas humané&DH isoenzymes. We present here the structures of the three
have three. Nor can this type of study be applied to the classclass | ADH isoforms complexed with their respectively most
Il or V ADH enzymes. The mouse class Il ADH has very potent formamide inhibitors. These structures provide the
different properties than the orthologous human fofirh) ( first substrate-level view of the structural differences that
and a class V ADH has not been identified in miég One underlie the characteristic substrate specificities of each
potential approach to studying human ADH isoenzymes in individual isoenzyme. These inhibitors could find use in
vivo would be to measure substrate metabolism in the Studies designed to assess the contribution of a particular
presence of isoenzyme specific inhibitors. ADH isoenzyme toward the metabolism of a particular

Several types of ADH inhibitors have been identified. Substrate or may be useful for identification of physiologic
Most, including 4-methylpyrazole, are not useful for such Substrates for each isoenzyme.
_studles because they do not selectively |nh|p|§ specific ADH EXPERIMENTAL PROCEDURES
isoenzymes 12). To date, the most promising class of
inhibitors for studying ADH function are formamide$3). Enzyme Expression, Purification, and Crystallizatidhe
Formamides are unreactive aldehyde analogues that demhumanaa, 5151, andy,y. ADH isoenzymes were expressed
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Table 2: Data Collection and Refinement Statistics

B1B1—BF complex

B1f1—HF complex  ao—CPCB complex  y2y,—MHF complex

Diffraction Data Statistics

space group P1

cell dimensionsd, b, ¢, in A) 44.8,52.5,90.1
cell angles &, S, y, in deg) 79.8,89.7,69.0
resolution range (A) 301.6

total observations 237103
unique reflections 88870
completenes$q%) 90.2 (78.2)
Rrergé (%) 4.6 (17.2)

/o2 20.9 (6.6)
refinement statistics

test set size (% of total) b5

Rwork/Rfree 0. 169/0190
averageB-value 19.6

r.m.s. deviation from ideal bond lengths (&) 0.009

r.m.s. deviation from ideal bond angles (deg) 2.23

P1 P2, P2,
44.3,52.8,90.4 56.0, 71.5, 92.8 55.4,67.1, 92.7
79.6,89.4, 68.6 90, 102.8, 90 90, 103.8, 90
30-1.65 30-2.49 29-1.45
238652 38928 423198
80448 23930 116320
89.4 (69.8) 90.0 (78.6) 99.6 (99.0)
3.7 (15.1) 7.5(36.2) 5.2 (43.2)
29.9 (7.6) 11.3 (3.0) 17.2 (3.1)
5 5 5
0.165/0.185 0.202/0.232 0.184/0.211
18.0 216 21.0
0.010 0.010 0.020
1.74 2.06 1.84

2 The corresponding statistics for the high-resolution shells (10 equal bins) within each data set are given in pareftiesestructures were

refined using identically flagged sets Bf.e. reflections.

and purified using published procedur&. (The purity of

molecules, with the exception of the bound zinc ions, were

each alcohol dehydrogenase isoenzyme was monitored andemoved from each coordinate file. Following successful

confirmed using SDSPAGE and ADH activity assays as
previously describeddj. All crystals were grown using the
sitting drop vapor diffusion method at°€. a.c. crystals were
grown at 6.5 mg/mL enzyme, 3 mM NAD 100 mM Na-
ACES, pH 6.6-6.1, and 13-15% PEG 60003,3; crystals
were grown at 15 mg/mL enzyme, 2 mM NAD50 mM
sodium phosphate, pH 7.5, and 11B% PEG 8000y2y-
crystals were grown at 10 mg/mL enzyme, 4 mM NAD
50 mM Tris-HCI, pH 9.0, and 1719% PEG 6000.

identification of each orientation solution, the structures were
refined using CNSX9) (o andf181) or CNS and Refmach
(20) (y2y2). Only for the refinement of thewa isoenzyme
were bond and angle restraints applied to maintain the
metal-ligand geometries of the active site and structural zinc
centers. Each structure was refined using iterative cycles of
restrained automated refinement of the atomic positions and
individual restrained isotropic temperature factor refinement
utilizing a maximum-likelihood target function, followed by

In all cases, the isoenzymes were crystallized as binary manual inspection of the resulting structures usin,

complexes with the cofactor NAD The inhibitors were then

figure-of-merit-weighted electron density maps in the pro-

soaked into the crystals by transferring the crystals into gram O @1). Parameters for the restrained refinement of each

solutions of mother liquor containing 1 mM appropriate
inhibitor and 1 mM NADH, substituting for NAD. The
inhibitors were obtained from Dr. Bryce Plapp (University
of lowa) in lyophilized form and were reconstituted to 10
mM with ultrafiltered, deionized water. Following soaking,
the crystals were flash-frozen t6165°C and then examined
for their ability to diffract X-rays to high resolution using

formamide inhibitor were developed using XPLO2D routine

associated with the program O combined with manual
adjustment of the dihedral and improper restraints. No
restraint was utilized between the catalytic zinc atoms and
the carbonyl oxygen atom of each inhibitor.

RESULTS

the crystallographic equipment associated with the Center

for Structural Biology located in the Department of Bio-
chemistry and Molecular Biology.
Data Collection.The 8,31 and o diffraction data were

The structure of the humaaa ADH isoenzyme com-
plexed withN-cyclopentyIN-cyclobutylformamide CPCB)
was solved to 2.49 A, the structure of the hungaf, ADH

collected on the Rigaku H2R rotating anode X-ray generator isoenzyme complexed with-benzylformamide §F) and
equipped with a Rigaku RAXIS 1IC image plate area detector With N-heptylformamide KiF) was solved to 1.60 and 1.65
associated with the Center for Structural Biology. Fhe; A, respectively, and thgzy isoform complexed with\-1-
diffraction data were obtained using synchrotron radiation MmethylheptylformamideMHF) was solved to 1.45 A. Al
on equipment associated with Beamline X12B at the National Structures were refined using the programs CNS and/or
Synchrotron Light Source located at the Brookhaven National Reéfmacs. A summary of the data collection and structure
Laboratories. All the diffraction data were indexed, inte- efinement statistics is presented in Table 2.
grated, and scaled using the HKL (v1.97.2) suite of programs  Theaa, 3181, andyzy. crystals all have a dimer compris-
(16). The raw intensity data were subsequently converted to ing the asymmetric unit. Thea, 5151, andyzy, isoenzymes
their individual structurefactor components using the share 93% sequence identity, and their overall structures are
program TRUNCATE as implemented in the CCP4 suite of virtually identical. Pairwise coordinate alignments using the
programs 17). Co atoms of individual subunits show between 0.3 and 0.4
Structure SolutionThe structures of the humarw, 5151, A root-mean-square deviations in atomic positions not
andy.y, isoenzymes complexed with their selective forma- involved in lattice contacts. As previously described, there
mide inhibitors were solved using the program AMORE (18) is a slightly more closed conformation of the catalytic
for molecular replacement and the existing coordinates for domain, relative to the coenzyme domain, in the
each isoenzymelHSO, 1HSZ, and 1HTO, respectively. isoenzyme that slightly narrows the entrance to the substrate-
Prior to use for molecular replacement, all ligands and solvent binding site but otherwise has minimal impact on the
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(A)

318

Ficure 1: Electron density for the bound benzylformamide (A) and bound heptylformamide (B) in the substrate-binding site of human
151 alcohol dehydrogenase. Figures4£ were produced using the program SPDB View#8) (and rendered using the program POV-
RAY.

structure-activity relationships of substrate binding to this substrate-binding site. The bound conformationNtF is
isoenzyme9). Consequently, the structures of the respective similar to the conformation ofR)-N-1-methylhexylforma-
substrate-binding pockets of these isoenzymes differ prima-mide bound within the substrate-binding site of equine liver
rily as a result of the amino acid substitutions that occur alcohol dehydrogenas&4). Despite the fact that the sample
within this binding pocket. of MHF utilized for the crystallographic experiments is a
The interactions between the bound formamides and thel:1 racemic mixture (refl3; B. V. Plapp, personal com-
catalytic zinc, position 48, and the nicotinamide rings are munication), only the R-enantiomeric form of the inhibitor
all similar to that observed when bound to equine liver is observed, and the enantiomeric methyl group projects into
alcohol dehydrogenasd4, 22). In all cases, the carbonyl an enlarged region of the binding pocket formed by the
oxygen of the inhibitor coordinates directly to the catalytic presence of the smaller Ser48/Vall141 residues inythre
zinc atom at distances between 2.1 and 2.4 A and forms astructure (Figure 2). This same area of the substrate-binding
hydrogen bond with the hydroxyl group of Thr48 in the site is also likely responsible for the enzyme’s ability to
enzymes (Ser48 ip,y2). Each inhibitor presents its re-face oxidize 3-hydroxysteroids 23, 24). The most obvious
toward the nicotinamide ring of the bound coenzyme. The structural feature of thewo isoform is the Ala for Phe93
C4 atoms of the nicotinamide rings and the carbonyl carbon substitution near the catalytic zinc that enlarges the site and
atoms of the inhibitors are an average of 3.8, 3.9, and 3.4 A provides space for the disubstitut€®CB to bind with high
from each other in thexa, (181, and yzy, structures, complimentarity (Figure 3). As previously predicted from
respectively. However, only in theo structure is the angular  modeling studies1(3), the inhibitor binds in the E-conforma-
relationship between the two Shybridized carbon centers  tion with the cyclobutyl ring positioned within the hole
optimal for hydride transfer. The benzyl ring of the inhibitor created by the substitution of Ala for Phe93.
BF is located in the entrance pocket of thg; active site
where it interacts with the hydrophobic residues that project DISCUSSION
from its surface (Figure 1A). In the tw6yf; structures, the As previously observed, the overall structures of all three
same residues that interact wBlr interact with the seven-  class | ADH isoenzymes are nearly identical, consistent with
carbon aliphatic chain oHF as it adopts a hook-like their ~93% sequence identity. Both they, and thef:5:
conformation (Figure 1B). The branched eight-carbon chain isoenzyme structures are of significantly higher resolution
of the inhibitorMHF interacts in a more extended fashion as compared to the previously published binary complexes
within the hydrophobic pocket that comprises the/, (9). Despite numerous efforts, the crystals for the
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Ficure 3: Electron density for cyclobutycyclopentylformamide bound to the huomamlcohol dehydrogenase.

isoenzyme did not diffract significantly past the previously =~ Considerable work concerning the differences in substrate
attained 2.5 A. In all cases, the protein crystals were grown specificity among the human class | isoenzymes has focused
as binary complexes with coenzyme. Soaking the formamide on the unique characteristics of the isoenzyme. In contrast
inhibitor into each preexisting binary complex crystal formed to other ADH isoenzymes, then. isoenzyme readily oxidizes
the ternary complexes reported here. Aside from occupancysecondary alcohols with high catalytic efficiency and does
of the substrate-binding sites, we observe no significant so with a stereoselectivity that is opposite that of other ADH
to their previously reported structures. secondary alcohols has been shown to result from the
The structures of the twf,5, structures show the nature gy pgtitution of Ala for Phe9326). This single substitution
of the interactions within the binding pocket that can ,heng yp the area of the substrate pocket on the side that is
accommodate both aromatic and aliphatic substrates. BOthopposite to that of Thr/Ser48. Not surprisingly then, the
BF a_nd HF possess the same number of carbon atoms anOIisoenzyme has a very different structtiativity profile for
identical binding canstants (Table 1). The conformations substituted formamides. The formamide with the strongest
adopted by the inhibitors while bound within the substrate- di iati t twés one in which two cvelized arouns
binding pockets bury very similar solvent-accessible surface Issociation constan . . y group
areas (369 AHF vs 338 & BF). Every carbon atom of the =~ V€'® attached to the amide nitrogeBPCB (13). The
inhibitors contacts residues within the binding pocket and structgre of this compoun(_j mimics, but does r_10t completely
therefore contributes to the overall binding energy. Bt~ 'ecapitulate, the interactions that occur with secondary
is less effective as an inhibitor for theo and yay» alco_hols or ketones since the substitution occurs at the
isoenzymes, compared to tfg: isoenzyme, is likely due equwale_nt tq the C2 posmon. of substrate alcohols or ketones.
to steric restrictions brought about by Met57 and Val116 in BY burying its total accessible surface of 372, £PCB
the ao. isoenzyme and 1le318 in theyy, isoenzyme. Each ~ effectively maps out the accessible surface of the
of these residues narrows the outer region of the substrateSubstrate-binding site, with the exception of the entry area
binding site near carbons% of the benzene ring and the ~e€ncompassed by residues 306 and 116 (Figure 4). However,
entrance to the substrate-binding site (Figure 4). Incthe the bulk of the remaining available interactions within the
isoenzyme, the loss of the amidaromatic dipole interaction ~ substrate-binding pocket are largely hydrophilic in nature;
(14, 22) at position 93 undoubtedly also contributes to the thus, it is unlikely that the presence of an additional aliphatic
weaker interactions for the monosubstituted inhibitors. substituent added to the 3-position of the cyclopentyl ring
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(A)
NADH
Zn
V294
F140
F93
M306 L141
L309
V318 V318

Ficure 4: Comparison of the active site structures and the bound formamidestf¢t, 51, andy,y, alcohol dehydrogenase isoenzymes.

(A) An alignment of the twag3;3; structures with bound benzylformamide (red) and heptylformamide (black). (B) An alignment of the
structure ofoca. with bound cyclobutylcyclopentylformamide (violet) and the active site structure g¥sffieisoenzyme. (C) An alignment

of the humang,5; and humarny,y, isoenzymes with their bound heptyl- (black) and 1-methylheptylformamides (red), respectively. These
figures were generated using the program MOLSCRIPY) &nd rendered using the program RASTERZD, 31).

(13) would significantly enhance its interactions with the tails for HF andMHF are relatively similar throughout the
isoenzyme. first six atoms within theBi: and yzy, active sites,

An intriguing result of this work is the enantiomeric respectively, and in both cases the final carbon of the chain
selectivity of they,y, isoenzyme foMHF in comparison is disordered as evidenced by the weak electron density at
to the binding of the achiralF. The paths of the aliphatic = these positions (Figures 1 and 2). Thus, it is likely that the
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structure ofHF bound to thef5; isoenzyme would be 5.

representative of its mode of binding to thg, isoenzyme.
However, without the branched methyl substitueH& 6
would likely not completely desolvate the substrate-binding
site in the vicinity of Vall41l. Thus, the difference in the
binding constants foHF andMHF in the y»y, isoenzyme
undoubtedly reflects both the gain of a productive interaction
with the neighboring hydrophobic residues contributed by

the methyl substituent and the differences in solvation (the 8.

solvent-accessible surface areaMfiF buried within the
active site is 407 vs 369%or HF). The methyl substituent

at the C3 position is well-optimized for the available space 9.

at this position in the binding pocket gy, since lengthen-
ing the substituent to an ethyl group results in a 3-fold
increase in the inhibition constarit4). The stereoselectivity
observed in this work is consistent with data using the

purified enantiomers afl-1-methylhexylformamide, in which 11

the purified R-enantiomer was shown to bind to the human
y2y2 isoenzyme 7-fold more tightly than the S-enantiomer 4,
(14). As mentioned previously, enantiomeric selectivity is

not a surprising feature of substrate binding to ADH 13.

isoenzymes. Previous work with alcohol substrates had
focused on chiral differences at the C1 position of the 4
substrate. Here, enantiomeric selectivity is achieved at the
equivalent to the C3 position of a substrate, but the basis
for this selectivity is the samethere is more room for chiral
substituents oriented toward positions 48 and 141 in ADH

isoenzymes that possess aromatic rings at positior2®3 ( 16.

In conclusion, the structures of the three human class |
ADH isoenzymes in ternary complexes with isoenzyme 17
specific substituted formamides provide the first substrate-
level view of how the amino acid substitutions within their
substrate-binding pockets give rise to their overlapping, but
distinct, substrate preferences. Thgs, isoenzyme is the 19
most restrictive in the vicinity of the catalytic zinc atom but
widens to accept both aromatic and long-chain aliphatic
compounds, while both theyy, and theoa isoenzymes have
more available space for branched substituents near the

catalytic zinc atom, yet are more narrow in the middle and 21.

outer regions of their respective substrate-binding sites. The
oo isoenzyme is the most unique in its substrate-binding
site structure, and consequently, doubly substituted forma- 2,
mide compounds are the most effective inhibitors for this
isoenzyme and show the greatest selectivity for this ADH
isoenzyme as compared to all other known forms.
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