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Abstract

Normal mode analysis using the elastic network model has provided characteristics and directions of the low-frequency large domain motions
of horse liver alcohol dehydrogenase. Three normal modes (mode 1, mode 7, and mode 8) were identified as representative domain motions that
may promote the onset of Near Attack Conformers or facilitate the product to be released. The pattern of the atomic displacement for some key
residues (such as Val292 and Val203) revealed in this study is in line with experimental structural and kinetic studies and theoretical simulations.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Horse liver alcohol dehydrogenase (HLADH, EC 1.1.1.1)
[1] has a molecular weight of 80,000 Da and is a dimer of two
identical subunits [2]. Each subunit binds a nicotinamide
coenzyme and two Zn(II) ions. One zinc is in the active site,
while the other is structural. The active site Zn(II) is associated
with the hydroxyl oxygen of the alcohol substrate. Complex-
ation of the oxygen of the substrate alcohol by Zn*" lowers the
pK, of the alcohol hydroxyl group. Dissociation of the alcohol
hydroxyl proton is the first step in the oxidation of alcohol by
NAD" (Eq. (1)). This proton is passed to water by

{E-NAD*-RCH,0H}={E-NAD*-RCH,0 } + H" (1)
{E-NAD*-RCH,0" }={E-NADH-RCHO} (2)

way of a hydrogen-bond network terminating with the imidazole
of His51 [3,4]. The second step of the reaction involves hydride
equivalent transfer from the alkoxide to NAD™ [5,6] (Eq. (2)).
A common feature in the structures of certain dehydro-
genases is the conservation of a bulky hydrophobic residue
situated at the face of the nicotinamide ring distal to the
substrate. Some 10 years ago, Almarsson and Bruice [7] carried
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out MD studies of enzymatic substrate reductions with NAD(P)
H. Attention was drawn to the positioning of bulky substituents
at the NAD(P)H cofactor surface distal to the substrate [ILE 249
and VAL136 (1LDM [8]) for dogfish muscle lactate dehydro-
genase; PHE103 (3DFR [9]) for dihydrofolate dehydrogenase;
ALA245 and LEU157 (4MDH [10]) for malate dehydrogenase;
and ILE12 and TYR317 (1GPD [11]) for glyceraldehydes 3-P
dehydrogenase]. They noted that the steric demand of the bulky
distal substituents induces the formation of one of two quasi-
boat conformers of NAD(P)H in which the axial C4-H of NAD
(P)H is pointed to the substrate carbonyl carbon and at times at
van der Waals distance. The quasi-boat conformation con-
tributes to the energetic advantage of enzymatic catalysis and is
a required geometry along the pathway to the transition state
[7,12—15]. Val203 is the conserved residue of HLADH [16].
The influence of Val203 on the dynamics of the E-S ground
state can be appreciated when observing the molecular
dynamics (MD) simulation of the HLADH- PhCHO-NADH
complex [13]. The steric demand of Val203 induces an
anisotropic bending of the dihydronicotinamide ring of
NADH to a quasi-boat conformation with the hydrogen to be
transferred in the axial position facing the substrate.

The enzyme residue Val203 was shown to be of particular
importance in the early kinetic isotope effects studies of
HLADH and mutants in the laboratories of Klinman [17] and in
the steady-state kinetic studies of the same by Plapp [18].
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Kinetic parameters and isotope effects, measured for a group of
site-directed mutants of HLADH with benzyl alcohol as
substrate, have shown that alterations of the single amino acid
Val203 profoundly influences the degree of hydrogen tunneling
[17]. Reduction in the size of the bulky amino acid side chain
(Val203) results in a decrease in the rate of reaction. The log
(keat/Kn) decreases in a linear fashion with an increase in the
MD-derived closest contact distance (CCD) between reactants
in wild-type (VAL203) and mutant (V203L, V203A, and
V203G) forms in single 203-position mutant structures [13]

(Eq. (3)):
Log(kea/Kni) = —1.63 CCD + 6.65 (3)

Thus, restriction of distance between reactants facilitates
quantum mechanical tunneling. The bulky substituents thus
promote near attack conformers (NACs). This distance was
shown with HLADH-NAD"-PhCH,O " complex to be dimin-
ished by anti-correlation motions of the enzyme structure,
which create push-NACs [19]. Four pairs of anti-correlated
interactions at the active site were identified. The motions of Cat
of Val292 and CGl1 of Val203 in the cofactor binding domain
towards C7 of PhCH,O  are most important in the ~0.5 A
pushing of reactant atoms (C4 of NAD" towards C7 of
PhCH,0O ") to form push-NACs [19]. The reactant atoms are at
van der Waals distance and the angle of approach is between
132° and 180° [4]. Additionally, the ground-state NAC species
had been shown to be associated with the transition states of
lowest energy [19].

Colonna-Cesari et al. [20] reported inter-domain motion in
liver alcohol dehydrogenase, calculated for the apo- and
holoenzymes by use of empirical energy functions, that
showed that the motion for the catalytic domain around a
calculated axis is of a sliding type; the catalytic domain rotates
relative to the coenzyme-binding domain while moving closer
to it. These reported sliding and rotation motions about the
catalytic domain around the hinge axes and towards the
coenzyme-binding domain traverse the active site and result in
the anti-correlated motions for the portions of the two domains.
Ten-nanosecond MD and cross-correlation analysis of the
HLADH-NAD"-PhCH,0  complex by Luo et al. [21] had
established anti-correlated motions between the NAD" binding
domain and other portions of the enzyme [21].

In this study we are interested in isolating those residues and/
or portions of the enzyme that participate in functionally
important structural rearrangement in terms of domain motions
and their specific directions of collective motions based on
normal mode analyses. Normal mode analysis (NMA) is a
method for studying long-time dynamics and elasticity of
biological systems. Many studies have shown that the results
from NMA can provide a propder description of the
functionally important motions of proteins [22—-35].

2. Methods

Normal mode analysis was performed using the elastic
network model [36] applying the single-parameter Hookean

potential [37] and protein models. Several studies have shown
that a single parameter potential is sufficient to reproduce
complex slow dynamics in good detail [29,35-37]. Moreover,
the elastic network model provides an efficient way to study
the characteristics and directions of low-frequency motions. A
lot of information about the nature of the large conforma-
tional changes of biological systems can be obtained from a
single normal mode. For example, a single low-frequency
normal mode can be found whose direction compares well
with the conformational change or gives a good description
of the pattern of the atomic displacement as observed
experimentally. The single-parameter Hookean potential [37]
was also tested, using an all-atom model, on a periplasmic
maltodextrin binding protein. The results indicated that the
slowest modes closely map the open form going to the closed
form [37].

In our elastic network model, the protein residues are
represented by their Ca atoms. To reduce space requirements,
74 residues from the C-terminal were removed, leaving 300
residues. A Hessian matrix was constructed using a force
constant of 1 kJ A~? mol ' and a cutoff of 8 A. The figures
showing the normal mode vectors were generated using the
VMD program [38].

3. Results and discussion

Three normal modes (mode 1, mode 7, and mode 8, after the
six trivial translation and rotation modes were removed) in the
lowest frequency region will be discussed here. These three
modes of motions represent most characteristics in the large
domain motions of the enzyme from 20 lowest frequency modes
carefully examined. Fig. 1A shows an overall picture of the
enzyme interaction in the lowest frequency mode (mode 1).
Each arrow in black represents the vector of motion of a Ca
atom. The enzyme residues are omitted for easier viewing. The
substrate and the cofactor (coenzyme) are shown as sticks. In
Fig. 1a, the vectors of the large catalytic domain (right, residues
1-175) and the coenzyme-binding domain (left, residues 176—
300) collectively form two qualitative circles moving towards
the active site pocket and merge at an angle by sliding into each
other.

Fig. 1B and C provides an enlarged local view of Fig. 1A
with the vectors pointing towards the coenzyme’s nicotinamide
ring (left) or the substrate PACH,O  (right). The Ca atoms of
these residues are shown as color-coded balls in Fig. 1b or c.
The vectors for residues Pro91, Leu92, Phe93, Thr94, Lys113,
Asnl14 Aspl15 Leull6, Ser117, and Leul41 collectively point
towards the substrate alcohol from the upper right, and the
vectors for residues Serl77, Thrl178, Gly179, Tyr180, Gly181,
Ser182, Alal83, Vall84, Lys185, Vall86, Alal87, Lys188,
Val207, Phe266, Glu267, Val290, I1e291, and Val292 collec-
tively point towards the coenzyme’s nicotinamide ring from the
lower left.

In Fig. 1B, the residue Val292 (green) is situated at the face
of the nicotinamide ring distal to substrate alcohol and is in
position to push the nicotinamide ring towards the substrate
alcohol [19]. Normal mode analysis further shows that in the
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lowest frequency normal mode the vector of Val292 points
directly towards the nicotinamide ring. Residue V292 was also
identified as important in experimental mutants steady state and
transient kinetics studies [18], involving anti-correlated motions
in pushing the reactants [19] and creating a protein-promoting
vibration in the reaction catalyzed by HLADH [39-41].
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Val207 /

Glu267
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! Thr94 Tys113
" ?{ % Asnl14 Aspl15

Serl77 Glyl79 # Leul16 Serl17
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Alal87 Lys188
Phe266 Val290 le291

The residue Thr178, in dark blue (Fig. 1B), is situated at the
side of the nicotinamide ring, and in position to push the
nicotinamide ring from the side [19]. Normal mode analysis
further shows that the vector of Thr178 points towards the
nicotinamide ring. Residue Thr178 was also identified as
important in experimental mutants steady-state and transient
kinetics studies [18] and involving anti-correlated motions in
pushing the reactants [19].

The residue Leul41 (red), at the far right (Fig. 1B), is in a
position to push the substrate alcohol towards the nicotinamide
ring from the upper right [19]. Normal mode analysis further
shows that the vector of Leul41 points towards the substrate.
Residue Leul4l was identified with Thr178 as an anti-
correlated pair pushing the reactants [19].

The vectors of residues Glyl81, Val207, and Glu267
(orange) located at the far left (Fig. 1B) are within the
collective motions to push the nicotinamide ring from the
coenzyme-binding domain towards the substrate. Residues
Gly181, Val207, and Glu267 were also identified as creating a
protein-promoting vibration in the reaction catalyzed by
HLADH by Mincer et al. and Caratzoulas et al. [39—41].

Residue Phe93 (pink), located at the lower right of Fig. 1b, is
in position to push the substrate towards the nicotinamide ring
from the upper right. In a kinetic isotope effects study, residues
Phe93 and Leu57 were used to design site-directed mutations in
an effort to “unmask” tunneling [5]. The reduction in the size of
the alcohol-binding pocket through substitution at residues 57
and 93, which are in van der Waals contact with bound alcohol
produced a clear demonstration of protium tunneling. The pink-
colored Ca atom and its vector show the position and the
direction of residue Phe93.

In Fig. 1C, the residues Pro91, Leu92, Thr94, Lysl113,
Asnll14, Aspll5, Leull6, and Serll7 in cyan are within the
collective motions to push the substrate from the catalytic

Fig. 1. (A) An overall picture of the lowest frequency mode (mode 1). Each
arrow in black represents the vector of motion of a Ca atom. The enzyme
residues are omitted for easier viewing. The substrate (red) and the cofactor
(orange) are shown as sticks. (B) An enlarged local view of (A) with the vectors
pointing towards the coenzyme’s nicotinamide ring (left) or the substrate
PhCH,O  (right). The Ca atoms of a portion of these residues are shown as
color-coded balls. The residue Val292 (green) is situated at the face of the
nicotinamide ring distal to substrate alcohol, and the vector of Val292 points
directly towards the nicotinamide ring. The residue Thr178 (dark blue) is
situated at the side of the nicotinamide ring, and the vector of Thr178 points
towards the nicotinamide ring. The vector of residue Leul41 (red) points
towards the substrate. The vectors of residues Gly181, Val207, and Glu267
(orange) located at the far left are within the collective motions to push the
nicotinamide ring from the coenzyme-binding domain towards the substrate.
The pink-colored Ca atom and its vector show the position and the direction of
residue Phe93. (C) An enlarged local view of (A) with the vectors pointing
towards the coenzyme’s nicotinamide ring (left) or the substrate PhCH,O
(right). The Co atoms of a portion of these residues are shown as color-coded
balls. The residues Pro91, Leu92, Thr94, Lys113, Asn114, Asp115, Leul 16, and
Ser117 in cyan are within the collective motions to push the substrate from the
catalytic domain towards the nicotinamide ring from the upper right; and the
residues Serl177, Gly179, Tyrl180, Ser182, Alal83, Vall84, Lys185, Vall86,
Alal87, Lys188, Phe266, Val290, and I1e291 in cyan are within the collective
motions to push the nicotinamide ring from the lower left. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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domain towards the nicotinamide ring from the upper right; and
the residues Serl77, Gly179, Tyr180, Ser182, Alal83, Vall&4,
Lys185, Vall86, Alal87, Lys188, Phe266, Val290, and I1e291
in cyan are within the collective motions to push the
nicotinamide ring from the lower left.

Fig. 2A shows an overall picture of the enzyme interaction
in mode 8. Each arrow in black represents the vector of
motion of an Ca atom. The enzyme residues are omitted for
easier viewing. The substrate and the cofactor (coenzyme) are
shown as sticks. In Fig. 2A, most of the vectors of the
coenzyme-binding domain (left, residues 176—300) collective-
ly point towards the active site, except those at the top and the
left of the figure, which point away from the active site. A
large potion of vectors in the large catalytic domain (right,
residues 1-175) collectively point towards the active site,
except some at the back right and the lower portion, which
point away from the active site. There are a substantial number
of vectors in the lower left of the coenzyme-binding domain
with the direction to “push” upright to the coenzyme. There
are a similar number of vectors in the upper right of the
catalytic domain with the direction to “push” the alcohol
substrate into the coenzyme nicotinamide ring region. The
outwards enlarging tendency of the rest of the residues
suggests their readiness to assist the product to move out of
the reaction pocket.

Fig. 2B and C provides an enlarged local view of Fig. 2A
with the vectors pointing towards the coenzyme’s nicotinamide
ring or the substrate alcohol. The Ca atoms of these residues are
shown as color-coded balls in Fig. 2B or C. The vectors for
residues Aspll15, Prol119, Argl20, Glyl121, Thr122, Metl23,
His138, His139, Phe140, and Leul41 collectively point towards
the substrate from the upper right; and the vectors for residues
Gly202, Val203, Gly204, Leu205, Ser206, Val207, Lys231,
Ala232, Lys233, Glu234, Val235, Gly236, and Ala237
collectively point towards the coenzyme’s nicotinamide ring
from the lower left.

In Fig. 2B, the residue Val203 (green) is situated at the
face of nicotinamide ring distal to the substrate, and in
position to push the nicotinamide ring towards the substrate

Fig. 2. (A) An overall picture of the mode 8. Each arrow in black represents the
vector of motion of a Ca atom. The enzyme residues are omitted for easier
viewing. The substrate (red) and the cofactor (orange) are shown as sticks. (B)
An enlarged local view of (A) with the vectors pointing towards the coenzyme’s
nicotinamide ring or the substrate alcohol. The Ca atoms of a portion of these
residues are shown as color-coded balls. The residue Val203 (green) is situated
at the face of nicotinamide ring distal to the substrate, and the vector of Val203
points directly towards the nicotinamide ring. The residue Leul41 (red) at the
right points to the substrate. The residues Gly204 and Val207 (orange) at the
lower left are within the collective motions to push the nicotinamide ring
towards the substrate from the lower left. (C) An enlarged local view of (A) with
the vectors pointing towards the coenzyme’s nicotinamide ring or the substrate
alcohol. The Ca atoms of a portion of these residues are shown as color-coded
balls. The residues Asp115, Prol19, Argl120, Gly121, Thr122, Met123, His138,
His139, and Phel40 (cyan) located at the upper right are within the collective
motions to push the substrate; and residues Gly202, Leu205, Ser206, Lys231,
Ala232, Lys233, Glu234, Val235, Gly236, and Ala237 (cyan) located at the
lower right are within the collective motions to push the nicotinamide ring. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

[19]. Normal mode analysis further shows that in mode § the
vector of Val203 points directly towards the nicotinamide
ring. Residue V203 was identified as also important in
experimental kinetics studies [17,18], involving anti-correlat-
ed motions in pushing the reactants together [19], and
creating a protein-promoting vibration in the reaction
catalyzed by HLADH [39-41].

In Fig. 2B, the residue Leul4l (red) at the right is in a
position to push the substrate towards the nicotinamide ring
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Fig. 3. (A) An overall picture of the mode 7. (B) An enlarged local view of (A).
The pink-colored Ca atom and its vector show the position and direction of
residue Leu57. The residue Leu57 in pink, the residues Val58 and Thr59 in cyan,
located above the Leu57, are pointing towards the substrate from the upper left
side. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

from the upper right [19]. Only residue Leul41 showed up in
this mode as functionally relevant from the reported anti-
correlated Thr178 and Leul41 pair [19]. Residue Leul41 also
appears pointing towards the substrate in the previous described
lowest frequency mode.

Residues Gly204 and Val207 (orange) at the lower left (Fig.
2B) are within the collective motions to push the nicotinamide
ring towards the substrate from the lower left. Residues Gly204
and Val207 were also identified as creating a protein-promoting
vibration in the reaction catalyzed by HLADH [39—41]. The
residue Val207 also appeared pointing towards the nicotinamide
ring in the lowest frequency mode (mode 1) described
previously.

In Fig. 2C, the residues Aspll15, Prol19, Argl20, Glyl121,
Thr122, Met123, His138, His139, and Phe140 (cyan) located at
the upper right are within the collective motions to push the
substrate from the catalytic domain towards the nicotinamide
ring from the upper right; and residues Gly202, Leu205,
Ser206, Lys231, Ala232, Lys233, Glu234, Val235, Gly236, and

Ala237 (cyan) located at the lower right are within the collective
motions to push the nicotinamide ring from the lower left. These
residues are identified as functionally important in the current
study.

Fig. 3A shows an overall picture of the enzyme interaction in
mode 7. In Fig. 3A, the vectors of the large catalytic domain
(right, residues 1-175) and the coenzyme-binding domain (left,
residues 176—300) are qualitatively anti-correlated and collec-
tively sliding away from each other. This mode may facilitate
the reaction product to be released. Fig. 3B provides an enlarged
local view of Fig. 3A. The pink-colored Ca atom and its vector
show the position and direction of residue Leu57. Leu57 and
Phe93 were studied by the isotope effects study [5]. The residue
Leu57 in pink, the residues Val58 and Thr59 in cyan, located
above the Leu57 are pointing towards the substrate from the
upper left side. These three residues are in position to assist the
reaction product release.

NMA using the elastic network model applied in this
study has provided characteristics and directions of the low-
frequency large domain motions. The pattern of the atomic
displacement revealed in this study is in line with
experimental structural and kinetic studies [2,17,18] and
theoretical simulations [19-21,39—41]. While the large
domain motions are within the low-frequency time scale
detectable by NMR technology, the anti-correlated motions
and protein-promoting vibrations are at the picosecond to
nanosecond time range. While the higher frequency motions
promote the NACs formation, the lower frequency motions
are domain motions in nature that bring the reactants
together/apart.
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