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ABSTRACT. The catalytic chemistry of the thermophiBacillus stearothermophilusicohol dehydrogenase
(HtADH) closely resembles that of mesophilic horse liver alcohol dehydrogenase (HLADH). Molecular
dynamics (MD) simulations of the htADINAD*-EtO~ complex at 298, 323, and 348 K show that the
structure of the ligated 2n---EtO~ complex varies slightly with change in temperature. The MD-created
Boltzmann distribution of htADHNAD *-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 NADeing 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 NAlm H, 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 withkghdor the htADH enzymatic reaction. The

rate constant for the htADINAD *-EtOH— htADH-NAD*-EtO~ proton dissociation, which is mediated

by Thr40-OH, becomes slower at lower temperatures. The time-dependent distance betweem&tO
Thr40—0OH reveals that the Thr40 hydroxyl group sways between the substrate and Nd3e 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 th& Eomplex.

The thermophilic Bacillus stearothermophiluslcohol A
dehydrogenase (htADHMjs a homotetrameric enzyme. Each
monomer comprises 339 amino acid residues, a catalytic zinc
ion, a structural zinc ion, and a NADcofactor (). The
monomer folds into a tertiary structure with two functionally
different domains: cofactor-binding domain (residues-150
285) and catalytic domain (residues 149 and 286-339). ADH*RCHO
The cofactor-binding pocket and substrate-binding pocket ADH-RCH20H >
are formed within the interstices between the two domains. Reaction Coordinate
The structure of the htADH £ complex is homologous to Ficure 1: Energy profile for the ADH enzymatic reaction.
that of Escherichia coliADH and very similar to that of Accumulated experimental evidence supports a role for
dimeric mesophilic horse liver alcohol dehydrogenase. The quantum tunneling in hydride equivalent transfé&sT), and
htADH enzymatic reaction has been shown to occur in two much of the theoretical attention has been given to calcula-
steps 2—4) (Figure 1). The (a) htADFNAD *-RCH,OH — tions of the energy or free energy of the mesophilic horse
htADH-NAD*-RCH,O~ +H"and (b) htADHNAD"-RCH,O~ liver alcohol dehydrogenase reacti@11). Recent kinetic
— htADH-NADH-RCHO reactions are depicted in Chart 1. isotopic studies of htADH support a thermally induced
Both ribose and nicotinamide portions of the cofactor are enzyme dynamic contribution to such quantum tunneling
reactants in the proton transfer and following hydride (12—15). Our previous studies of horse liver alcohol dehy-
equivalent transfer, respectively. Thus, positioning of the drogenasel) have demonstrated that both the active ground
entire cofactor is critical to the enzymatic reaction. state conformation of the:B complex and the anticorrelated
motions of the enzyme facilitate proton and hydride equiva-
lent transfer {7—19). This study has been directed toward
the temperature dependence of the structure and motions of
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Schaad relationship measured for hydrogdauterium (H- Langevin dynamics. The friction constants used in the
D) kinetic isotopic effects (KIES) using the mixed labeling integration of the Langevin equation were 250 and 62 ps
experiment {2, 20, 21). A temperature-dependent-HD for the protein atoms and water molecules, respectively. A

exchange study has revealed that the htADH system under-spherical boundary potential centered at the origin of the
goes transitions with temperature, which results in a more water cap was employed to maintain the correct average
dynamic conformation at higher temperatur2®)( Such a distribution of water molecules36, 37). The SHAKE
phenomenon of temperature-dependent enzyme activity hasalgorithm @8) was applied to fix the covalent bonds
been previously observed in several different types of involving hydrogen. Then, energy minimizations were
thermophilic enzymes2@—25). Most recently, we have performed using the steepest descent (SD) and adopted basis
employed molecular dynamics (MD) simulations in examin- Newton—Raphson (ABNR) algorithms. The MD simulations

ing the temperature dependence of th& Eomplexes of  with a time step of 1 fs for the integration of the equations
Sulfolobus sulfataricuthermophilic indole-3-glycerol phos-  of motion were carried out at three different temperatures,
phate synthase afithermus thermophilushorismate mutase 298, 323, and 348 K. The distances between residues in the

(26—28). cofactor-binding pocket, substrate, and cofactor were con-
strained with the harmonic forces at the beginning of MD
METHODS 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 89). Cross-correlated motion analysis is capable
of revealing the long-range (usually a time period of
nanoseconds) motions of the enzynd®)( The correlated
coefficients between NAD and the htADH residues were
calculated by eq 1:

The starting structure of the htADNAD™-EtO™ inter-
mediate was optimized from the X-ray crystallography
structure (PDB entry 1RJW) by Ceccarelli et al) @fter
the substrate analogue trifluoroethanol (TFE) was replaced
in the X-ray structure with EtQ The CHARMMZ27 force
field was employed in the MD simulation29). The
electrostatic potential of EtOat the B3LYP/6-313+G(2d,

p) level was obtained from the optimized geometry of EtO
using the MerzKollman scheme 30) implemented in o - oo 112
Gaussian0331). The parameters for EtOwere optimized Ci = [AT AT \ap (AT "TIAT Npp+ (1)

until the CHARMM results and ab initio data were in a good

agreement3?2). For the cysteine thiolate (Cys-§ the force whereAr; is the average coordinate displacement of htADH
field was chosen in a manner suggested by Nilsson et al.residuei from the mean position andryap+ is that for

(33). NAD™. The correlated coefficient ranges froni.0 to 1.0.

The htADHNAD*-EtO- complex was solvated using a Correlated (pos_tive) residues move in thg same direc'gion as
water sphere with a radius of 42 A, centered at one of the NAD™, and anticorrelated (negative) residues move in the
catalytic zinc ions. Water molecules within 2.8 A of any opposite dlrecthn. A completely correlated or anticorrelated
non-hydrogen enzymeofactorsubstrate atoms were re- motion (correlation coefficients;; = 1 orC; = —1) denotes
moved. Energy minimization was carried out to remove the that the motions have the same or opposite phase and period.

unfavorable interactions between the solute and SOIVent'RESULTS

Voids generated after brief Langevin dynamics were filled

with water molecules so that the solvent density was correct. The correlated coefficients between the htADH residues
The resulting system contained 6653 TIP3P water moleculesand NAD' at 298 and 348 K were calculated from 5 ns MD
(34). Stochastic boundary conditions were applied to the trajectories (Figure S1 of the Supporting Information).
system 85). The residues more than 42 A from the center Positively correlated coefficients denote that the motions of
of the water sphere were fixed in the simulations. The region the htADH residues and NADare in the same direction,

in which r < 40 A was selected as the reaction zone; the while negative ones designate that they move in opposite
region in which 40 A< r < 42 A was selected as the buffer directions. The major portions of the cofactor-binding domain
zone, and the region in whiah> 42 A was selected as the are positively correlated with NADat both 298 and 348
reservoir zone. The atoms in the reaction zone were treatedk. However, a difference is revealed as the correlated
with Newtonian dynamics, while atoms in the buffer zone coefficients between the cofactor-binding domain and NAD
were restrained by harmonic constraints and simulated usingare averaged (0.31 and 0.50 at 298 and 348 K, respectively).
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(b)

Ficure 2: (@) Plot of correlated motions mapped onto the htADH monomer. The htADH enzyme is represented with ribbohardAD

the substrate are represented with sticks. The Zom is represented with a sphere. Only the crucial correlated coefficients betweeh NAD
and htADH were mapped. Four crucial fragments of the htADH enzyme have been labeled in different colors: orange for fragment A
(residues 163190), magenta for fragment B (residues 22E0), red for fragment C (residues 25273), and yellow for fragment D
(residues 273290). Fragments AD are correlated to each other. The cofactor domain is anticorrelated to the catalytic domain. The
averages of correlated coefficients for fragmentsAare 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. Three residues, Leul76, Thr237, and Val260 in fragment€ Arespectively, are represented

with sticks. The correlation coefficients between these three residues and BAI98 and 348 K are different (0.72 and 0.83 for Leul76,

0.40 and 0.80 for Thr237, and 0.56 and 0.80 for Val260).

This indicates the motions of the cofactor-binding domain
are better correlated with that of NADat higher tempera-
tures.

The correlated coefficients between NARNd htADH
were mapped for fragments 4D which constitute the
cofactor-binding domain (Figure 2). The averages of cor-
related coefficients for fragments-4D 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 ADI)(
is in van der Waals contact with the nicotinamide ring. The
motion of Val260 is well-correlated with that of NADat
the optimal growth temperature. The temperature dependence
of correlated motions for Thr237 is much the same as that Ficure 3: Definition of NAC for the htADH hydride equivalent
of Val260. The correlated coefficient for Leul76 increases transfer. In the NAC structure, transfer distancgip,—C4) < 3.0
only slightly, suggesting that the motion of Leu176 is rarely A and approaching anglé (JCa—Hp++:C4) is larger than 132
affected by the temperature. Fragment D is located at thePUt €ss than 180
bottom of the cofactor-binding pocket and connects the
cofactor-binding domain to the catalytic domain. NAB nicotinamide ring JCa—Hp+--C4 ()] is larger than 132
loosely bound with the cofactor-binding pocket at 298 K pyt less than 180(17).
while perfectly bound for catalysis at the optimal growth  QObtained from long-term MD simulations, plots of hydride
temperature. equivalent transfer distancd)(versus approaching angle)(

It has been shown with a number of enzymes tatis provide the Boltzmann distribution of ground state confor-
dependent upon the portion of the Boltzmann distribution mations of the htADHNAD*-EtO™ intermediate at different
of the ground state present as reactive conformatiéhs ( temperatures (Figure 4). The distribution @fversusé is
43). Such conformations have been termed near-attackapproximately reciprocal: a largel is associated with a
conformations (NACs)42). NAC is geometrically defined  smaller6. Plots at lower temperatures (298 and 323 K) have
by both a van der Waals distance of two reacting atoms andshown that the ES structure exists as three distinguishable
their approaching angle. The NAC of the htADH hydride states: state 1 at the bottom right-hand region, state 3 at the
equivalent transfer reaction is defined in Figure 3. The van top left-hand region of the plots, and state 2 between states
der Waals distance between,Hind C4 is<3.0 A. The 1 and 3 (Figure 4b,c). The averaggHC4 distancesd) of
approaching angle of fHwith respect to the C4 atom of the state 1 at 298 and 323 K are 2.480.23 and 2.6 0.27
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(@ | (Figure 4a). The average valuesthdire 3.77, 4.02, and 4.29
6 I A at 348, 323, and 298 K, respectively, while the average
348 K values off are 112, 92°, and 886, respectively. The region
_ where NAC occurs is located in state 1 and is within the red
5 | A box in Figure 4. The percentages of ground state present as
W State 2 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.Kth@alues of the
htADH enzymatic reaction are-37 and~300 s at 298
and 323 K, respectivelyl@). From 323 to 298 K, the
percentage of ground state present as NAC decreases by
7-fold, which is comparable to the ratio &, at two
temperatures (8-fold).
S i i Snapshots of states 1 and 3 extracted from the MD
0 30 60 20 120 150 180 trajectories are presented in stereoview (Figure 5). The
) 9 hydride equivalent transfer distance betweenddd C4 is
(b) . primarily determined by the relative position of the2Zn
61 . state3s 323 K catalytic site and the NAD cofactor. The conformation of
Tnl 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 NADcofactor are Leul76, Thr237,
and Val260. They are included in fragments-8, respec-
tively, as described. The distances between CD1 of residue
Leul76 and C5 of NAD are 3.55 and 4.06 A in states 1
and 3, respectively. Those for Thr237 (CG2) and NAD
(O4) are 3.64 and 3.81 A, respectively. Larger distances in
state 3 indicate weaker interactions between NA&nhd
Leul76, 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
State 3 conformations of nicotinamide from states 1 and 3 is in the
298 K dihedral anglesy; (N7—C7—C3—C2) andy, (H71—N7—

C7—C3) (Chart 2)1 is 17 and 28 andy. 3° and 16 for
states 1 and 2, respectively. This difference is due to the
nicotinamide ring being pushed toward the ligated EtThe
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 A. Simultaneously, the hydrogen bond
between the "2ribose hydroxyl group of NAD and the
hydroxyl group of Thr40 present in state 1 is disrupted in
Ficure 4: Plot of the hydride equivalent transfer distandg \(s state 3. As'the' nlcojunamlde fing moves away, the interstice
the approaching angl@) obtained from the stable dynamic run (4 between nlcotln_amlde E_md the ZZ“Cata'y_“C site becomes
ns) at three different temperatures (298, 323, and 348 K). The larger. The hydride equivalent transfer distance betwaen H

distribution has been divided into three portions for 298 and 323 of the substrate and C4 of the nicotinamide is expanded from
K and two portions for 348 K. They are labeled as state8.1A 255 to 5.18 A.

total of 8000 ground state conformations are included, and NAC : : : :
structures areg enclosed in the red box in the bottom’ right-hand The substrate |ntermgd|ate (Etand the three S'?e chain
corner. heteroatoms of the residues, Cys3®, Cys138-S-, and
His61 (NE2), are coordinated with the Zrion in a distorted
A, respectively. The average dfin state 3 at 298 K is 5.20  tetrahedral configuration (Figure 5). The partial charge of
+ 0.28 A, while that at 323 K is 4.92 0.19 A. The large  the cysteine thiolate (Cys-$was set to—0.80 @3), and
average value ofl in state 3 at 298 K indicates that the the partial charge of oxygen (O1) in Et@s optimized to
cofactor-binding pocket is enlarged as the temperature isbe —0.91 by a procedure described in Methods. The
lowered. There are 44% of the total conformations present experimental ) and theoretical distances between thé"Zn
in state 3 at 298 K while only 16% in state 3 at 323 K. At ion and side chain heteroatoms and hydroxyl oxygen are in
the optimal growth temperature (348 K), state 3 has vanishedgood agreement (Table S1 of the Supporting Information).
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Ficure 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 &talytic 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
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The standard deviations of time-dependent distances between

the Zr?* ion and coordinated atoms are all less than 5%, Ficure 6: Time-dependent distance between the hydroxyl oxygen

indicating that the coordination distances between th& Zn gggtgdagggthzt of Thr48 OH obtained from MD simulations at

ion substrate and neighboring residues are very stable

regardless of t.emperature. . _ significant motions at higher temperatures, enabling the
In the starting structure for the MD simulations, the hydroxyl group of Thr40 to fluctuate between the substrate
hydroxyl group of Thr40 is hydrogen bonded with the and 2-hydroxyl group of NAD' ribose. By doing so, Thr40

hydroxyl oxygen of EtO. The average distance of the heavy s able to facilitate the proton transfer by conveying the
atoms involved in the proton transfer (Chart 1a) is shown in proton to solvent (Chart 1).

Z)?r?ilsitsl 'a;r;ilsvs%aa?leﬂud ;tg,:igi farto ;ng;’ Ergl%ztgn E_t% The hydrogen bond between_the imidazole of His43 and
compared to that at higher temperatures (3:40.66 and  the 3-nydroxyl group of NAD' ribose is stable at 298 K,
3.48+ 0.70 A at 323 and 348 K, respectively). This suggests While the imidazole of His43 is hydrogen bound to tte 2
that the structure involved in the proton transfer pathway is NYdroxyl group of NAD' ribose at 323 and 348 K. This is
frozen at low temperatures due to the weaker thermal motionsdue to the enlargement of the interstice between the cofactor-
of the htADH enzyme. The temperature-dependent distancePinding domain and catalytic domain at low temperatures.
from Thr40-OH to EtO at 348 K (Figure 6b) reveals a AS a consequence, the hydrogen bond between the hydroxy!
variation between two states at a time period efl15 ns. ~ group of Thr40 and the 'zhydroxyl group of NAD is
As expected, the active site of htADH undergoes more disrupted. At 348 K, the'anhydroxyl group of NAD' ribose
is closer to His43 and Thr40 is closer to the substrate. This

Table 1: Average Distances among the Heavy Atoms Involved in  Subtle difference in the structure at different temperatures
the Proton Transfer Pathway leads to a pivotal consequence. The placements of heavy

MD at 298 K MD at 323 K MD at 348 K atoms along the proton transfer pathway are more equidistant
EtO" (O1)—Thrd0 (OG1) 2728011 3.40L 066 3.48L 070 at 323 and 348 K than at 298 K. The abnormal larger distance
Thr40 (OG1)-NAD* (NO2) 4.01+0.25 3.65t0.71 3.61+ 0.61 (>4 A) between Thr40 (OG1) and NAD(NO2) at 298 K

NAD* (NO2)—-His43NE2 ~ 3.75:0.27 3.39:0.35 3.35:0.38 must result in an increase in the energy barrier for proton
His43 (NE2)-NAD* (NO3) 3.00+0.20 3.78+0.41 3.82+0.53 transfer from EtOH
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DISCUSSION flexibility of Thr40 at lower temperatures reduces the rate

L ) of the proton shifting along the hydrogen bond network
The oxidation of the substrate by htADH involves proton (Chart 1).

and hydride equivalent transfers (Chart 1). In the studies of * 1o motion of the htADH active site structure is lowered
horse liver alcohol dehydrogenase, both steps have beenyg e temperature is decreased, and the motion of the
con_S|dered to be p.ar'glally or Iqrgel_y facilitated by confor- ¢¢4ct0r domain at low temperatures is less correlated to that
mational motions within the active sité7, 19). Short-range ¢ NAD", leading to a distorted active site in which the

local motions are often coupled to longer-range conforma- g hstrate is less likely to reach a reactive conformation.
tional motions 44, 45). In htADH, the thermal motion of

the cofactor domain shapes the NABonformation, allow- CONCLUSION

ing it to directly assist both proton and hydride equivalent

transfer. The correlated motions between NA@hd several The temperature dependence of the structure offthe
constituents of the cofactor domain, such as fragmentpA  Stéarothermophilusalcohol dehydrogenase-& complex

are larger at higher temperatures (Figure 2). This is particu- (MADH-NAD™-EtO") has been investigated by MD simula-
larly so for fragment C and NAD. The distance between {ons at 298, 323, and 348 K. The structure of theSE
the side chain of Val260 and the NA®ofactor is shortened ~ cOmplex s affected by both long-range and short-range local
by the cofactor-binding domain motions, resulting in move- Motions. The conformation of NADis largely determined
ment of the Val260 side chain toward the NADand by the motions of the cofactor domain, and the motions of
subsequent pushing of the NADcofactor toward the NA_D+ are well correlated to the cofactor domain at the
substrate. The cofactor-binding domain motions are frozen OPtimal growth temperature but not at low temperatures. The
at low temperatures, and Val260 moves away from the cprrglatgd motions are crumal to a favorable Boltzmann
nicotinamide of NAD". This change is due to the expansion distribution of reactive conformations of the htABYAD ™ EtO™

of the cofactor-binding pocket. Thus, the hydride equivalent COmplex. Multiple states were found from plotsafersus
transfer distance is enlarged. 6. State 3, which corresponds to the larger transfer distance,

From the plots of transfer distance versus approaching's not present at the optimal growth temperature. At 348 K,

angle (Figure 4), it can be seen that the htARIAD *-EtO~ theb |;1|c:)t|rt]arp|de rng fOf tNADf IS pttJ.shedN;\vava_rd tﬁ'eh
complex exists in more than one average conformation (statesﬁ:J scr4aet 0 ofrm' a tper e%l con doihma}:;n ( ¢ )tl)n tW tIC
1-3). At the optimal growth temperature, the cofactor- e atom of nicotinamide and th& atom of substrate

binding pocket is tightened by the pushing motions of the are brought together within van der Waals distance and the

cofactor-binding domain. As the temperature decreases, thesgpproachmg angle is appropriate for the reaction. Further-

correlated motions are weakened and the cofactor—bindingm.ct)ge‘ tf:\edmcotlngmﬂebn?g mO\;Es E\’Xg fr_zm the subs(tjrate
pocket expands. At 348 K, there are only two overlapping with a hydrogen bond between the mide group an

states, 1 and 2, while a nonoverlapping state 3 with a Ionger:/al260 VtESIdl'Jel amldedgrogpthat lower temp?.ratures. ’fA‘S the
transfer distance is present at 323 K. As the temperaturetﬁmp.e(;a urhe IS o]\c/v_er:]emant_ ke ten?]/me nl;otlo?s _aret rodzer;,
continues to decease to 298 K, state 3 predominates. € side chain o rav sticks 1o the substrate instead o

. . 7 oscillating between the substrate ariehgdroxyl group of
IIn ottér MD S|m;JIat|onfotLthe htAII()jH\!{A:I)*-EtO iom' NACthe NAD" ribose, preventing the EtOH> EtO~ + H*
piex, the %erc7efn I‘nge 0 2988 gtquéJ:S KS aTﬁ' present as bl reaction. Thus, both proton and hydride equivalent transfer
Increases by /-1old from 0 - [NIS IS comparable i, i gicohol dehydrogenase enzymatic reaction are modu-
to the ratio (-8-fold) of ke at 298 and 348 K. From the . by the correlated motions between NARNd the
correlation motion calculation, it has been shown that

. . ) cofactor domain.

motions of the htADH cofactor domain are highly correlated !
to NAD™ at high temperatures. This leads to the short- ACKNOWLEDGMENT
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