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A B S T R A C T

Horse Liver Alcohol Dehydrogenase (HLADH) is an extensively studied enzyme isolated from equine liver tissue,
and holds a central role in numerous enzymatic processes, underscoring the need for thorough investigation. This
study delves into the kinetic behavior and structural dynamics of HLADH, shedding light on complex mecha-
nisms governing its catalytic activity and interactions with the cofactor. Notably, deviations from traditional
Michaelis–Menten kinetics are observed, manifesting as a slowdown in catalytic rate under high NADH con-
centrations. Utilizing molecular dynamics simulations, an allosteric site is identified, clarifying how excessive
cofactor levels impact protein dynamics and catalytic properties. Structural alterations induced by inhibitory
NADH concentrations are revealed, indicating reduced protein flexibility and modifications in catalytic cavity
size, thereby elucidating the inhibitory mechanism at high cofactor concentrations. This comprehensive inves-
tigation unveils intricate facets of HLADH’s catalytic mechanisms, providing a platform for further exploration in
enzymology and biocatalysis.

1. Introduction

Alcohol dehydrogenases (ADHs) are a wide group of enzymes that
have a crucial role in the metabolism of alcohols in many organisms.
These enzymes are primarily responsible for the oxidation of alcohols to
their corresponding aldehydes or ketones, as well as the detoxification of
xenobiotics, and have several applications in enzymology and
biochemistry [1–5]. In the last years, the application of ADHs to organic
synthesis attracted substantial interest due to the high enantiose-
lectivity, large variety of accepted substrates and mild reaction condi-
tions [6,7]. Horse liver alcohol dehydrogenase (HLADH), in particular,
has been used as a paradigmatic system for gaining insights into the
structure and function of alcohol dehydrogenases as a whole [8].
Numerous investigations have delved into its catalytic mechanism,
substrate specificity, and kinetic properties [9,4,3]. Furthermore, the
elucidation of the three-dimensional structure of HLADH, achieved
through X-ray crystallography, has provided valuable information on its
active site and catalytic mechanism.

HLADH, classified as a metalloenzyme, is structured as a homodimer,

where each monomer consists of 374 amino acid residues divided into
two chains, denoted as A and B, contributing to a substantial molecular
weight of 163.32 kDa. Within the active site, there are two zinc atoms,
each of which plays distinct roles. One of these zinc atoms performs a
catalytic function, and it is coordinated with Cys46, Cys174, His67, and
water in the apoenzyme state. In the holoenzyme state, it binds to the
substrate. The other zinc atom, known as structural zinc, is bonded to
four cysteine residues [2]. Notably, the electron densities surrounding
both the catalytic and structural zinc ions adopt a nearly spherical
shape, with the catalytic zinc exhibiting a tetrahedral coordination
arrangement. The zinc structural site of ADH has been assigned a role in
the maintenance of a proper tertiary/quaternary structure. Related en-
zymes not containing this zinc ion, like sorbitol dehydrogenase, display
a different quaternary structure [10,11], and recombinant variants of
ADH, where one Cys ligand at the time has been changed to Ala, are
structurally labile [12]. Approximately sixty years ago, Theorell and
Chance laid the groundwork by proposing a mandatory sequence for
binding, starting with the coenzyme and followed by the substrate [13].
Their proposed bi-bi ordered mechanism, that is visually depicted in red
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in Fig. 1, where the cofactor (NADH/NAD+) is the first to bind to the
enzyme and the last to leave the active site.

Among various reported reaction steps, the dissociation of the binary
E-cofactor product complex was identified as the rate-determining step,
as pointed out by Dalziel in 1963 [14]. The kinetic constants of this
process were estimated by Plapp through kinetic simulations of a family
of progress curves using KIN SIM and FITSIM [15]. This approach
allowed establishing the relationships between the kinetic constants and
the affinity constant, determining which of the constants was the cata-
lytic one. Specifically, the Michaelis constant serves as a crucial indi-
cator, representing the equilibrium constant governing both the
formation and dissociation processes of E-cofactor complexes or E-
cofactor-substrate complexes. On the other hand, the catalytic constant
delineates the dissociation constant specifically pertaining to the E-
cofactor product complex. The described relationships are reported in
Table 1.

Meticulous investigations involving initial velocity studies by vary-
ing substrate concentrations provided support for the Theorell–Chance
mechanism, but more intricate mechanisms emerged from steady-state
kinetic studies. Indeed, at least another reaction pattern, that can
occur with high relative substrate concentrations, has been proposed
[16] (blue path in Fig. 1). According to this reaction mechanism, the
enzyme can initially bind the substrate, forming an E-substrate complex
to which the cofactor will subsequently bind at different rates depending
on the substrate under examination. This process thus influences kinetic
parameters. Moreover, the possibility of abortive ternary complexes (i.e.
non-productive), both in reduction (E-NADH-RCH2OH) and in oxidation
(E-NAD+-RCHO) have been proposed. Being the possible number of
ternary complexes large and debated, such complexes are not reported
in scheme in Fig. 1.

The formation of abortive E–NAD+–aldehyde and E–NADH–alcohol
complexes is particularly evident under very high substrate concentra-
tions [17,18]. Notably, when ethanol is the alcohol substrate, NADH

dissociates slower from the abortive enzyme–NADH–alcohol complex,
showing substrate inhibition. Conversely, with cyclohexanol as the
substrate, NADH dissociation occurs more rapidly, demonstrating also
substrate activation [19,20]. Additionally, benzyl alcohol forms an
abortive enzyme–NADH–alcohol complex, impeding the dissociation of
NADH [21]. Product inhibition investigations proved the kinetic
importance of the abortive ternary E–cofactor–substrate complexes in
the overall reaction scheme. These findings underline the diverse and
nuanced effects of different alcohols on the enzyme’s behavior, high-
lighting the complexity of the reaction mechanisms beyond the first
proposal [16].

As just described, HLADH is an extensively studied and well-
characterized enzyme from both a kinetic and structural perspective.
Specifically, researchers have investigated the impact of substrate
structure, inhibition or activation by substrate and product through the
formation of ternary complexes, and how enzyme kinetics vary with
different metals [16,20,22]. Throughout these explorations, and in
practical applications, the cofactor concentration is typically kept con-
stant, at or below than 0.2 mM for the reduction [23,24] and approxi-
mately at 1 mM for the oxidation reaction [25,26]. In this study we
aimed to investigate the effect of both substrate and cofactor concen-
tration on enzyme activity. In the present work, kinetic anomalies under
variable cofactor concentration have been observed. Thus, we used
molecular dynamics (MD) simulations to rationalize this behavior at
molecular level.

2. Results and discussion

2.1. Measurements of enzyme kinetics

As can be seen from the profile in Fig. 2A, the rate of oxidation re-
action for all three substrates increases by increasing cofactor concen-
tration until reaching a plateau at saturating concentration. Instead, as
depicted in the profile on the right (Fig. 2B), an unusual pattern was
noticed. Contrary to the expected Michaelis–Menten behavior, under
varying NADH concentrations, the observed kinetics deviates from the
typical model. Rather than reaching a plateau at saturating coenzyme
concentrations, the reaction rate initially rises to a maximum, after that
it declines. This effect has been previously observed in the case of
alcohol dehydrogenase from Saccharomyces cerevisiae for the reduction
reaction of formaldehyde [27]. In that study, they observed that when
the NADH concentration ranged between 8 to 14 mM, the reaction fol-
lowed Michaelis–Menten kinetics. However, at higher (25–40 mM) or
lower (6–8 mM) concentrations of NADH, the enzyme exhibited un-
conventional behavior, strongly suggesting the presence of a cofactor
inhibition phenomenon, although they did not delve into further
mechanistic details. In the present work we observed similar inhibition
behavior for the reduction reaction in all the three studied substrates.
Our results showed more substantial inhibition than has been reported
for other enzymes, such as phosphofructokinase-2 (Pfk-2) from Escher-
ichia coli, where enzyme inhibition was observed in the presence of high
concentrations of ATP [28]. Therefore, this divergence from the con-
ventional Michaelis–Menten kinetics requires a deeper exploration of
the underlying factors that influence the reaction behavior with varying

Fig. 1. Global reaction scheme, where Cred and Cox are respectively the two
forms of the cofactor: NADH and NAD+, and Sox and Sred correspond to the
carbonyl and alcoholic substrates respectively.

Table 1
Relationship between kinetic constants with both affinity and
catalytic constants. All the equations reefer to the main reaction
path reported in red in Fig. 1.

oxidation reduction

KM(NAD+) =
k+5
k+1

KM(NADH) =
k− 1
k− 5

KM(RCH2OH) =
k+4
k+2

KM(RCHO) =
k− 2
k− 4

kcat(ox) = k+5 kcat(red) = k− 1
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cofactor concentrations.
Typically, initial rate equations are formulated on the basis of the

Michaelis constant. However, as just described, in the case of two-
substrate reactions, the Michaelis constant for each substrate (KSM) and
cofactor (KCM) tends to vary with the concentration of the other [19]. The
kinetic parameters of both reactions, oxidation and reduction, at non
inhibitory cofactor concentrations (0.01–0.05 mM NADH; 0.1–1.0 mM
NAD+), are reported in Table 2.

Enzyme affinity values observed for both alcoholic and carbonyl
substrates closely align with those documented in literature
[18,21,29–31,10,4]. The high enzyme affinity for benzyl substrates can
be reasonably ascribed, at least in part, to the hydrophobic character-
istics of its active site. Furthermore, within the entry cavity of the sub-
strate close to the catalytic zinc ion, two specific residues, namely Phe-
93 and Phe-319, can establish pi-stacking interactions with the benzyl
substrates, contributing to their enhanced affinity for the enzyme. If we
consider the mechanism reported in red in Fig. 1 as the sole mechanism,
the KCM and the reaction kcat, related to steps involving only the enzyme
and coenzyme, should not be affected by the substrate. In more detail,
the KCM represents the equilibrium constant of the cofactor dissociation
(consumed)/association (new) process, and the catalytic constant has
been identified as the kinetic constant for the cofactor dissociation step,
which is the rate determining step [15]. Furthermore, the kinetic pa-
rameters can be strongly influenced by the formation of the abortive
ternary complexes described above. For example, in the presence of an
excess of cyclohexanol, which has a kcat value three times higher than
the other two substrates, it has been demonstrated that NADH dissoci-
ates more rapidly from the formed abortive ternary complex compared
to both ethanol and the product complex E-NADH [19].

In addition to the variable affinity of the cofactor depending on the
substrate, it is evident from the reduction reaction data that NADH
consistently exhibits in all cases a much greater affinity than its oxidized
form. It is precisely in this higher affinity of NADH that we sought the
reason for the anomalous behavior observed in the kinetic profile

(Fig. 2B). To better understand this behavior, we chose a synergistic
computational-kinetic approach. Since the anomalous kinetic trend with
increasing NADH concentration appears to be independent of the sub-
strate under examination, cyclohexanone was chosen as substrate for
further experiments. This choice was motivated by its convenience from
a kinetic perspective. Although it has a high KS

M, it exhibits a good kcat,
and the balance between the two parameters results in a suitable reac-
tion velocity for the experimental set-up. This does not hold true for the
reduction reaction of benzaldehyde, which is very fast. Conversely the
reaction for pentanone is rather slow due to its very low kcat .

So, to better understand the anomalous behavior from a kinetic point
of view, we conducted kinetic analyses of cyclohexanone at different
NADH concentrations, ranging from non-inhibitory to inhibitory levels,
from 0.05 to 0.5 mM. All lines at different cofactor concentrations are
depicted together in a Lineweaver–Burk plot in Figure S1†. The effect of
NADH concentration on KS

M (A) and kcat (B) of cyclohexanone is reported
in Fig. 3. From the trend shown in Fig. 3A it is evident that, as the co-
enzyme concentration increases, there is a noticeable rise in KS

M, from 6
to 30, going from 0.05 mM to 0.5 mM of NADH, indicating a rapid
decrease in the affinity of the enzyme for the substrate. At the same time,
the catalytic constant (Fig. 3B) shows a bell-shaped trend, suggesting
that the enzyme catalytic efficiency initially increases from 0.4 to 0.8 s− 1

at 0.3 mM of NADH and then decreases to 0.4 s− 1 with rising NADH
concentration up to 0.5 mM. Based on these experimental results, a
simple analysis of KS

M and kcat values does not provide information on
the microscopic mechanisms occurring at inhibitory cofactor concen-
trations. Therefore, in the following sections, the results obtained from a
series of molecular dynamics simulations performed by adding supple-
mentary non-catalytic NADH molecules to clarify this anomalous
behavior are reported.

2.2. Molecular dynamics simulations

To rationalize the different behavior of HLADH at low and high
concentrations of NADH, two sets of molecular dynamics (MD) simu-
lations were conducted. In the first set, labelled as ‘2-NADH’, simula-
tions were performed on the holo-protein with one catalytic NADH and
one substrate molecule present in each of the two catalytic sites (see
panel A of Fig. 4 for a representative configuration of the active site).
According to the X-ray-derived structure [20], the reaction cavity has
two potential entrances: a larger one primarily for cofactor binding and
a smaller one for substrate binding (see panel A of Fig. 4). In the second
set, the simulations were conducted with additional NADH molecules
placed in contact with different parts of the enzyme using a docking
procedure with the program Vina [32]. Two of the three lowest-energy
docking poses have the additional NADH molecule in close proximity to

Fig. 2. (A) Effect of NAD+ concentration on the reaction rate for the three substrates: cyclohexanol (CH-OH), benzyl alcohol (Bn-OH), and 3-pentanol (3-PeOH) on
the left; (B) effect of NADH concentration on the reduction reaction rate for the three substrates: cyclohexanone (CH-one), benzaldehyde (Bnz), and 3-pentanone
(DEK) on the right.

Table 2
The kinetic parameters for the oxidation and reduction reactions by varying both
the substrate and cofactor concentrations.

Oxidation Reduction

 KM, mM kcat, s− 1  KM, mM kcat, s− 1

CH-OH 1.04 0.06 CH-one 7.6 0.3
NAD+ 0.08  NADH 0.03 
Bn-OH 0.03 0.02 Bnz 0.04 0.3
NAD+ 0.09  NADH 0.008 
3-PeOH 3.5 0.02 DEK 0.3 0.003
NAD+ 0.2  NADH 0.004 
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the active site, one at the cofactor entrance and the other at the substrate
entrance (see Figure S2†). Interestingly, in the lowest-energy docking
pose found, the additional NADH molecule is localized on the opposite
side of the catalytic site, namely in a cavity between the two subunits of
HLADH (see panel B of Fig. 4 for a representative configuration). We
refer to this cavity as the allosteric site for the reasons given below. In
summary, the three identified docking sites are: (i) at the substrate
entrance of the reaction cavity (see Figure S2† panel A†); (ii) at the
NADH entrance of the reaction cavity (see Figure S2† panel B); (iii) in
the allosteric site, between the two enzyme subunits (Fig. 4 panel B).

Three preliminary 100 ns-long MD simulations were performed
starting from the three docked configurations to assess their stability.
The Root Mean Square Deviation (RMSD) of the additional NADH
molecule with respect to the corresponding starting structure, calculated
over the three simulations (reported in Figure S3†), shows that only the
allosteric-docked configuration is stable. The residues primarily
responsible for stabilizing the additional cofactor molecule at the allo-
steric site are two Lys188 residues, one in each monomer, which interact
with the two phosphate groups of NADH (see Fig. 4 panel B). Addi-
tionally, the Glu107 side chains from each monomer play a role in

stabilizing the hydroxide from the ribose groups. In the other two cases,
the additional NADH molecule instead moves away from its initial po-
sition. On the basis of these results, in the following we only consider
simulations of the allosteric-docked configurations for comparison with
the simulation of the ‘2-NADH’ system. We will refer to this set of sim-
ulations as ‘3-NADH’.

For both the 2-NADH system and the 3-NADH one, we performed
three 200 ns parallel simulations using different initial velocities. The
Root Mean Square Fluctuation (RMSF) per residue and all the following
analysis were then calculated over a total of 600 ns for the 2-NADH
system and 510 ns for 3-NADH system (See methods section for addi-
tional details). As shown in panel B of Fig. 5, the RMSF is consistently
lower in the allosteric-docked system (red line) compared to the 2-
NADH system (blue line). This difference is further highlighted by
examining the difference of the RMSF per residue between the two
systems (black line in the same figure). The figure also highlights the
protein regions corresponding to the entrance of the catalytic NADH and
the substrate, depicted in Fig. 5A as orange and green regions, respec-
tively. Also, the residues belonging to the allosteric site are shown in
blue. The residue indexes corresponding to these regions are similarly
highlighted with their respective color palette in the RMSF plot in panel
B. Additionally, regions with high structural flexibility are highlighted
in pink in both panels. Overall, it is evident that the occupation of the
allosteric site induces a global stiffening of the protein structure, as also
observed in other enzymes [33], and specifically of the regions corre-
sponding to the access points to the catalytic cavity. For this reason, we
named this occupation site as the allosteric site. Residues 50–60 and
295–300, which define the protein surface separating the two entrances
(the two green regions in contact, and surrounded by the pink ones),
exhibit considerable structural flexibility in the 2-NADH system. In
particular, the protein region composed of the residues between Asp50
and Pro60 shows the largest RMSF difference. High fluctuations be-
tween these regions result in a widening of the catalytic cavity, forming
a unique crevice that exposes both the nicotinamide moiety of the cat-
alytic NADH and the substrate to the solvent. The second region that
exhibits the most significant difference between the two sets is formed
by residues ranging from Trp15 to Pro20 (pink region). This region has
direct interactions with the portions between residues 50 and 60 from
each subunit (green regions), thus exhibiting concerted movements with
such regions.

To gain a deeper understanding of possible correlated motions
induced by the presence of the additional NADH, an essential dynamics
(ED) analysis [34–36] was performed using the whole conformational
space sampled along all sets of simulations. The ED analysis performed
on the backbone atoms revealed that the two systems exhibit quite
different dynamics. In fact, projection of the 2-NADH and 3-NADH
simulations onto the first eigenvector, which accounts for the largest
backbone fluctuations, reveals rather distinct distributions (see Fig. 6).
The first eigenvector involves correlated motions of the catalytic cavity
and the potentially inhibitory allosteric site. In particular, the motion of
the two cavities shows an anti-correlated behavior: as the catalytic
cavities widen, the allosteric site contracts, and vice versa. Generally, in
the 2-NADH simulations, the enzyme shows broader catalytic cavities
(blue line in Fig. 6), resulting in a smaller size of the cavity that could
accommodate the additional NADH.

Conversely, in the 3-NADH simulations, the presence of the addi-
tional NADH leads to a widening of the allosteric site and a narrowing of
the catalytic site. This result is consistent with data reported in a crys-
tallographic study [15] in which the catalytic site occupation was shown
to induce a tilt of the two subunits, resulting in a “squeezing” of the
cavity present between the two monomers. Hence, it is plausible to
speculate that such a cavity may serve as a true allosteric site, influ-
encing the geometric features of the catalytic site located on the opposite
side of the enzyme.

On the basis of the structural and dynamical features derived from
the computational data, it is possible to hypothesize a molecular

Fig. 3. Trends of KS
M (A) and kcat (B) of the reduction reaction as coenzyme

concentration rises from non-inhibitory to inhibitory range.
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Fig. 4. Representative structure of the NADH cofactor in the catalytic site (A) and allosteric site (B). In panel A the interactions with Arg47, Val292, Ala317, Phe319,
and Arg369 that stabilize the NADH in the catalytic site are highlighted. In panel B the interactions with the two Lys188 and Glu107, which constitute the allosteric
pocket for the additional NADH, are highlighted.

Fig. 5. The protein and its secondary structure elements are reported in transparency in panel A. The protein portion constituting the NADH cavity (orange), the
substrate cavity (green) and allosteric cavity (blue) are highlighted. The pink regions correspond to residues that are not directly connected to the catalytic site, but
are strongly influenced by the NADH inhibition effect in the simulations. Root Mean Square Fluctuation per residue averaged over the two subunits for the two sets of
simulations are shown in panel B. The RMSF difference between the 3-NADH simulations and 2-NADH ones is also reported in black. The residues constituting the
substrate and NADH cavity are reported in green and orange, respectively. Also two regions with a significant RMSF variation, but not corresponding to any specific
cavity, are reported in pink.
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rationale behind the unconventional kinetic behavior of HLADH. Con-
cerning the measured kcat, two distinct regimes were observed at low
and high concentrations of NADH: up to a 0.2 mM (i.e. at non-inhibitory
NADH concentrations), the kcat increases, as expected for a Michae-
lis–Menten scheme; after reaching this turning point (i.e. at inhibitory
NADH concentrations), the kcat decreases.

We attribute this effect to the presence of the NADH cofactor, not
only in the catalytic cavity but also in the allosteric site. Previous studies
[15] identified the reaction mechanism depicted in red in Fig. 1 as the
prevalent path. The alternative scenario depicted in blue, where the
substrate/product is associated/released before the cofactor, has been
proposed as a minor path. For the first reaction pathway in the scheme,
the rate-limiting step (kcat) is associated with the release of the
“exhausted” cofactor, NAD+. Although no rate-limiting step was clearly
identified for the second path, it is reasonable to expect that, also in this
scenario, the release of the product or the exhausted cofactor remains
the rate-limiting step. In both mechanisms, the overall increased stiff-
ness induced by the presence of the allosteric NADH would inevitably
reduce the ability of the protein to release either the cofactor or the
product after the conversion. Therefore, the critical concentration value
can be associated with the point in which a significant amount of the
enzymes in solution have an occupied allosteric site.

Understanding the molecular determinants associated with the
regulation of non-conventional binding sites, including allosteric and
cryptic sites, can play a critical role in pharmaceutical compound design
and, consequently, in medical treatments [37,38]. Unlike traditional
active sites, these non-canonical or hidden sites offer novel strategies for
therapeutic intervention, as they can modulate protein function in ways

that are often more specific and less prone to resistance development. In
this context, several approaches have been employed, ranging from
scoring function-based binding programs [32] and water interface
sampling [39], to neural networks [40]. However, MD-based refinement
has been shown to significantly improve results derived from static
structures. MD simulation not only helps identify the key molecular
determinants that characterize these interactions but also reveals the
conformational dynamics within the binding site [41,42]. The behavior
of HLADH, in particular, suggests possible dynamic responses to envi-
ronmental or cellular signals, which might serve a biological function,
such as a negative feedback mechanism triggered by excess NADH,
preventing the over-reduction of critical biomolecules. Below, we pro-
pose also a speculative explanation for the observed linear increase in
KSM with increasing NADH concentration. This type of behaviour has
been observed also by others [19,27] but it was not discussed in detail.
An increase of KSM could be explained by a decrease in the association
rate of the substrate (which is at the denominator of KSM), and/or an
increase in the dissociation rate of the product (which is at the numer-
ator of KSM). The formation of the active E-cofactor-substrate ternary
complex can be obtained either by an early association of the substrate
to the apo-enzyme (k− 5’ in the blue path of Fig. 1) or by its binding to the
E-NADH complex (k− 4 in the red path of Fig. 1). If both pathways are
active, as proved in previous studies [16], the apparent substrate asso-
ciation constant will be a combination of the two. Therefore, the vari-
ation in the relative population of the two paths will affect the KSM value.
As reported in a previous crystallographic studies [15,43], the associa-
tion of the cofactor in the primary mechanism induces a conformational

Fig. 6. Projection of the systems’ configurations sampled in the 2-NADH and 3-NADH MD simulations on the first eigenvector obtained from an Essential Dynamics
analysis of the backbone atoms. Negative values correspond to a wider reaction site and smaller allosteric cavity. Conversely, positive values correspond to a
narrower reaction site and a larger allosteric cavity. The protein region corresponding to the entrance of the catalytic NADH is highlighted in orange, the one
corresponding to the substrate entrance in green and the allosteric cavity in blue.
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change that reduces size of the reaction cavity. Thus, we can assume that
k− 4 is smaller than k− 5’. Given that the amount of E-NADH complex
depends on the NADH concentration, the increase in the latter will
further shift the reaction ratio in favor of the early association of the
cofactor, resulting in a slower substrate association constant. This effect
can explain the NADH-dependent decrease of the denominator of KSM,
resulting in an increase of KSM.

Although after the catalytic reaction step no other step is directly
influenced by the NADH concentration, a possible increase of the
product dissociation rate in the primary mechanism (red path in Fig. 1)
can be explained by the formation of an abortive ternary complex E-
ROH-NADH. This ternary complex would result from replacing the
oxidized NAD+ with a new NADH after the catalytic reduction reaction
but before the release of the ROH product. From this branch, it has been
proposed that both the product and the NADH would dissociate more
rapidly than the product alone due to the interaction with a non-affine
counterpart [19]. The formation of this complex would depend on the
NADH concentration and, as its concentration increases, the likelihood
of E-NADH-ROH complex formation would also increase. If the product
dissociates more rapidly from this abortive ternary complex, this implies
an increase in the apparent dissociation constant. This results in an in-
crease in the numerator of KSM, and consequently, of K

S
M itself. Although

the hypothesis of the discussed abortive ternary complex is not directly
supported by measurements, it can help to explain the increase in KSM
with the increasing cofactor concentration.

3. Conclusions

The study presented here on Horse Liver Alcohol Dehydrogenase
(HLADH) offers a profound understanding of its kinetic behavior and
structural dynamics, unraveling complex mechanisms governing its
catalytic activity and cofactor interactions. Deviation from traditional
Michaelis–Menten kinetics, showcasing a slowdown in the catalytic rate
in the presence of high NADH concentrations, is observed. Through
molecular dynamics simulations, a potential allosteric site is identified,
elucidating how excessive cofactor concentrations influence protein
dynamics and catalytic properties. Specifically, structural changes
induced by inhibitory NADH concentrations are demonstrated to reduce
protein flexibility and alter the size of the catalytic cavities, offering
insights into the inhibitory mechanism at high cofactor concentrations.
This comprehensive investigation into HLADH’s kinetics and structural
dynamics has revealed intricate aspects of its catalytic mechanisms,
laying a foundation for further exploration in enzymology.

4. Materials and methods

4.1. Materials

Horse Liver Alcohol Dehydrogenase (HLADH recombinant,
expressed in E. coli, ⩾0.5 U/mg), β-nicotinamide adenine dinucleotide
hydrate (NAD+, grade ⩾96.5%), nicotinamide adenine dinucleotide
reduced (NADH, grade ⩾94.0%), cyclohexanol (CH-OH), cyclohexanone
(CH-ONE), 3-pentanone (DEK), 3-pentanol (3-PeOH), benzaldehyde
(Bnz) and benzyl alcohol (Bn-OH) were purchased from Merck. Enzyme
and substrate were used with no further purification. All other chemicals
used were of analytical grade.

4.1.1. Kinetic profiles
The catalytic activity of HLADHwas evaluated through the oxidation

of cyclohexanol, 3-pentanol and benzyl alcohol into products, coupled
with the simultaneous reduction reaction of NAD+ into NADH, and vice
versa. The standard assay was performed at 25.0 ◦C in a Tris–HCl buffer
solution (50 mM, pH 8.0) containing a substrate concentration of 10
mM. The cofactor concentrations were varied to establish the enzyme’s
kinetic profile, specifically NAD+ ranging from 0 to 1.0 mM and NADH

from 0 to 0.4 mM. The enzyme concentration was maintained at 0.5 μM,
except for DEK, where it was set at 1 μM. Enzyme activity measurements
were conducted through spectrophotometric kinetics at a wavelength of
340 nm, monitoring the changes in NADH absorbance. These measure-
ments were performed using a Shimadzu UV-160A instrument, and each
assay was repeated three times for accuracy and reliability.

4.1.2. Kinetic parameters
A set of initial rate measurements was conducted. Initially, the

substrate concentration was kept constant while varying that of the
cofactor (0.01–0.5 mM NADH; 0.1–1.0 mM NAD+). Subsequently, this
process was reversed, maintaining the cofactor concentration constant
while altering that of the substrate (1.0–10.0 mM). These systematic
measurements were aimed at elucidating and determining the affinity
and catalytic constants associated with both the substrate and the
cofactor in the enzymatic reaction.

4.2. Computational methods

Two sets of molecular dynamics simulations were performed. One set
was carried out on the holo-protein, named ‘2-NADH’, which included
one substrate molecule (cyclohexanone) and one cofactor molecule
(NADH) in each monomer of the enzyme. The other set aimed to repli-
cate a higher NADH concentration. To achieve this goal, molecular
docking techniques were utilized to identify optimal poses for additional
NADH molecules. Using the autodock-tools [44] and Vina [32] pro-
grams, three possible docked conformations for an inhibiting NADH
molecule were identified: (i) one at the entrance of the substrate cavity
(Figure S2† panel A); (ii) one at the entrance of the NADH cavity
(Figure S2† panel B); (iii) one between the two enzyme subunits (Fig. 4).
As docking parameters, a cubic box of 40 Å side centered at the cavity
entrances and an exhaustiveness of 40 have been used. The center of
each box has been placed at the center of each studied cavity. The
binding energy provide for the three selected docked conformations are
− 7.4 kcal/mol for dockings (i) and (ii), whereas is slightly more negative
for the docking (iii) with − 7.7 kcal/mol. For the MD simulations starting
from docking (i) and (ii), the additional NADH molecule was placed in
both monomers. A 100 ns-long MD simulation was performed for each
docked configuration. Given that in the MD simulations started from
docking (i) and (ii) the additional NADH molecules did not remain
stably interacting with the enzyme (see the RMSD in Figure S3†), only
the (iii)-docked system is discussed in the Results section. This system
was named ‘3-NADH’.

To enhance the conformational sampling of the 2-NADH system, the
simulation time was extended to 200 ns-long MD and replicated 2 other
times with different initial velocities. The protein is observed to be stable
as shown by the RMSD of the backbone reported in Figure S4†. For the 3-
NADH system, three MD replicas has been carried on as well, however
the additional NADH did not remained in the cavity for the entirety of
the simulations in all the cases. In the first replica the NADH has left the
pocked after 110 ns (See Figure S5†). In the two other replicas, the
NADH remained stable for the entire 200 ns of simulation. Thus, the
structural analyses discussed in the results have been done on 600 ns for
the 2-NADH system and 510 ns for the 3-NADH system as well.

All MD simulations were executed using the GROMACS program
[45]. The V-rescale algorithm for temperature coupling at 298 K[46]
and the Berendsen algorithm for pressure coupling at 1 atm [47] were
employed. The LINCS algorithm was used to constrain the bond lengths
involving an hydrogen atom[48]. Short-range interactions were calcu-
lated within a cutoff radius of 0.9 nm, while long-range interactions
were treated using the PME method [49]. The initial structure of horse
liver alcohol dehydrogenase was obtained from the Protein Data Bank,
specifically using the pdb 7K35 entry [20]. The units of (4-methyl-
phenyl) methanol (VTG) and (4R)-2-methylpentane-2,4-diol (MRD)
present in the file were removed and substituted with cyclohexanone
(CHO) with the same orientation. The structural water of hydration
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present in the PBD were retained. For the protein, substrate and cofactor
the AMBER99 [50] force field was employed. The structures of NADH
and substrate (CHO) were optimized using GAUSSIAN16 [51] with the
B3LYP functional [52] and the 6-31G basis set and their topology was
obtained with the ACPYPE tool [53] that employs GAFF [54] parame-
ters. The tetrahedral catalytic Zn ion coordination was treated using a
bonded scheme with the bond and angle parameters taken from Ref
[55].
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