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ABSTRACT: Structures of horse liver alcohol dehydrogenase com-
plexed with NAD+ and unreactive substrate analogues, 2,2,2-trifluor-
oethanol or 2,3,4,5,6-pentafluorobenzyl alcohol, were determined at 100
K at 1.12 or 1.14 Å resolution, providing estimates of atomic positions
with overall errors of ∼0.02 Å, the geometry of ligand binding,
descriptions of alternative conformations of amino acid residues and
waters, and evidence of a strained nicotinamide ring. The four
independent subunits from the two homodimeric structures differ only
slightly in the peptide backbone conformation. Alternative conformations
for amino acid side chains were identified for 50 of the 748 residues in
each complex, and Leu-57 and Leu-116 adopt different conformations to
accommodate the different alcohols at the active site. Each fluoroalcohol
occupies one position, and the fluorines of the alcohols are well-resolved.
These structures closely resemble the expected Michaelis complexes with the pro-R hydrogens of the methylene carbons of the
alcohols directed toward the re face of C4N of the nicotinamide rings with a C−C distance of 3.40 Å. The oxygens of the alcohols
are ligated to the catalytic zinc at a distance expected for a zinc alkoxide (1.96 Å) and participate in a low-barrier hydrogen bond
(2.52 Å) with the hydroxyl group of Ser-48 in a proton relay system. As determined by X-ray refinement with no restraints on
bond distances and planarity, the nicotinamide rings in the two complexes are slightly puckered (quasi-boat conformation, with
torsion angles of 5.9° for C4N and 4.8° for N1N relative to the plane of the other atoms) and have bond distances that are
somewhat different compared to those found for NAD(P)+. It appears that the nicotinamide ring is strained toward the transition
state on the path to alcohol oxidation.

Horse liver alcohol dehydrogenase (ADH, EC 1.1.1.1) is a
very well-studied enzyme.1 The kinetics and catalytic

mechanism have been described previously.2 Three-dimen-
sional structures have been determined for a variety of
complexes with native and mutated enzymes.3,4 ADH is the
first enzyme for which a conformational change involving
rotation of domains upon binding a substrate was described;5

this conformational change is intimately related to catalysis.6

Kinetic isotope effects provide evidence of quantum mechanical
hydrogen tunneling during catalysis,7 and temperature-
independent isotope effects are consistent with a role for
vibrationally assisted tunneling.8−11 Computational studies,
based on three-dimensional structures of ADH, have addressed
the energetics of proton and hydride transfer steps and the
roles of protein motion in catalysis.12−18 Nevertheless, the
connection between protein dynamics and tunneling has not
yet been established.19 Furthermore, some atomic-resolution X-
ray studies of ADH raise questions about the chemistry of
interconversion of ternary complexes during catalysis.20,21

Atomic-resolution structures22 provide a wealth of detail that
is critical for understanding enzyme function. For such studies,
it is important to crystallize the enzyme with the actual
substrates or ligands that are sterically and chemically similar to
the substrates. For alcohol dehydrogenase, complexes with

NAD+ and fluoroalcohols are especially informative because the
fluorines are sterically similar to hydrogens, are readily visible in
electron density maps, and produce an unreactive substrate
analogue because of electron withdrawal, so that the
nicotinamide ring should remain oxidized. The alcohols chosen
for this study, 2,3,4,5,6-pentafluorobenzyl alcohol (PFB) and
2,2,2-trifluoroethanol (TFE), are potent competitive inhibitors
of alcohol oxidation by ADH (Ki values of 0.52 and 8.4 μM,
respectively). A structure with the wild-type enzyme complexed
with PFB was previously determined at 2.1 Å resolution at 4
°C.23 PFB is a good analogue of benzyl alcohol, a good
substrate that has been used extensively for kinetic studies and
evaluation of quantum mechanical tunneling. TFE is an
analogue of the natural substrate, ethanol, and no high-
resolution structure with the wild-type enzyme has been
reported, although there are moderate-resolution structures
with mutated ADHs that are centerpieces for understanding the
requirements for hydrogen tunneling.19 With cryocrystallog-
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raphy and synchrotron radiation, the desired atomic-resolution
structures could be determined.

■ EXPERIMENTAL PROCEDURES
Crystallization. Wild-type (natural) crystalline horse liver

alcohol dehydrogenase (EE isoenzyme) and LiNAD+ were
purchased from Roche Molecular Biochemicals. The fluo-
roalcohols (98−99%) were purchased from Aldrich and used
without further purification. 2-Methyl-2,4-pentanediol was
obtained from Kodak and treated with activated charcoal
before being used. The crystals of wild-type ADH complexed
with NAD+ and the fluoroalcohols were prepared as described
by the general procedure used previously.23 The enzyme was
first recrystallized from 10 mM sodium phosphate buffer (pH
7.0) at 4 °C with 10% ethanol; the crystals were redissolved in
buffer with some added KCl, and the solution was dialyzed
extensively against 50 mM ammonium N-[tris(hydroxymethyl)-
methyl]-2-aminoethanesulfonate buffer and 0.25 mM EDTA
(pH 6.7) (measured at 25 °C and pH 7.0 and at °C). The
solution was clarified by centrifugation. Approximately 1 mL of
10 mg/mL (A280 = 0.455 cm−1 for 1 mg/mL) enzyme was
dialyzed in washed 1/4 in. diameter tubing at 4 °C against 10
mL of the same buffer with 1 mM NAD+ and 10 mM
pentafluorobenzyl alcohol or 100 mM trifluoroethanol for ∼1
h, and then the concentration of 2-methyl-2,4-pentanediol was
increased by dialysis over some days to 12% when crystals
formed. After that, the concentration of the diol was increased
slowly to a final value of 25%, which was sufficient for
cyroprotection at 100 K.
X-ray Crystallography. The crystals (∼0.3−0.4 mm thick)

for both complexes were mounted on fiber loops (Hampton
Research) and flash-cooled by being plunged into liquid N2. X-
ray data were collected at 100 K. The data for the
pentafluorobenzyl alcohol complex were collected March 9,
2006, on the GM/CA-CAT 23ID beamline with a
MAR300CCD detector at the Advanced Photon Source with
an X-ray wavelength of 0.9537 Å with a 0.025 mm × 0.075 mm
beam and a 133 mm distance with 8 s exposures and 0.2°
oscillations over 360° total and then for a low-resolution pass at
300 mm with 2 s exposures with 0.2° oscillations over 360°
total. The data for the trifluoroethanol complex were collected
June 24, 2009, on the SBC 19ID beamline with an ADSC315r
Quantum detector at APS with an X-ray wavelength at 0.9184
Å with a 0.05 mm × 0.05 mm beam and a 130 mm distance,
with 4 s exposures with 0.5° oscillations for 760 images
covering 380° total. Data were processed with d*TREK.24 Both
structures were determined by molecular replacement using the
coordinates for the refined wild-type ADH−NAD+−2,3,4,5,6-
pentafluorobenzyl alcohol complex [Protein Data Bank (PDB)
entry 1HLD] as a model.23 The structures were refined by
cycles of restrained refinement with REFMAC525 and model
building with O.26 Model bias was avoided during the initial
refinement by not including the fluoroalcohol in the model, and
omit maps were used where structural features were in doubt.
Initially, the nicotinamide ring in the NAD+ molecule
dictionary was set to be planar, but as a test of the identity
of the coenzyme, the monomer dictionary used by REFMAC
was modified to remove the restraints on planarity and relax the
restraints on bond distances (from 0.02 to 0.10 Å) for the
nicotinamide ring. This modified coenzyme is named NAJ in
our coordinate files to distinguish it from NAD (with tight
restraints) listed in other structures. SHELXL27 was also used
for refinement with no restraints for the coenzyme. After

rounds of blocked, diagonal least-squares refinement, a blocked,
full-matrix refinement was used to determine bond distances
and their errors for important structural features.
During the early stages of refinement, hydrogens were

included in riding positions, and isotropic temperature factors
were refined. The hydrogens contribute to scattering,
decreasing the R values (by ∼1%), but not sufficiently to be
refined in a manner independent of the parent atom.
Hydrogens in methyl, amino, and hydroxyl groups, where the
torsion angle is not known, were given zero occupancy.
Alternative conformations of amino acids and waters were
assigned on the basis of indisputable visual evidence: divergent
electron densities at the +1σ level above the average in 2|Fo| − |
Fc| maps, divergent lobes, and consistent plus/minus densities
at +3.5/−3.5σ in |Fo| − |Fc| maps. Occupancies were adjusted to
make the temperature factors similar for the alternative
positions. An arbitrary cutoff for B values for water molecules
was not applied, but waters were included when there was
density above +1σ in 2|Fo| − |Fc| maps and the distances to
other atoms were compatible with hydrogen bonds. Single
waters were fit in most cases, but bilobate (“dumbbell”)
densities were fit with two alternative atoms when the distances
were between ∼1.6 and ∼2.4 Å. Some waters were placed in
ellipsoidal densities, which were assumed to be characterized by
anisotropic refinement. Extensive clusters of waters were
observed. Partial waters were included to fit alternative
conformations of amino acid residues. In the final stages,
refinement with anisotropic temperature factors for all atoms
with a restraint of 10 for sphericity was used. The final models
were well-described by the electron density maps; however,
side chains for some residues on the surface of the protein
(such as lysine and glutamic acid residues) were not completely
within the density, and many peaks of density, probably
because of additional water or methylpentanediol molecules,
were not modeled because of a lack of contacts with the
protein. The amino-terminal acetyl groups found for the
enzyme isolated from horse liver1 were not modeled, for lack of
density. The structures were checked with PROCHECK.28 All
residues had favored or allowed backbone conformational
angles, except that Cys-174 residues (ligated to the catalytic
zincs) were in the generously allowed region. EXCEL was used
for statistical analyses.

■ RESULTS AND DISCUSSION
Refinement and Model Building. Table 1 summarizes

the X-ray data collection and refinement. The homodimeric
molecule in the asymmetric unit has a total of 748 amino acid
residues, four zinc atoms, two NAD+ molecules, four
methylpentanediols, two fluoroalcohols, and 1040 waters (in
the complex with pentafluorobenzyl alcohol) or 1025 waters
(in the complex with trifluoroethanol). Because of the
alternative conformations, the number of fitted atoms is larger
than the actual number in the structures.
The asymmetric unit is a dimer, consisting of two identical

chemical subunits, but differing slightly in conformation. The
structures of the complexes with PFB and TFE are essentially
identical, superimposing all α-carbons with an rmsd of 0.09 Å.
Superpositioning only the coenzyme binding domains (residues
176−318) of subunit A onto subunit B for the structure with
pentafluorobenzyl alcohol gives an rmsd of 0.08 Å, whereas
superpositioning of all residues is accomplished with an rmsd of
0.17 Å. The α-carbons of the superpositioned residues are
almost identical, suggesting that the conformations of both
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subunits are very similar, but subunit B has a slightly more open
conformation, giving rise to differences of up to 1 Å in the
catalytic domain as compared to subunit A. The similarity in
the subunits suggests that both active sites can be catalytically
active and provides no evidence of cooperativity in catalysis.
The structure of ADH crystallized with NAD+ and PFB

previously reported at a resolution of 2.1 Å, determined at 4
°C,23 and our structure superimpose using the coenzyme
binding domains (residues 176−318) with an rmsd of 0.31 Å
(0.37 for all α-carbons), but there is a small expansion of ∼0.7
Å in overall size at 177 °C. Previous studies that compared a
series of structures of other proteins determined from 80−98 to
295−320 K also noted an expansion.29−31 Most features are the
same in both ADH structures, but some side chains have
somewhat different positions. The additional data (250801
unique reflections compared to 37512) lead to a greatly
improved structure, with many alternative conformations and
more accurate estimates of noncovalent bond distances and
anisotropic atomic displacement parameters. A structure of
horse liver ADH with the A317C substitution (located near the
carboxyamido group of the nicotinamide ring) was determined
at 1.2 Å resolution and is almost identical to our structure
(PDB entry 3OQ6).32 This study analyzes the details of the
atomic-resolution structures.

Active Site Architecture. The X-ray data provided
electron density maps at atomic resolution. Figure 1 shows
the binding of the NAD+ and fluoroalcohols in maps that are
contoured to show how the electron density envelopes grow in
size with an increasing atomic number. The positions of the
atoms are well-defined, and the fluorine atoms stand out. The

Table 1. X-ray Data and Refinement Statistics for Horse
Liver Alcohol Dehydrogenase Complexed with NAD+ and
Fluoroalcohols

2,3,4,5,6-
pentafluorobenzyl

alcohol
2,2,2-

trifluoroethanol

PDB entry 4DWV 4DXH
space group P1 P1
no. of homodimeric
molecules per unit cell

1 1

cell dimensions (Å) 44.29, 51.44, 92.49 44.25, 51.16, 92.53
cell angles (deg) 91.72, 103.1, 110.1 91.91, 103.0, 109.9
resolution range (Å) 20.0−1.14 20−1.12
no. of measured reflections
(total, unique)

1203625, 253394 1073887, 267668

completeness (%) (outer
shell)

93.7 (84.5) 94.2 (91.4)

Rmeas (%) (outer shell)
a 6.5 (30.8) 5.4 (42.2)

mean ⟨I⟩/σ⟨I⟩ (outer shell) 12.9 (3.2) 9.7 (2.1)
Rvalue, Rfree, test (%)

b 12.4, 14.4, 1.0 12.7, 14.7, 0.5
mean B value (Å2) (Wilson,
REFMAC)

11.4, 14.9 9.6, 13.3

rsmd for bond distancesc (Å) 0.013 0.011
rmsd for bond anglesc (deg) 1.67 1.64
estimated error in
coordinates (Å)

0.020 0.019

no. of atoms fit 6996 6973
aRmeas = Rrim (redundancy-independent merging).24 bR = (∑|Fo −
kFc|)/∑|Fo|, where k is a scale factor. Rfree was calculated with the
indicated percentage of reflections not used in the refinement.88
cRoot-mean-square deviations from ideal geometry.

Figure 1. Electron density maps for complexes of ADH with NAD+ and the fluoroalcohols. Interactions in the proton relay system are shown with
dashed lines. The dotted line with the 3.4 Å label shows the distance between C4N of the nicotinamide ring and the methylene carbon of the alcohol.
The stereoviews are rotated ∼180° to allow different views. (A) Binding of pentafluorobenzyl alcohol. The electron density is ∼4σ above the mean.
(B) Binding of trifluoroethanol. The electron density is ∼4.9σ above the mean.
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plane of the pentafluorobenzyl group is clear. The trifluor-
omethyl group has one position, suggesting a lack of free
rotation about the C1−C2 bond. In each structure, the
hydrogen-bonded network connecting the oxygen of the
alcohol to His-51, which can act as the base in catalysis, is
shown with dashed lines.23,33,34 The distance between C4N of
the nicotinamide ring and the methylene carbon of the alcohol
is 3.4 Å in all four subunits, illustrating a ground-state complex
that mimics the expected Michaelis complex.
Figure 2 illustrates the interactions of the two different

fluoroalcohols in the substrate binding sites. The hydrogen
atoms riding on the methylene carbons are included, to indicate
that the pro-R hydrogen is directed toward the position
expected for direct transfer of hydride to C4N (re face) of the
nicotinamide ring.35 The binding site is hydrophobic, consistent
with the observation that this enzyme is very selective for
nonpolar, primary alcohols. Ethanol is a major natural substrate,
but longer chain alcohols, benzyl alcohols, and some secondary
alcohols are also good substrates.36 The conformations of
amino acid residues in the binding site are adaptable, allowing
different inhibitors to bind.37,38 In the structures with the
fluoroalcohols, residues Leu-57 and Leu-116 in the substrate
binding pocket adopt different conformations (Figure 2),
apparently optimizing hydrophobic interactions. The atomic
resolution provides a more complete picture, as Leu-309 (from
the other subunit) has alternative conformations in the
structures with both alcohols and Leu-A57 has different and
also alternative conformations in the structures with PFB and
TFE. Leu-B57 and leucine residues A116 and B116 have
different, but single, conformations in the structures with PFB
and TFE; the alternative position for Leu-116 in the structure

with TFE makes a cavity that accommodates a water that is
hydrogen bonded to the carbonyl oxygen of Phe-93. (However,
no water molecules are near the zinc or close to the
nicotinamide ring.) Leu-309 has alternative conformations in
both active sites of the two structures. The differing
conformations represent energetically accessible states that
can affect substrate specificity and the dynamics that lead to
catalysis.
Because the van der Waals radii for H and F are similar

(1.30−1.38 and 1.20 Å, respectively39,40), the fluoroalcohols are
expected to be good steric analogues of the corresponding
substrates, but the electronegative fluorines may also participate
in weak C−H···F hydrogen bonds and affect binding.41,42 The
pentafluorobenzyl group binds in one position, and its rotation
would be hindered by steric interactions with Leu-57, Leu-116,
and Ser-48. Its position might also be stabilized by the weak
interactions (3.2−3.3 Å F−C distance) of F4 and F5 with the
CD1 and CD2 methyl groups of Leu-57 and of F6 with the CB
methylene of Ser-48. Trifluoroethanol binds with a staggered
conformation of the O relative to the fluorines, and the
fluorines are ∼3.2 Å from the carbons of CE1 of Phe-93, the
CG2 methyl group of Val-294, and CB of Ser-48. A 60°
rotation of the trifluoromethyl group produces an eclipsed
conformation, and the contact with Phe-93 is lost. These
structures may offer some evidence of weak interactions
between the fluorines and the protein.
The enzyme catalyzes the transfer of the pro-R hydrogen of

ethanol, and the structure with trifluoroethanol provides a basis
for explaining this stereospecificity. If the methyl group is
rotated about the torsion angle for the oxygen and the
methylene C (note this C is labeled as C2 in the PDB file) so

Figure 2. Interactions of alcohols with active site residues. The coordination of the catalytic zinc ion and the hydrogen bonds of the alcohol in the
proton relay system are shown as dotted lines. The riding hydrogens of the methylene carbons are colored cyan, and the other atoms have the usual
atomic coloring, except that the alternative conformations of the side chains of Leu-57 and Leu-309B (other subunit) are colored green. Note that
the conformations of Leu-57 and Leu-116 differ in the two structures: (A) pentafluorobenzyl alcohol and (B) trifluoroethanol.
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that the pro-S hydrogen would point toward C4N of the
nicotinamide ring, the methyl group would clash with the
benzene ring of Phe-93. However, the reaction may be only
highly stereoselective, as ∼10% of the pro-S hydrogen from 1-
octanol can be transferred.43 This lack of specificity is an
indication of structural flexibility and is also consistent with the
observation that 2-propanol is a (poor) substrate.
Alternative Conformations. Fitting alternative conforma-

tions in structures determined by X-ray crystallography is
required to obtain the best structures (lowest R factors and B
factors), to identify potential chemical heterogeneity, and to
describe conformational flexibility that reflects overall protein
dynamics. The rapid cooling of the crystal in liquid nitrogen
traps various conformational states that can exist at 37 °C,
although the thermodynamics of conformational changes may
shift the equilibrium among states.44,45 In this study, four
different subunits were modeled, providing an opportunity to
confirm assignments and to identify consistent conformations.
As illustrated in Figure 2, Leu-57 and Leu-309 have alternative
conformations in each structure, and Leu-116 has different
conformations depending upon which alcohol is bound.
Altogether, alternative conformations were modeled for 50
amino acid residues of the 748 in the dimeric molecule of each
complex (Table 2). Approximately half of these residues are
found in both subunits, indicating similar environments.
Because the asymmetric unit is the dimeric molecule, the
subunits can be different, but the structures of the subunits are

almost identical. Four residues differ in their alternative
conformations between the two structures. We can expect
that other alternative conformations are present, but have not
yet been identified, because fitting of electron density maps is
never finished.
As expected, the longer chain amino acids (glutamine,

glutamate, and lysine) on the surface have some propensity for
occupying different positions, typically in energetically reason-
able conformations. In several cases, two conformations were
identified and more may be present, but the electron densities
were not sufficient to model every position. Some of the
glutamate positions result from a 120° rotation around the
CA−CB bond, putting the carboxylates in very different places.
The ε-amino group of lysine often seems to occupy alternative
positions. Some alternative positions are unusual. The minor
(4%) position for Cys-A46 in the structure with PFB may result
from the loss of some catalytic zinc and thus would represent
artifactual, chemical heterogeneity. Such heterogeneity was not
observed in the positions of the other three Cys-46 residues.
Backbone carbonyl groups for Glu-107 and Lys-247 exhibit
some “wobble” that was enclosed in an enlarged electron
density, but the side chain positions were not affected. Glu-
B366 has the whole residue in alternative positions. The origin
of these alternative conformations is not obvious.
Several water molecules with partial occupancies interact

with the partially occupied amino acid side chains. The
occupancies of these waters were adjusted to reflect the

Table 2. Alternative Amino Acid Conformations and Associated Partial Watersa

Arg B120b

Asp A161, AB273, AB252
Cys A46,c AB282
Gln A251 (A880, A1029), B251 (B746, B819), A299 (A700, A831, A1028, MRD A379), B299 (B864)
Glu A107 (CO, A729), B107 (CO, B741), B167, A239 (A998), B239 (B930), AB252, A256 (A724, A901, B793), B256 (B812),

B353 (B703), B366 (side chain and CO, B690)
His A138 (A829, A914c)
Leu A57, A61, AB309
Lys A39, A185,b AB188, B212 (B778), A228 (A664), B228 (B907), AB247 (CO), B315, AB330, A338, B338c

Met AB40; AB336
Ser A117, AB280, AB302
Val AB184
waters
(alternative,
doubled)

A488, A514, A517, A615, A623, A646, A664 (by A228 Lys), A729 (by A107), A764, A857,b A862, A880 (by A251), A915, A926, A958, A980,
A986, B444, B544, B630, B762, B774, B775, B876, B904, B907 (by B228 Lys), B909, B910, B911, B912, B927b

aAmino acid residues are numbered from 1 to 374 and waters from 401 upward in subunits A and B. AB signifies both subunits. Associated partial
water molecules are given in parentheses. bOnly in the TFE structure. cOnly in the PFB structure.

Figure 3. Alternative conformation for Lys-228 and its accompanying water. The green stick model and water represent the alternative positions.
Hydrogen bonds are represented by dashed lines. The electron density map is contoured ∼1σ above the mean.
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occupancies of the side chains, rather than to let the
temperature factors account for the partial occupancies. Several
water molecules (30 in common for the two structures) also
have alternative positions, which were modeled as doubled
atoms.
An interesting example of alternative positions for a side

chain and a water is Lys-228, which interacts with the
adenosine monophosphate portion of NAD (Figure 3). The
ε-amino (NE) group can interact indirectly via a water
molecule with O3′ of the adenosine ribose and a phosphate
oxygen or directly with O3′ and indirectly via the water in the
alternative position with the phosphate oxygen. The
occupancies range from ∼50:50 in the B subunit to 80:20 in
the A subunit. It appears that the varied conformations may
modulate binding interactions by increasing the fluidity of the
site. The role of Lys-228 has been studied. The K228R
substitution moderately increases steady-state kinetic constants
(e.g., Kd values for NAD

+ and NADH increase by 4−7-fold),
and the guanidino group of Arg-228 displaces the water and is
accommodated with small, local changes.34,46 Larger, chemical
modifications of Lys-228 substantially affect coenzyme binding
and can result in large increases in catalytic activity.6,47

Recent studies suggest that enzymes exist in an ensemble of
different conformational states, including alternative conforma-
tions of side chains, and these states have different catalytic
activities.48,49 If each of the 50 alternative amino acid
conformations identified in this study is independent, then
the ensemble could include 1015 different conformations!
Although amino acid residues throughout the protein may
contribute to the dynamics of the scaffold, we suggest that the
different conformations of leucine residues 57 and 309 may be
most directly relevant for catalysis. Indeed, the L57F
substitution unmasked hydrogen tunneling and increased the
catalytic efficiency on benzyl alcohol by 2.8-fold.7,50 Perhaps the
phenylalanine residue limits the conformational flexibility and
helps to position the substrate for reaction. The contributions
of many other residues remain to be investigated.
Geometry of Ligand Binding. The high-resolution

structures provide significant details about the arrangement of
ligands and bond distances that are relevant for the mechanism
(Table 3). As analogues of the Michaelis complexes, the
distances between C4N of NAD+ and what would be the
reactive carbon (-CH2-) of the alcohol are 3.40 ± 0.04 Å for the

structures with PFB and TFE, when the distances in the four
subunits of the two structures are averaged. (The individual
values from refinements with SHELXL are given for each
structure, and the values for the four fluoroalcohols from the
refinements with REFMAC were averaged for comparison to
other structures refined similarly.) The distance of 3.40 Å is a
typical van der Waals distance, and the geometry is appropriate
for direct transfer of a hydride ion from the alcohol to C4N of
NAD+. The complexes appear to be ready to form a transition
state, without significant rotation of the single bonds around
the methylene carbon.
Two moderately high-resolution (2.0 Å) structures have been

determined for mutated horse liver ADHs complexed with
NAD+ and TFE: F93W enzyme (PDB entry 1AXE51) and
F93W/V203A enzyme (PDB entry 1A7152). The unit cell for
the structure determined at 277 K (PDB entry 1AXE) is slightly
larger than the cell determined at 100 K, and the coenzyme
binding domains can be superimposed with an rmsd of 0.26 Å.
Because one or two amino acids are substituted in the active
site, some differences can be expected in ligand binding relative
to that of the wild type or each mutated enzyme. It appears the
nicotinamide ring and the TFE are positioned differently in the
mutated enzymes. The distance between C1 of TFE and C4N
of NAD+ averages 3.16 Å in the mutated F93W ADH, whereas
the C1−C4N distance is 3.54 Å in the doubly mutated F93W/
V203A ADH. The difference is attributed to the V203A
substitution and is considered to be a critical factor in the
extent of quantum mechanical tunneling during hydride
transfer.19,52 In the wild-type enzyme, the distance is 3.43 ±
0.03 Å. In the complex with NAD+ and TFE with (non-zinc)
ADH from Drosophila melanogaster, the distance between C4N
and C1 of TFE is 3.29 Å (PDB entry 1SBY).
The distances in the NAD+−alcohol complexes can be

compared to those in structures that are analogues of the
NADH−aldehyde complex to characterize the changes that
occur during the catalytic reaction. The distances between C4N
of NADH and the atom that corresponds to the reducible C of
the carbonyl group in the structures with methylhexylforma-
mide (PDB entry 1P1R) or 3-butylthiolane 1-oxide (PDB entry
3BTO) average 3.53 or 3.57 Å (Table 3). This would be a
reasonable distance for the ground-state structure for the
Michaelis complex of NADH and a carbonyl compound. The
complex with the formamide may be the closest model of the

Table 3. Distances (angstroms) for Ligand Binding in Complexes of ADH

structure NAD C4N−ligand “C”a Zn−ligand O Ser-48 OG−ligand O

PFBb

A subunit 3.36 ± 0.02 1.97 ± 0.01 2.48 ± 0.01
B subunit 3.36 ± 0.03 1.98 ± 0.01 2.52 ± 0.03

TFEb

A subunit 3.43 ± 0.03 1.97 ± 0.01 2.48 ± 0.01
B subunit 3.42 ± 0.06 1.98 ± 0.01 2.47 ± 0.10

FAlc,c av of 4 3.40 ± 0.03* 1.96 ± 0.02* 2.52 ± 0.02*
1P1R, av of 4d 3.48 ± 0.09 2.15 ± 0.04* 2.72 ± 0.03*
3BTO, av of 4e 3.56 ± 0.03* 2.10 ± 0.04* 2.67 ± 0.04*
aThe ligands and the atoms corresponding to the reactive carbon (“C”) are pentafluorobenzyl alcohol (C7), trifluoroethanol (C1, labeled as C2 for
ETF in the PDB file), N-1-methylhexylformamide (C1), and 3-butylthiolane 1-oxide (S6). bThe distances and errors calculated with SHELXL. cThe
distances for the four values for the fluoroalcohols from the REFMAC refinements were averaged (av) and compared to the averages of the four
distances for the complexes with methylhexylformamide and 3-butylthiolane 1-oxide, and the asterisks indicate that the differences relative to the
complexes with fluoroalcohols were significant at the p < 0.01 level. dX-ray data for NADH and (R)-N-1-methylhexylformamide
[CH3(CH2)4CH(CH3)NHCHO] (Ki = 15 μM) complexed with ADH at 1.57 Å resolution.66 eX-ray data for NADH and (1S,3S)-3-butylthiolane
1-oxide (Ki = 0.72 μM) complexed with ADH at 1.66 Å resolution.37
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Michaelis complex with an aldehyde, whereas the complex with
the thiolane oxide may resemble the complex with cyclo-
hexanone, which is a good substrate. The difference in distances
between the structures with the alcohols and the 3-
butylthiolane 1-oxide is significant, even though the resolutions
of the structures with NADH are not as high as those with
NAD+ and the fluoroalcohols.
The average distance in the complexes between the O of the

fluoroalcohols and the catalytic zinc is 1.96 Å, which would be
consistent with the binding of an alkoxide. For comparison, the
distances between the zinc and the doubly bonded O atom in
the complexes with NADH are 2.15 and 2.10 Å, which differ
significantly from the distances for the fluoroalcohols. Transient
kinetic studies of proton release during binding of trifluor-
oethanol suggest that the pK of the ternary complex is 4.6,53

and the crystals were prepared at pH 7, making it reasonable to
assume an alkoxide is present. Comparable pH dependence
studies have not been conducted with pentafluorobenzyl
alcohol, but the withdrawal of electrons by the five fluorine
atoms is expected to facilitate deprotonation of the alcohol.
Molecular dynamics simulations provide Zn−O distances of
∼2.0 Å for the complex with NAD+ and benzyl alcohol,
increasing to ∼2.2 Å in the complex with NADH and
benzaldehyde.14,54

Microscopic pK values for the ionization of substrate alcohols
are difficult to assign, as the alcohols participate in the
hydrogen-bonded network linked to His-51,33 but apparent pK
values derived from the pH dependence of hydride transfer give
a pK value of 6.4 for ethanol and benzyl alcohol oxidations at
25 °C.55,56 The pK for water bound to the enzyme−NAD+

complex is estimated to be 7.3,53 and it is reasonable to assume
that the pK values of the bound alcohols would be lower than
7.3, yielding the alkoxides in the complexes.

The average distance between the O of the fluoroalcohol and
the hydroxyl group of Ser-48 is 2.48 ± 0.01 Å (SHELXL
refinement), shorter than expected for a typical hydrogen bond
and in the range expected for a low-barrier hydrogen bond,
which may be important for catalysis in enzymes.57 Thus, the
fluoroalcohol and the hydroxyl group share the proton, and
each O would have alkoxide character. The structural results
corroborate the studies of solvent isotope effects for benzyl
alcohol oxidation, which showed an inverse effect of 2-fold
(faster in D2O than in H2O), consistent with a partial charge on
the substrate oxygen of −0.3 in the transition state.50,58,59 The
corresponding distances in the complexes with aldehyde
analogues are 2.69 ± 0.04 Å, significantly longer than in the
alcohol complexes and typical of a normal hydrogen bond.
High-resolution structures (1.45−1.65 Å) of human liver

alcohol dehydrogenase isoenzymes complexed with formamides
show geometry similar to those for the horse enzyme, with
average distances of 3.85 Å between the carbonyl carbon of the
formamide and C4N of NAD in ADH1B1 and 3.43 Å in
ADH1C2 (PDB entries 1U3U, 1U3V, and 1U3W).60 Likewise,
the average distance between the O of the formamide and the
catalytic zinc is 2.22 Å, and the distance from the O to the
hydroxyl group of Ser/Thr-48 is 2.61 Å. However, in these
structures, the coenzyme was refined as NAD+ and the
nicotinamide rings are planar. Perhaps these structures
resemble “abortive” complexes.

Identification of the Coenzyme. The horse liver ADH
was crystallized with NAD+ and the fluoroalcohol, and it could
be assumed that the crystals would contain the oxidized
nicotinamide ring because the fluoroalcohols are not substrates
and would also strongly inhibit oxidation of methylpentanediol
and adventitious alcohols in the solutions. However, micro-
spectrophotometry led to the suggestion that crystals prepared

Table 4. Bond Distances (angstroms) in Nicotinamide Rings

structure N1−C2 C2−C3 C3−C4 C4−C5 C5−C6 C6−N1
average
deviation

1 PFB, A subunita 1.365 ± 0.011 1.362 ± 0.012 1.441 ± 0.013 1.415 ± 0.014 1.358 ± 0.013 1.420 ± 0.012 0.012
2 PFB, B subunita 1.375 ± 0.024 1.353 ± 0.033 1.443 ± 0.018 1.394 ± 0.034 1.352 ± 0.034 1.391 ± 0.015 0.026
3 TFE, A subunita 1.378 ± 0.013 1.365 ± 0.014 1.416 ± 0.017 1.371 ± 0.016 1.371 ± 0.014 1.398 ± 0.014 0.015
4 TFE, B subunita 1.384 ± 0.087 1.354 ± 0.128 1.408 ± 0.026 1.376 ± 0.123 1.365 ± 0.123 1.389 ± 0.026 0.086
5 weighted average of four

subunitsa
1.371 ± 0.008 1.363 ± 0.009 1.432 ± 0.009 1.396 ± 0.010 1.363 ± 0.009 1.404 ± 0.007 0.009

6 REFMAC, averageb 1.37 1.35 1.43 1.38 1.36 1.38 0.018
7 NAJc 1.346 1.391 1.398 1.384 1.379 1.347 0.005
8 LiNAD+d 1.39 1.37 1.40 1.42 1.37 1.35 0.02
9 NAD(P)+e 1.36 1.38 1.40 1.39 1.38 1.37 0.014
10 dihydronicotinamidef 1.38 1.32 1.51 1.53 1.32 1.43 0.012
11 NADH, as NAJg 1.40 1.38 1.50 1.46 1.36 1.46 0.034
12 NADH in ADHh 1.40 1.35 1.48 1.47 1.41 1.40 0.031
13 NADPHi 1.38 1.38 1.49 1.48 1.38 1.42 0.026

aBond distances and errors from refinement with SHELXL with no restraints on the bond distances and planarity for the coenzyme. bAverage bond
distances (of four subunits) from refinement of PFB and TFE structures with REFMAC with relaxed restraints (0.10 Å) on distances and no
restraints on the planarity of the nicotinamide ring (note that protons were removed on N1A and phosphate AO2 to represent the coenzyme at
neutral pH). cNeutron diffraction at 0.65 Å resolution with estimated errors of 0.005 Å.64 dX-ray data at 1.09 Å with estimated average errors of 0.02
Å.89 The distances are within 0.03 Å of those found for N-1-(2,6-dichlorobenzyl)-3-carbamidopyridinium iodide.90 eFive structures of enzymes
complexed with NAD+ determined at 1.0−1.2 Å resolution (PDB entries 1ZJZ, 1SBY, 1T2D, 3JY0, and 2O23) and five structures with NADP+

determined at 0.66−1.0 Å resolution (PDB entries 1US0, 3BCJ, 1PWM, 2J8T, and 1ZK4). These values are within 0.01 Å of the target values in the
dictionary from REFMAC where the restraints usually are set at 0.02 Å. fN-Benzyl-1,4-dihydronicotinamide.91 The nicotinamide ring is planar.
gAverage of eight subunits in complexes of ADH with NADH, refined as NAJ, and (R)-N-1-methylhexylformamide (1.57 Å resolution, PDB entry
1P1R66) or (1S,3S)-3-butylthiolane 1-oxide (1.66 Å resolution, PDB entry 3BTO37). hFour structures (1.0−1.2 Å, average of eight subunits) of zinc
or cadmium horse liver ADH complexed with NADH and isobutyramide, dimethyl sulfoxide, or hydroxide partly adducted to the nicotinamide ring
(PDB entries 1HET, 1HEU, 2JHG, and 1JHF).20,21 iFive structures of NADPH in enzymes determined at 1.09−1.35 Å resolution; all nicotinamide
rings were essentially planar (PDB entries 3DJJ, 1LQU, 1YNQ, 1HEJ, and 1KMS).
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with NAD+ and trifluoroethanol61 contained 100% of the
coenzyme as NADH.62 We believe the formation of NADH in
the crystals was an artifact due to washing of the crystals before
spectrometry with a buffer containing only 30% methylpenta-
nediol, which would reduce the NAD+ when the inhibiting
trifluoroethanol was removed. We found that mixing
stoichiometric concentrations of enzyme and NAD+ with
excess methylpentanediol led to the substantial formation of
NADH.63 Note that our crystals were directly flash-cooled in
liquid N2 so that the NAD

+ and fluoroalcohol were still present.
Nevertheless, the long time for crystallization (some weeks at 4
°C) and the possibility of radiation-induced reduction or
damage of the nicotinamide ring require that the oxidation state
of the coenzyme be assessed. The atomic-resolution data allow
the structure of the coenzyme to be determined when we use a
procedure appropriate for refinement of structures of enzymes
crystallized with NAD+ or NADH.
As described in Experimental Procedures, we used a modified

dictionary for NAD in which the restraints on bond distances
and ring planarity for the nicotinamide ring were relaxed, so
that refinements could fit either NAD+ or NADH. This
molecule is named NAJ in our PDB entries, and it is based on
the highest-resolution structure of NAD+ available.64 The
results in Table 4 summarize the bond distances in the
nicotinamide rings in various structures with oxidized and
reduced nicotinamide rings. The first four rows of Table 4
present the results for the refinements with SHELXL. The

bond distances in the nicotinamide rings for subunits A and B
are the same within errors. The fifth row has the weighted
average values from refinement of the PFB and TFE complexes,
and the propagated errors are ∼0.01 Å for each distance. On
the sixth row are the averages of the four distances from
refinement with REFMAC. The bond distances determined by
both refinement procedures are the same within the standard
error of ∼0.02 Å, the same as the overall estimated coordinate
error.
For comparison, Table 4 also gives the bond distances

determined for the oxidized coenzyme (NAJ and LiNAD, rows
7 and 8) and averages for NAD(P)+ in structures of 10 enzymes
determined at a resolution better than 1.2 Å (row 9). Rows 10−
13 contain experimental values for the reduced nicotinamide
ring of a model compound as well as those from four structures
of ADH with NADH or five structures with NADPH
determined at high resolution (1.1−1.35 Å). The bond
distances in the nicotinamide ring in the structures with the
fluoroalcohols (row 5) most closely fit the distances
determined for the oxidized coenzyme (row 9) rather than
those for NAD(P)H (rows 10−13). In particular, the C3−C4
and C4−C5 bond distances in the complexes with the
fluoroalcohols are shorter by 0.06−0.08 Å than those for the
reduced nicotinamide rings. When the averaged values (four
subunits) for the structures with pentafluorobenzyl alcohol and
trifluoroethanol (row 5) are compared with those (eight
subunits) for the structures of ADH complexed with NADH

Figure 4. Puckering of the nicotinamide rings. (A) Structure of the complex with NAD+ and TFE (subunit A) with atoms C2N and C3N aligned on
top of atoms C5N and C6N so that the displacements of N1N and C4N from the plane are visible. (B) Comparison of the structure of the complex
with NAD+ and pentafluorobenzyl alcohol to that with NADH and methylhexylformamide. The “A” subunits of the structures (amino acid residues
A1−A374) were superimposed, with an rmsd of 0.25 Å. The complex with NAD+ and pentafluorobenzyl alcohol (with H atoms colored magenta but
F atoms removed for the sake of clarity) is shown in atom coloring in a ball-and-stick representation. The complex with NADH (with H atoms on
C4N) and methylhexylformamide (MHF, with atoms C3−C6 removed for the sake of clarity) is colored green. The residues making close contacts
are labeled. The distances are listed in Table 5.

Biochemistry Article

dx.doi.org/10.1021/bi300378n | Biochemistry 2012, 51, 4035−40484042



and carbonyl analogues (row 11, refined as NAJ), the
differences are significant at the p < 0.01 level, and as
compared to the values for NADPH (row 13), the differences
are significant at the p < 0.002 level.
However, close examination shows some small but probably

mechanistically significant differences in bond distances in the
complexes. The C3−C4 bond distances for the nicotinamide
rings in the complexes with fluoroalcohols are longer (compare
rows 5 and 9) than those for NAD(P)+ structures by ∼0.03 Å
(p < 0.03), whereas the C4−C5 distance is not distinguishable
from that in NAD(P)+. Moreover, the C2−C3 bond distance is
∼0.02 Å shorter than the bonds in either NAD(P)+ or NADPH
(p < 0.02). The C5−C6 distance is ∼0.02 Å shorter than the
bond in either NAD(P)+ (p < 0.01) or NADPH (p < 0.1). The
N1−C2 and C6−N1 bond distances are between (with
differences of 0.01−0.03 Å) those for NAD(P)+ (p < 0.02)
and NADPH (p < 0.3). It does not appear that some mixture of
NAD+ and NADH is present in the complexes with the
fluoroalcohols because the C4−C5 bond distance is the same as
in the structures with oxidized nicotinamide rings. The electron
density maps show no difference densities 2σ above the average
in the |Fo| − |Fc| maps. It was the plus/minus difference
densities observed near C4N in the structures with NADH
(PDB entry 1P1R) and NAD+-pyrazole (PDB entry 1N8K)
that led us to conclude that the nicotinamide rings were
puckered and that the restraints in the refinement needed to be
relaxed. As observed in Figure 1, the electron densities around
C4N are similar to those for the other atoms in the ring, but the
B factors for C4N are slightly higher (∼12%) than the average
of the other five atoms in the ring. This indicates that the atoms
are fitted well in density, but perhaps there is some loss of
electron density or an increase in the level of motion at C4N.
There is no evidence that the X-rays alter the state of oxidation
of the coenzyme, as structures with either coenzyme are
obtained. The observed structures are consistent with the
hypothesis that the nicotinamide ring becomes slightly
puckered with small alterations in bond distances and develops
a partial positive charge on C4N in the transition state.65

Puckered Nicotinamide Rings. The structures with
NAD+ and fluoroalcohols have slightly puckered nicotinamide
rings (quasi-boat conformation) with a torsion angle of 5.9 ±
1.5° (αC420) for displacement of C4N in the C3−C4−C5
plane from the C2−C3−C6 plane and an angle of 4.8 ± 1.6°
(αN1) for displacement of N1N in the N1−C2−C6 plane from
the C2−C3−C6 plane as determined from the refinements of
the four subunits with SHELXL (Figure 4A). These
calculations account for the errors in atomic positions and a
slight twist of the nicotinamide ring, but the C2−C3−C4−C5
torsion angle is the same within error. Nicotinamide rings of
NADH have more obvious boat conformations, as demanded
by the electron density maps and described for the first time for
the complex of ADH with NADH and methylhexylformamide66

(Figure 4B). The puckered rings (18° for αC4 and 12° for αN1
for PDB entry 1P1R) place C4N relatively closer to the
carbonyl carbon of the substrate analogue, which may facilitate
hydride transfer in reactive complexes.14,54,67

Previous structural analyses of enzymes that bind NAD(P)
could have found puckered, oxidized nicotinamide rings;
however, atomic resolution is required, and details of the
refinement procedures and the state of oxidation are often not
clear. Unfortunately, the default REFMAC dictionaries for
oxidized and reduced NAD(P) enforce planarity for the
nicotinamide rings, although bond distances are longer for

the reduced ring. A systematic study of 340 PDB entries for
structures containing NAD(P) determined at better than 2.0 Å
resolution concluded that the structures with an oxidized
nicotinamide ring, and even some with a reduced nicotinamide
ring, were planar.68 A small subset had distorted nicotinamide
rings, and all of those with severe puckering (14 of them with
torsion angles of >10°) had strong electrostatic interactions
with oxygen atoms.68 Some of these close contacts may be due
to covalent adducts, as was described for NAD+-pyrazole
complexes with ADH, where the bond distances in the
nicotinamide ring are close to those for NADH (refined as
NAJ, PDB entries 1N92 and 1N8K).69

We surveyed the PDB for structures of enzymes with
NAD(P)+ determined at atomic resolution, which should yield
good bond distances and perhaps evidence of ring puckering
and close contacts. Five structures with NAD+ have planar
nicotinamide rings; four of five structures with NADP+ have
slightly puckered rings, and all have bond distances (Table 4,
row 9) fitting those for NAJ and LiNAD (rows 7 and 8). All of
the nicotinamide rings, except those described in PDB entries
1ZJZ, 3JYO, and 1ZK4, appear to have close contacts with
oxygen atoms of the protein or a ligand. Good evidence of
puckered, oxidized nicotinamide rings is sparse, except in the
structures of ADH with fluorinated alcohols (including also
PDB entry 3OQ6).
Structures with NAD(P)H may be expected to have

puckered nicotinamide rings, as for two structures of ADH
(Table 4, row 11). However, several structures with NADPH
(Table 4, row 13) all have essentially planar rings, as does N-
benzyldihydronicotinamide (row 10). Some structures have
been reported with NADH, but the identification of the
coenzyme and the refinement procedures are often not clear. A
slightly puckered nicotinamide ring was refined for the abortive
NADH/phenylalanine complex with L-phenylalanine dehydro-
genase (PDB entry 1C1D, 1.25 Å), with bond distances most
similar to those of reduced nicotinamide rings.70 Somewhat
puckered nicotinamide rings were described for the abortive
NADH/UDP−glucose complex of UDP-galactose 4-epimerase
(PDB entry 1EK6, 1.5 Å71) and for the NADH complex with
aminoadipate semialdehyde dehydrogenase (PDB entry 2J6L,
1.3 Å), but the bond distances in the nicotinamide rings are
closer to those for NAD+ than for NADH. The abortive
NADH/R-phenylethanol complex with the R-specific alcohol
dehydrogenase (PDB entry 1ZJY, 1.05 Å) shows a planar
nicotinamide ring with bond distances almost identical to those
for NAD+.72 Some of these structures have close contacts with
the nicotinamide rings, but their significance is not clear.
In contrast, atomic-resolution (1.0−1.2 Å) studies of several

complexes of horse liver alcohol dehydrogenase with NADH,
using refinements with relaxed restraints on the coenzyme,
identified substantially puckered nicotinamide rings and bond
distances that fit reduced nicotinamide rings (Table 4, row
12).20,21 However, the interpretations of the electron density
maps are complicated because of the evidence of covalent
adducts with the nicotinamide rings, which produce a mixture
of NADH forms in each active site. In one structure (PDB
entry 1HET), 60% of the molecules apparently have a hydrated
nicotinamide ring (“hydroxide” adduct, but the covalent bond
distance is somewhat long at 1.96 Å), and the other 40% have
the water in an alternative position that is typically occupied by
the oxygen of the substrate analogues ligated to the catalytic
zinc. The hydroxide adduct is suggested to activate the
nicotinamide ring for hydride transfer and to participate as a
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base in alcohol oxidation in a proposed central complex with a
pentacoordinated zinc.20 However, there is no good chemical
rationale for this mechanism, and there is little room to
accommodate five ligands on the zinc without some structurally
significant rearrangements.33 Moreover, in another structure
(PDB entry 2JHG), with NADH and isobutyramide (an
inhibitory analogue of a carbonyl substrate), the extra water is
totally excluded, but adducts (with a bond distance of 1.95 Å)
have apparently formed between the amino group of the amide
and C4N of the nicotinamide with partial occupancy.21

Hydroxide adducts with NADH were also proposed for
complexes of ADH in which the catalytic zinc was replaced
with Cd2+.20,21 Because of the heterogeneity of the complexes
with adducts of NADH in each active site, it is not clear from
these studies which structures are relevant for the catalytic
mechanism.
Strained Nicotinamide Rings. Considering the slight

puckering of the nicotinamide ring observed in the structures
with fluoroalcohols (REFMAC or SHELXL refinements) and
the altered bond distances as compared to those of oxidized
nicotinamide rings, we suggest that the complexes represent a
strained, oxidized ring part way on the path to the transition
state. Although the statistical analyses are consistent with
altered bond distances, the overall pattern of changes is
illuminating as they are very similar to the differences calculated
for the transition-state structure as compared to ground-state
NAD+ and NADH for formate dehydrogenase,65 as discussed
below.
Examination of the environment of the nicotinamide ring

suggests that some close contacts may be responsible for the
ring puckering. Figure 4B can illustrate the ground-state
structures for the substrates and products. The nicotinamide
ring in the complexes formed with NAD+ and fluoroalcohols is
slightly puckered (Figure 4A) and becomes more obviously
puckered in complexes with NADH and carbonyl compounds.
We suggest that close contacts with the protein may stress the
nicotinamide ring in the oxidized state, and the stress is relieved
in the reduced ring, which is obviously puckered, as could be
expected from the tetrahedral bonding at C4N. Table 5 lists

these contacts along with the corresponding distances in the
structure with NADH and methylhexylformamide. The
distances from atoms of the reduced ring to Cys-174 SG,
Thr-178 CG2, and Val-292 O are significantly longer (0.05−
0.20 Å) than those distances in the NAD+−fluoroalcohol
complexes. The puckering of the reduced nicotinamide ring

observed in the structures with methylhexylformamide and 3-
butylthiolane oxide (PDB entries 1P1R and 3BTO, respec-
tively) moves C4N ∼0.25 Å closer, as compared to the position
with NAD+, to the atom of the carbonyl analogue that would
accept the hydride.
If the contacts observed between the enzyme and the

oxidized coenzyme are contributing to the ring strain,
substitution of the amino acid residues should affect catalytic
activity. Indeed, the T178S substitution (loss of the CG2
methyl group contact) decreases the observed rate constant for
hydride transfer with benzyl alcohol from 24 to 2.9 s−1 without
affecting coenzyme binding, whereas the T178V substitution
decreased the affinity for NADH and NAD+ by 4- and 8-fold,
respectively, without affecting hydride transfer.69 The V203A
substitution decreased the observed rate constant for hydride
transfer to 1.5 s−1. It is more difficult to probe the role of the
carbonyl O of Val-292, but the V292A, -S, or -T substitution
decreased the affinity for coenzymes 30−60-fold and the rate
constant for hydride transfer to 5−9 s−1. The isomerization of
the V292S enzyme−NAD+ complex (open conformation to
closed) is hindered,6,9 but the V292T enzyme forms a closed
complex with the NAD+-pyrazole adduct, which has a severely
puckered nicotinamide ring that could resemble the transition
state.69 In these V292S or -T enzymes, a new water molecule
that makes hydrogen bonds with the new hydroxyl group is
inserted, but how this affects the conformational equilibrium is
not clear. Via comparison of the structures of the wild-type and
V292T enzymes complexed with NAD+ and pyrazole (PDB
entries 1N92 and 1N8K), the distances between C4N of the
nicotinamide ring and Thr-178 OG1 and CG2 are ∼0.07 Å
longer in the mutated as compared to those of the wild-type
enzyme, but the distances between Val-292 O and C2N are not
affected. Although the alterations in rate constants and contact
distances due to the amino acid substitutions are not very large,
the experimental evidence of structural explanations is
consistent with the suggestion that binding to the protein
causes distortion of the nicotinamide ring in the ground state.

Mechanistic Conclusions. The atomic-resolution struc-
tures of the enzyme with NAD+ and alcohols represent two
different complexes that resemble the expected Michaelis
complexes. We suggest that hydride would be transferred
directly between the coenzyme and the substrate in an
environment with a tetrahedral zinc after the proton from the
alcohol is relayed through the hydrogen-bonded network to
His-51 (Figure 1).33,34 These structures complement those with
NADH and analogues of the aldehyde substrate, particularly the
one with methylhexylformamide, which resembles the
Michaelis complex expected for the reverse reaction (Figure
4B). The geometry of the binding defines the distances for
proton and hydride ion transfers. Each fluoroalcohol is formally
deprotonated, but the alkoxide forms a low-barrier hydrogen
bond to the Ser-48 OG hydroxyl group. Calculations show that
the interaction of the alkoxide with zinc decreases the energy
barrier for hydride transfer.73 The distances between the O of
the carbonyl analogues and Ser-48 OG and the zinc are
significantly longer in the complexes mimicking the ADH−
NADH−aldehyde complexes, consistent with calculations.14

The interactions of the alcohols with the amino acid side chains
determine that the pro-R hydrogen of the alcohol would be
most directly transferred to the re face of the nicotinamide ring
(Figure 2).
We do not think that any evidence supports a role for a water

in activating the coenzyme in a central complex that would be

Table 5. Close Interactions of the Nicotinamide Rings in
Complexes with ADH

contact to NAD(H) NAD+−fluoroalcohol NADH, PDB entry 1P1R

Cys-174 SG−C4N 3.52 ± 0.01a 3.62 ± 0.04
Thr-178 OG1−C4N 3.42 ± 0.02 3.52 ± 0.04
Thr-178 CG2−C4N 3.39 ± 0.02a 3.59 ± 0.06a

Val-292 O−C2N 3.03 ± 0.01a 3.08 ± 0.02a

Val-203 CG2−C6N 3.64 ± 0.05 3.70 ± 0.05
Lig-378 O−C5N 3.04 ± 0.03a 3.21 ± 0.04a

Val-292 O−N7N 2.95 ± 0.02 2.98 ± 0.02
Ala-317 O−N7N 2.98 ± 0.02 2.97 ± 0.02
Phe-319 NH−O7N 2.85 ± 0.03 2.80 ± 0.04

aThe differences between the average distances in the four subunits of
complexes with the fluoroalcohols and methylhexylformamide are
significant at the p < 0.02 level.
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poised to transfer hydrogen.20 A central, pentacoordinated
complex with both the substrate oxygen and a water bound to
the catalytic zinc was first proposed to explain NMR results,74

but the idea was abandoned when the structure of a ternary
complex showed no such coordination.33 The various structures
with water and substrate analogues in the same active site may
be transient species that occur during replacement of the water
ligated to the zinc by the oxygen of the substrate.21 The
exchange of water and substrate may occur via a pentacoordi-
nate species or by a double-displacement mechanism involving
Glu-68.53

The potential significance of the strained ground state for
catalysis may be illustrated by comparing the equilibrium
constant for the overall reaction (NAD+ + alcohol ⇋ NADH +
aldehyde) to the constant when the substrates are bound to the
enzyme. At pH 7, the equilibrium constant (Keq) for the
oxidation of benzyl alcohol is 3.8 × 10−4 (favoring alcohol),
whereas when the alcohol is bound to the enzyme, the “on-
enzyme” equilibrium constant (Kint) is ∼0.25.63 Thus, it
appears that the enzyme shifts the equilibrium position in
favor of alcohol oxidation by a factor of 650, or 3.8 kcal/mol.
Some of the intrinsic binding energy for NAD+ may distort the
nicotinamide ring, accounting for some of the shift. The
positively charged nicotinamide ring also seems to shift the pK
of the water bound to the catalytic zinc in the binary enzyme−
NAD+ complex by 2.2 units (3.0 kcal/mol).53 If a similar shift
occurs for alcohol bound to the zinc in the ternary complex,
which would facilitate formation of the alkoxide, the distortion
and pK shift could account for the shift in the equilibrium
constant. At pH 7, the dissociation constant for NAD+ is 120
μM and that for NADH is 0.41 μM.63 If the intrinsic binding
energy of NAD+ is the same as that of NADH, some 3.4 kcal/
mol is available to shift the on-enzyme equilibrium. (Some
intrinsic binding energy is also used when the enzyme changes
conformation, which may be approximately the same for both
coenzymes.) The magnitudes of these energy changes are
reasonable but are not definitively assigned to particular
structural changes.
The on-enzyme equilibrium can also be affected by

interactions of the enzyme with NADH and the aldehyde.
Raman spectroscopy shows that the carbonyl group of a
formamide is stabilized by 5.5 kcal/mol upon binding to
ADH.75 In contrast, a Raman study of the homologous lactate
and malate dehydrogenases led to the suggestion that the
binding NADH did not involve stabilization of the pro-R
hydrogen in the binary complexes.76 Further experimental and
theoretical studies of ADH should determine the energetics of
each step in the enzyme reaction.
As described in reviews of the role of strain in enzyme

catalysis, the enzyme must bind, in principle, the transition state
relatively more tightly than it binds the substrates and
products.77,78 If binding of substrates and the transition state
were equally tight, the chemical reaction would occur no more
rapidly in the presence of the enzyme than in the absence
because the difference in energy between substrates and the
transition state would be unchanged. Binding of the substrates
may be less tight because some potential binding energy is used
to destabilize the substrates, increasing the energy of the
ground states and differentially lowering the barrier for the
chemical step. Because the enzyme is not a rigid, or static,
scaffold, the enzyme is also strained by the binding of
substrates, and strain by itself could not account for all of the
catalytic efficiency.

Computational analyses of the reaction of dehydrogenases
have suggested that the nicotinamide ring is puckered in the
transition state for hydride transfer, which would favorably
position C4N of the nicotinamide ring for the transfer of
hydride from an alcohol to the re face of the ring leading to a
pseudoaxial orientation for the pro-R hydrogen in the reduced
nicotinamide ring.14,65,67,79−82 Distortion of the oxidized
nicotinamide ring might also stabilize some carbonium ion
character on C4N and facilitate the chemistry.83 (The 15N
isotope effect of 1.0 for the N1N-labeled coenzyme on the
reaction does not disprove the hypothesis, because bond order
at N1N may not change significantly.84) Calculations for
formate dehydrogenase show that deformation of the oxidized
nicotinamide ring, to produce the quasi-boat structure of the
proposed transition state, with puckering angles αC4 of 15° and
αN1 of 5°, is estimated to require 16 kcal/mol, whereas similar
puckering of the reduced nicotinamide ring requires only 1.5
kcal/mol and has a relatively flat free energy profile over the
range from 20° to 30°.67,85 The energy profile for deforming
the oxidized nicotinamide ring has not been calculated.
Further calculations for the formate dehydrogenase reaction

(gas phase or acetonitrile) characterized a transition-state
structure for the coenzyme.65 Relative to the oxidized ring in
NAD+, N1−C2 and C6−N1 bond distances increased by 0.02−
0.03 in the transition state and 0.03−0.05 Å in the reduced ring.
The C3−C4 and C4−C5 distances increased by 0.04−0.06 Å in
the transition state and 0.11−0.14 Å in the final reduced ring of
NADH. The C2−C3 and C5−C6 distances decreased in the
transition state by 0.02−0.03 Å and decreased further to 0.04−
0.05 Å in the reduced state. The changes in bond distances for
the calculated transition states are very similar to those listed in
Table 4 for NAD+ in the complexes with the fluoroalcohols as
compared to free NAD+, except that the C3−C4 and C4−C5
distances are 0.03−0.05 Å shorter in the complexes than in the
calculations. [We also note that the calculated changes in C2−
C3 and C5−C6 distances in the reduced ring more closely
match those in N-benzyldihydronicotinamide rather than in
NAD(P)H as observed in the various enzyme complexes.] The
αC4 puckering angle in the calculated transition state was 9° as
compared to ∼6° in the structures with fluoroalcohols. Of
course, the crystallized enzyme complexes are not at the
transition state, but the observed structures may define a
strained state on the pathway to the transition state.
High-level, hybrid calculations that include all protein atoms

and consider the quantum mechanical hydrogen tunneling
provide important insights into the nature of the transition
state. These calculations are validated by reproducing the free
energy barrier for the transition state (15.5 kcal/mol for a rate
constant for the transfer of hydride from benzyl alcohol of 38
s−1)58 and the primary and secondary kinetic isotope effects
that are evidence of the tunneling.14,16,17 There are substantial
motions in reaching the transition state, as the donor−acceptor
distance between the reacting carbons decreases to ∼2.6−2.7 Å.
Many features of the enzyme contribute to the dynamics, but it
was concluded that hydrophobic interactions, including those
listed in Table 5, do not appreciably change the potential
energy surface along the reaction path, whereas several polar
residues (including Ser-48 and Asp-49) are important.16,17 On
the other hand, it appears that the steric interactions between
Val-203 and Thr-178 with the nicotinamide ring affect the
equilibrium free energy by promoting motions that change the
donor−acceptor distance.14,19 It appears that the complexes
described here with the substrate analogues are beautifully
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“preorganized” 19 for hydride transfer, but what motions
(reorganization) might be correlated with the chemical step
need to be determined. Molecular dynamics and normal-mode
analyses suggest that motions of domains (related to the global
conformational change) could “push” the substrates togeth-
er.13,86 Equilibrium, vibrational motions might also be
sufficient, however, as temperature factors of 10 Å2 (observed
in these structures, albeit at 100 K) could correspond to
motions of 0.35 Å, leading to a decrease in the donor−acceptor
distance from 3.4 to 2.7 Å. However, a recent, empirically
parametrized model suggests that the “tunneling ready state”
could have a donor−acceptor distance of 3.2 Å.87 The atomic-
resolution X-ray structures presented here resemble such a state
and describe the scaffold and ensembles that can be relevant for
further studies of the dynamics and catalysis.
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