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ABSTRACT: The catalytic chemistry of the thermophilicBacillus stearothermophilusalcohol dehydrogenase
(HtADH) closely resembles that of mesophilic horse liver alcohol dehydrogenase (HLADH). Molecular
dynamics (MD) simulations of the htADH‚NAD+‚EtO- complex at 298, 323, and 348 K show that the
structure of the ligated Zn2+‚‚‚EtO- complex varies slightly with change in temperature. The MD-created
Boltzmann distribution of htADH‚NAD+‚EtO- structures establishes the formation of multiple states which
increase in number with a decrease in temperature. The motions of the cofactor domain are highly correlated
with the motions of NAD+ at the optimal growth temperature (348 K), with NAD+ being pushed toward
the substrate by Val260. With a decrease in temperature, the motion together of the cofactor and substrate
is reversed, and at 298 K, the nicotinamide ring of the cofactor moves away from the substrate. Both the
distance between and the angle of approach of C4 of NAD+ and HD of EtO- become distorted from those
of the reactive conformation. The percentages of ground state present as the reactive conformation at
different temperatures are approximately correlated with thekcat for the htADH enzymatic reaction. The
rate constant for the htADH‚NAD+‚EtOH f htADH‚NAD+‚EtO- proton dissociation, which is mediated
by Thr40-OH, becomes slower at lower temperatures. The time-dependent distance between EtO- and
Thr40-OH reveals that the Thr40 hydroxyl group sways between the substrate and NAD+ ribose 2′-
hydroxyl group at the optimal enzyme growth temperature, and this movement is effectively frozen out
as the temperature decreases. The temperature dependence of active site conformations is due to the change
in both long-range and short-range motions of the E‚S complex.

The thermophilic Bacillus stearothermophilusalcohol
dehydrogenase (htADH)1 is a homotetrameric enzyme. Each
monomer comprises 339 amino acid residues, a catalytic zinc
ion, a structural zinc ion, and a NAD+ cofactor (1). The
monomer folds into a tertiary structure with two functionally
different domains: cofactor-binding domain (residues 150-
285) and catalytic domain (residues 1-149 and 286-339).
The cofactor-binding pocket and substrate-binding pocket
are formed within the interstices between the two domains.
The structure of the htADH E‚S complex is homologous to
that of Escherichia coliADH and very similar to that of
dimeric mesophilic horse liver alcohol dehydrogenase. The
htADH enzymatic reaction has been shown to occur in two
steps (2-4) (Figure 1). The (a) htADH‚NAD+‚RCH2OH f
htADH‚NAD+‚RCH2O-+H+and(b)htADH‚NAD+‚RCH2O-

f htADH‚NADH‚RCHO reactions are depicted in Chart 1.
Both ribose and nicotinamide portions of the cofactor are
reactants in the proton transfer and following hydride
equivalent transfer, respectively. Thus, positioning of the
entire cofactor is critical to the enzymatic reaction.

Accumulated experimental evidence supports a role for
quantum tunneling in hydride equivalent transfers (5-7), and
much of the theoretical attention has been given to calcula-
tions of the energy or free energy of the mesophilic horse
liver alcohol dehydrogenase reaction (8-11). Recent kinetic
isotopic studies of htADH support a thermally induced
enzyme dynamic contribution to such quantum tunneling
(12-15). Our previous studies of horse liver alcohol dehy-
drogenase (16) have demonstrated that both the active ground
state conformation of the E‚S complex and the anticorrelated
motions of the enzyme facilitate proton and hydride equiva-
lent transfer (17-19). This study has been directed toward
the temperature dependence of the structure and motions of
the htADH‚NAD+‚EtO- ground state.

The Arrhenius plots of rate constants for the oxidation of
benzyl alcohol by htADH exhibit steeper slopes at reduced
temperatures (12). Evidence of tunneling at elevated tem-
peratures was a deviation from the semiclassical Swain-
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FIGURE 1: Energy profile for the ADH enzymatic reaction.
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Schaad relationship measured for hydrogen-deuterium (H-
D) kinetic isotopic effects (KIEs) using the mixed labeling
experiment (12, 20, 21). A temperature-dependent H-D
exchange study has revealed that the htADH system under-
goes transitions with temperature, which results in a more
dynamic conformation at higher temperatures (22). Such a
phenomenon of temperature-dependent enzyme activity has
been previously observed in several different types of
thermophilic enzymes (23-25). Most recently, we have
employed molecular dynamics (MD) simulations in examin-
ing the temperature dependence of the E‚S complexes of
Sulfolobus sulfataricusthermophilic indole-3-glycerol phos-
phate synthase andThermus thermophiluschorismate mutase
(26-28).

METHODS

The starting structure of the htADH‚NAD+‚EtO- inter-
mediate was optimized from the X-ray crystallography
structure (PDB entry 1RJW) by Ceccarelli et al. (1) after
the substrate analogue trifluoroethanol (TFE) was replaced
in the X-ray structure with EtO-. The CHARMM27 force
field was employed in the MD simulations (29). The
electrostatic potential of EtO- at the B3LYP/6-311+G(2d,
p) level was obtained from the optimized geometry of EtO-

using the Merz-Kollman scheme (30) implemented in
Gaussian03 (31). The parameters for EtO- were optimized
until the CHARMM results and ab initio data were in a good
agreement (32). For the cysteine thiolate (Cys-S-), the force
field was chosen in a manner suggested by Nilsson et al.
(33).

The htADH‚NAD+‚EtO- complex was solvated using a
water sphere with a radius of 42 Å, centered at one of the
catalytic zinc ions. Water molecules within 2.8 Å of any
non-hydrogen enzyme‚cofactor‚substrate atoms were re-
moved. Energy minimization was carried out to remove the
unfavorable interactions between the solute and solvent.
Voids generated after brief Langevin dynamics were filled
with water molecules so that the solvent density was correct.
The resulting system contained 6653 TIP3P water molecules
(34). Stochastic boundary conditions were applied to the
system (35). The residues more than 42 Å (r) from the center
of the water sphere were fixed in the simulations. The region
in which r < 40 Å was selected as the reaction zone; the
region in which 40 Å< r < 42 Å was selected as the buffer
zone, and the region in whichr > 42 Å was selected as the
reservoir zone. The atoms in the reaction zone were treated
with Newtonian dynamics, while atoms in the buffer zone
were restrained by harmonic constraints and simulated using

Langevin dynamics. The friction constants used in the
integration of the Langevin equation were 250 and 62 ps-1

for the protein atoms and water molecules, respectively. A
spherical boundary potential centered at the origin of the
water cap was employed to maintain the correct average
distribution of water molecules (36, 37). The SHAKE
algorithm (38) was applied to fix the covalent bonds
involving hydrogen. Then, energy minimizations were
performed using the steepest descent (SD) and adopted basis
Newton-Raphson (ABNR) algorithms. The MD simulations
with a time step of 1 fs for the integration of the equations
of motion were carried out at three different temperatures,
298, 323, and 348 K. The distances between residues in the
cofactor-binding pocket, substrate, and cofactor were con-
strained with the harmonic forces at the beginning of MD
simulations and released steadily at equilibrium stage. Each
trajectory was followed to 5 ns after equilibrium.

Motions of NAD+ and the htADH enzyme were deter-
mined by the cross-correlation motion analysis of the MD
trajectories (39). Cross-correlated motion analysis is capable
of revealing the long-range (usually a time period of
nanoseconds) motions of the enzyme (40). The correlated
coefficients between NAD+ and the htADH residues were
calculated by eq 1:

where∆ri is the average coordinate displacement of htADH
residue i from the mean position and∆rNAD+ is that for
NAD+. The correlated coefficient ranges from-1.0 to 1.0.
Correlated (postive) residues move in the same direction as
NAD+, and anticorrelated (negative) residues move in the
opposite direction. A completely correlated or anticorrelated
motion (correlation coefficients,Ci ) 1 orCi ) -1) denotes
that the motions have the same or opposite phase and period.

RESULTS

The correlated coefficients between the htADH residues
and NAD+ at 298 and 348 K were calculated from 5 ns MD
trajectories (Figure S1 of the Supporting Information).
Positively correlated coefficients denote that the motions of
the htADH residues and NAD+ are in the same direction,
while negative ones designate that they move in opposite
directions. The major portions of the cofactor-binding domain
are positively correlated with NAD+ at both 298 and 348
K. However, a difference is revealed as the correlated
coefficients between the cofactor-binding domain and NAD+

are averaged (0.31 and 0.50 at 298 and 348 K, respectively).

Chart 1

Ci ) 〈∆ rbi‚∆ rbNAD+〉/(〈∆ rbi
2〉〈∆ rbNAD+

2 〉)1/2 (1)
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This indicates the motions of the cofactor-binding domain
are better correlated with that of NAD+ at higher tempera-
tures.

The correlated coefficients between NAD+ and htADH
were mapped for fragments A-D which constitute the
cofactor-binding domain (Figure 2). The averages of cor-
related coefficients for fragments A-D are significantly
larger at 348 K than that at 298 K. Fragment C is of primary
interest because it is adjacent to the nicotinamide ring of
NAD+. Fragment C is only slightly correlated with the
motions of NAD+ at 298 K. However, the correlated motion
is significant at 348 K. In particular, Val260 in fragment C,
which is the equivalent of Val203 in horse liver ADH (3),
is in van der Waals contact with the nicotinamide ring. The
motion of Val260 is well-correlated with that of NAD+ at
the optimal growth temperature. The temperature dependence
of correlated motions for Thr237 is much the same as that
of Val260. The correlated coefficient for Leu176 increases
only slightly, suggesting that the motion of Leu176 is rarely
affected by the temperature. Fragment D is located at the
bottom of the cofactor-binding pocket and connects the
cofactor-binding domain to the catalytic domain. NAD+ is
loosely bound with the cofactor-binding pocket at 298 K
while perfectly bound for catalysis at the optimal growth
temperature.

It has been shown with a number of enzymes thatkcat is
dependent upon the portion of the Boltzmann distribution
of the ground state present as reactive conformations (41-
43). Such conformations have been termed near-attack
conformations (NACs) (42). NAC is geometrically defined
by both a van der Waals distance of two reacting atoms and
their approaching angle. The NAC of the htADH hydride
equivalent transfer reaction is defined in Figure 3. The van
der Waals distance between HD and C4 is<3.0 Å. The
approaching angle of HD with respect to the C4 atom of the

nicotinamide ring [∠CR-HD‚‚‚C4 (θ)] is larger than 132°
but less than 180° (17).

Obtained from long-term MD simulations, plots of hydride
equivalent transfer distance (d) versus approaching angle (θ)
provide the Boltzmann distribution of ground state confor-
mations of the htADH‚NAD+‚EtO- intermediate at different
temperatures (Figure 4). The distribution ofd versusθ is
approximately reciprocal: a largerd is associated with a
smallerθ. Plots at lower temperatures (298 and 323 K) have
shown that the E‚S structure exists as three distinguishable
states: state 1 at the bottom right-hand region, state 3 at the
top left-hand region of the plots, and state 2 between states
1 and 3 (Figure 4b,c). The average HD-C4 distances (d) of
state 1 at 298 and 323 K are 2.78( 0.23 and 2.61( 0.27

FIGURE 2: (a) Plot of correlated motions mapped onto the htADH monomer. The htADH enzyme is represented with ribbons. NAD+ and
the substrate are represented with sticks. The Zn2+ ion is represented with a sphere. Only the crucial correlated coefficients between NAD+

and htADH were mapped. Four crucial fragments of the htADH enzyme have been labeled in different colors: orange for fragment A
(residues 161-190), magenta for fragment B (residues 231-250), red for fragment C (residues 251-273), and yellow for fragment D
(residues 273-290). Fragments A-D are correlated to each other. The cofactor domain is anticorrelated to the catalytic domain. The
averages of correlated coefficients for fragments A-D are 0.37, 0.35, 0.17, and 0.16 at 298 K and 0.55, 0.57, 0.42, and 0.46 at 348 K,
respectively. (b) Stereoview of fragments A-D. Three residues, Leu176, Thr237, and Val260 in fragments A-C, respectively, are represented
with sticks. The correlation coefficients between these three residues and NAD+ at 298 and 348 K are different (0.72 and 0.83 for Leu176,
0.40 and 0.80 for Thr237, and 0.56 and 0.80 for Val260).

FIGURE 3: Definition of NAC for the htADH hydride equivalent
transfer. In the NAC structure, transfer distanced (HD-C4) e 3.0
Å and approaching angleθ (∠CR-HD‚‚‚C4) is larger than 132°
but less than 180°.
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Å, respectively. The average ofd in state 3 at 298 K is 5.20
( 0.28 Å, while that at 323 K is 4.92( 0.19 Å. The large
average value ofd in state 3 at 298 K indicates that the
cofactor-binding pocket is enlarged as the temperature is
lowered. There are 44% of the total conformations present
in state 3 at 298 K while only 16% in state 3 at 323 K. At
the optimal growth temperature (348 K), state 3 has vanished

(Figure 4a). The average values ofd are 3.77, 4.02, and 4.29
Å at 348, 323, and 298 K, respectively, while the average
values ofθ are 112°, 92°, and 86°, respectively. The region
where NAC occurs is located in state 1 and is within the red
box in Figure 4. The percentages of ground state present as
the reactive conformer are 24%, 4%, and 0.6% at 348, 323,
and 298 K, respectively. The NAC population becomes
smaller as the temperature decreases. Thekcat values of the
htADH enzymatic reaction are∼37 and∼300 s-1 at 298
and 323 K, respectively (12). From 323 to 298 K, the
percentage of ground state present as NAC decreases by
7-fold, which is comparable to the ratio ofkcat at two
temperatures (8-fold).

Snapshots of states 1 and 3 extracted from the MD
trajectories are presented in stereoview (Figure 5). The
hydride equivalent transfer distance between HD and C4 is
primarily determined by the relative position of the Zn2+

catalytic site and the NAD+ cofactor. The conformation of
the NAD+ cofactor is largely determined by the cofactor
domain. As shown in Figure 5, the three residues within van
der Waals contact of the NAD+ cofactor are Leu176, Thr237,
and Val260. They are included in fragments A-C, respec-
tively, as described. The distances between CD1 of residue
Leu176 and C5 of NAD+ are 3.55 and 4.06 Å in states 1
and 3, respectively. Those for Thr237 (CG2) and NAD+

(O4′) are 3.64 and 3.81 Å, respectively. Larger distances in
state 3 indicate weaker interactions between NAD+ and
Leu176, as do NAD+ and Thr237.

The amide group of Val260 forms a stable hydrogen bond
with the amide group of nicotinamide, and the hydrophobic
side chain of Val260 is in contact with the C2 atom of the
nicotinamide ring. A major difference between the two
conformations of nicotinamide from states 1 and 3 is in the
dihedral angles,ø1 (N7-C7-C3-C2) andø2 (H71-N7-
C7-C3) (Chart 2).ø1 is 17° and 28° andø2 3° and 16° for
states 1 and 2, respectively. This difference is due to the
nicotinamide ring being pushed toward the ligated EtO-. The
pushing motion is expressed through the hydrogen bond
between the Val260 amide group and the nicotinamide amide
group, as well as the Val260 side chain which is within van
der Waals distance of the nicotinamide ring. State 3 is created
by expanding the cofactor-binding pocket at lower temper-
atures. This expansion changes the distance between the CG1
atom of Val260 and the C2 atom of the nicotinamide ring
from 3.71 to 4.30 Å. Simultaneously, the hydrogen bond
between the 2′-ribose hydroxyl group of NAD+ and the
hydroxyl group of Thr40 present in state 1 is disrupted in
state 3. As the nicotinamide ring moves away, the interstice
between nicotinamide and the Zn2+ catalytic site becomes
larger. The hydride equivalent transfer distance between HD

of the substrate and C4 of the nicotinamide is expanded from
2.55 to 5.18 Å.

The substrate intermediate (EtO-) and the three side chain
heteroatoms of the residues, Cys38-S-, Cys138-S-, and
His61 (NE2), are coordinated with the Zn2+ ion in a distorted
tetrahedral configuration (Figure 5). The partial charge of
the cysteine thiolate (Cys-S-) was set to-0.80 (33), and
the partial charge of oxygen (O1) in EtO- is optimized to
be -0.91 by a procedure described in Methods. The
experimental (1) and theoretical distances between the Zn2+

ion and side chain heteroatoms and hydroxyl oxygen are in
good agreement (Table S1 of the Supporting Information).

FIGURE 4: Plot of the hydride equivalent transfer distance (d) vs
the approaching angle (θ) obtained from the stable dynamic run (4
ns) at three different temperatures (298, 323, and 348 K). The
distribution has been divided into three portions for 298 and 323
K and two portions for 348 K. They are labeled as states 1-3. A
total of 8000 ground state conformations are included, and NAC
structures are enclosed in the red box in the bottom right-hand
corner.
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The standard deviations of time-dependent distances between
the Zn2+ ion and coordinated atoms are all less than 5%,
indicating that the coordination distances between the Zn2+

ion substrate and neighboring residues are very stable
regardless of temperature.

In the starting structure for the MD simulations, the
hydroxyl group of Thr40 is hydrogen bonded with the
hydroxyl oxygen of EtO-. The average distance of the heavy
atoms involved in the proton transfer (Chart 1a) is shown in
Table 1. The average distance from Thr40-OH to EtO-

exhibits an only small fluctuation at 298 K (2.72( 0.11 Å)
compared to that at higher temperatures (3.40( 0.66 and
3.48( 0.70 Å at 323 and 348 K, respectively). This suggests
that the structure involved in the proton transfer pathway is
frozen at low temperatures due to the weaker thermal motions
of the htADH enzyme. The temperature-dependent distance
from Thr40-OH to EtO- at 348 K (Figure 6b) reveals a
variation between two states at a time period of 1-1.5 ns.
As expected, the active site of htADH undergoes more

significant motions at higher temperatures, enabling the
hydroxyl group of Thr40 to fluctuate between the substrate
and 2′-hydroxyl group of NAD+ ribose. By doing so, Thr40
is able to facilitate the proton transfer by conveying the
proton to solvent (Chart 1).

The hydrogen bond between the imidazole of His43 and
the 3′-hydroxyl group of NAD+ ribose is stable at 298 K,
while the imidazole of His43 is hydrogen bound to the 2′-
hydroxyl group of NAD+ ribose at 323 and 348 K. This is
due to the enlargement of the interstice between the cofactor-
binding domain and catalytic domain at low temperatures.
As a consequence, the hydrogen bond between the hydroxyl
group of Thr40 and the 2′-hydroxyl group of NAD+ is
disrupted. At 348 K, the 3′-hydroxyl group of NAD+ ribose
is closer to His43 and Thr40 is closer to the substrate. This
subtle difference in the structure at different temperatures
leads to a pivotal consequence. The placements of heavy
atoms along the proton transfer pathway are more equidistant
at 323 and 348 K than at 298 K. The abnormal larger distance
(>4 Å) between Thr40 (OG1) and NAD+ (NO2)′ at 298 K
must result in an increase in the energy barrier for proton
transfer from EtOH.

FIGURE 5: Stereoplots of the activity site in two different states. Plot a corresponds to state 1, and plot b corresponds to state 3. Only the
essential parts of the residues and cofactor near the Zn2+ catalytic site are shown. All the carbon atoms are colored green except C4 which
is purple. The oxygen, nitrogen, hydrogen, sulfur, and zinc atoms are colored red, blue, white, yellow, and gray, respectively. The distances
for the atoms involved in hydrogen bonds and van der Waals contacts are shown in dashed lines. Some critical distances are labeled with
numbers.

Chart 2

Table 1: Average Distances among the Heavy Atoms Involved in
the Proton Transfer Pathway

MD at 298 K MD at 323 K MD at 348 K

EtO- (O1)-Thr40 (OG1) 2.72( 0.11 3.40( 0.66 3.48( 0.70
Thr40 (OG1)-NAD+ (NO2′) 4.01( 0.25 3.65( 0.71 3.61( 0.61
NAD+ (NO2′)-His43 NE2 3.75( 0.27 3.39( 0.35 3.35( 0.38
His43 (NE2)-NAD+ (NO3′) 3.00( 0.20 3.78( 0.41 3.82( 0.53

FIGURE 6: Time-dependent distance between the hydroxyl oxygen
of EtO- and that of Thr40-OH obtained from MD simulations at
298 and 348 K.
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DISCUSSION

The oxidation of the substrate by htADH involves proton
and hydride equivalent transfers (Chart 1). In the studies of
horse liver alcohol dehydrogenase, both steps have been
considered to be partially or largely facilitated by confor-
mational motions within the active site (17, 19). Short-range
local motions are often coupled to longer-range conforma-
tional motions (44, 45). In htADH, the thermal motion of
the cofactor domain shapes the NAD+ conformation, allow-
ing it to directly assist both proton and hydride equivalent
transfer. The correlated motions between NAD+ and several
constituents of the cofactor domain, such as fragments A-D,
are larger at higher temperatures (Figure 2). This is particu-
larly so for fragment C and NAD+. The distance between
the side chain of Val260 and the NAD+ cofactor is shortened
by the cofactor-binding domain motions, resulting in move-
ment of the Val260 side chain toward the NAD+ and
subsequent pushing of the NAD+ cofactor toward the
substrate. The cofactor-binding domain motions are frozen
at low temperatures, and Val260 moves away from the
nicotinamide of NAD+. This change is due to the expansion
of the cofactor-binding pocket. Thus, the hydride equivalent
transfer distance is enlarged.

From the plots of transfer distance versus approaching
angle (Figure 4), it can be seen that the htADH‚NAD+‚EtO-

complex exists in more than one average conformation (states
1-3). At the optimal growth temperature, the cofactor-
binding pocket is tightened by the pushing motions of the
cofactor-binding domain. As the temperature decreases, these
correlated motions are weakened and the cofactor-binding
pocket expands. At 348 K, there are only two overlapping
states, 1 and 2, while a nonoverlapping state 3 with a longer
transfer distance is present at 323 K. As the temperature
continues to decease to 298 K, state 3 predominates.

In our MD simulation of the htADH‚NAD+‚EtO- com-
plex, the percentage of the ground state present as NAC
increases by 7-fold from 298 to 348 K. This is comparable
to the ratio (∼8-fold) of kcat at 298 and 348 K. From the
correlation motion calculation, it has been shown that
motions of the htADH cofactor domain are highly correlated
to NAD+ at high temperatures. This leads to the short-
ening of the reaction coordinate for the hydride equivalent
transfer. From both long-range and short-range local motions,
htADH regulates the hydride equivalent transfer distance by
the correlated motions between NAD+ and the cofactor
domain.

The proton transfer accompanying ionization of EtOH to
EtO- and H+ in the first step of the alcohol dehydrogenase
enzymatic reaction is mediated by the hydroxyl group of
Thr40 in htADH (and a serine in horse liver alcohol
dehydrogenase). The time-dependent distance has shown that
Thr40-OH oscillates in hydrogen bonding between EtO-

and the 2′-hydroxyl group of NAD+ on a nanosecond time
scale at 348 K, while this motion is frozen by a tight
hydrogen bond with a substrate at 298 K. This observation
is consistent with the suggestion by Klinman and co-workers
that that some regions within htADH are less dynamic and
demonstrate limited cooperative protein motion at reduced
temperatures (1, 12, 22). At higher temperatures, oscillation
of the Thr40 side chain between the substrate and NAD+

cofactor facilitates the proton transfer. The loss in the

flexibility of Thr40 at lower temperatures reduces the rate
of the proton shifting along the hydrogen bond network
(Chart 1).

The motion of the htADH active site structure is lowered
as the temperature is decreased, and the motion of the
cofactor domain at low temperatures is less correlated to that
of NAD+, leading to a distorted active site in which the
substrate is less likely to reach a reactive conformation.

CONCLUSION

The temperature dependence of the structure of theB.
stearothermophilusalcohol dehydrogenase E‚S complex
(htADH‚NAD+‚EtO-) has been investigated by MD simula-
tions at 298, 323, and 348 K. The structure of the E‚S
complex is affected by both long-range and short-range local
motions. The conformation of NAD+ is largely determined
by the motions of the cofactor domain, and the motions of
NAD+ are well correlated to the cofactor domain at the
optimal growth temperature but not at low temperatures. The
correlated motions are crucial to a favorable Boltzmann
distributionofreactiveconformationsofthehtADH‚NAD+‚EtO-

complex. Multiple states were found from plots ofd versus
θ. State 3, which corresponds to the larger transfer distance,
is not present at the optimal growth temperature. At 348 K,
the nicotinamide ring of NAD+ is pushed toward the
substrate to form a perfect conformation (NAC) in which
the C4 atom of nicotinamide and the HD atom of substrate
are brought together within van der Waals distance and the
approaching angle is appropriate for the reaction. Further-
more, the nicotinamide ring moves away from the substrate
with a hydrogen bond between the NAD+ amide group and
Val260 residue amide group at lower temperatures. As the
temperature is lowered and the enzyme motions are frozen,
the side chain of Thr40 sticks to the substrate instead of
oscillating between the substrate and 2′-hydroxyl group of
the NAD+ ribose, preventing the EtOHf EtO- + H+

reaction. Thus, both proton and hydride equivalent transfer
in the alcohol dehydrogenase enzymatic reaction are modu-
lated by the correlated motions between NAD+ and the
cofactor domain.
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