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A B S T R A C T

Coniferyl aldehyde dehydrogenase (CALDH) catalyzes the oxidation of coniferyl aldehyde to ferulic acid.
Because ferulic acid has a relevant role in the structure and recalcitrance of the cell wall, inhibition of CALDH
can reduce its levels and increase the digestibility of lignocellulosic biomass. We prospected in silico a selective
inhibitor of CALDH of Zea mays. The ZmaysCALDH gene was identified by homology with the corresponding
gene of Arabidopsis thaliana. The sequence was translated and analyzed, and the quaternary structure was
modeled. A set of 20 putative inhibitors were screened from a virtual library and docked in the active site of
ZmaysCALDH, and daidzin (DZN) was selected as an enzyme inhibitor. The stability of the ZmaysCALDH–DZN
complex was evaluated by molecular dynamics simulations of the monomeric and tetrameric forms. For eva-
luation of kinetic analysis, ZmaysCALDH activity was determined in vitro by high-performance liquid chroma-
tography. In comparison to the DZN-free control, the data obtained indicated constant Vmax and enhanced Km.
Altogether, in silico and in vitro findings indicated that DZN inhibited ZmaysCALDH competitively. The DZN-
induced inhibition of ZmaysCALDH could be a valuable and promising approach to studies on ferulic acid
biosynthesis and saccharification of lignocellulosic biomass.

1. Introduction

Today, the search for renewable and sustainable energy sources has
become a major challenge due to the enhanced petroleum consumption
associated with increased global greenhouse gas emissions, and the
reduction of fossil feedstocks. In this scenario, lignocellulosic biomass is
considered a non-toxic, abundant, cheap and energy-rich material for
bioethanol production which can therefore reduce the current reliance
on fossil fuel sources [1]. Lignocellulosic biomass consists of cellulose,
hemicelluloses and lignin, which accounts for 20–30 % of the dry
weight depending on the plant species [2]. Because it forms a physical
barrier, lignin hinders the enzymatic degradation of cell-wall poly-
saccharides into monosaccharides followed by fermentation into
ethanol, a process termed saccharification. Thus, to reduce this re-
calcitrance and to make polysaccharides more susceptible to hydrolytic
enzymes is, now, the most prominent biotechnological challenge.

The type II cell walls of commelinoid monocots (e.g. grasses, sedges,
rushes and gingers) are composed of a network of cellulose fibers en-
cased in glucuronoarabinoxylans (GAX), low levels of pectin, structural
proteins and elevated levels of hydroxycinnamates. An unusual feature
of the primary and secondary cell walls of grasses is the presence of
significant amounts of ferulic (up to 5 %) and p-coumaric (up to 3 %)
acids [3]. As a metabolite of the phenylpropanoid pathway, ferulic acid
has a preeminent role in the cell wall. It extensively dimerizes, forming
cross-linkages between or within hemicelluloses and between hemi-
cellulose and lignin [1,4]. That way, it can be ester-linked to arabi-
noxylans and ether-linked to lignins [5]. So, anchoring lignin in cell-
wall polysaccharides contributes to cell-wall recalcitrance.

The complex cross-linkages between lignin and polysaccharides
demand a set of enzymatic reactions to facilitate the access of poly-
saccharidases and release of fermentable sugars [6]. To date, the basic
approaches to reduce cell-wall recalcitrance include manipulations of
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the biosynthetic pathway, quantity, composition and structure of lignin.
In this way, challenging genetic engineering tools to reduce lignin
content and alter its monomeric structure are one of main approaches
[7]. Genetic manipulation of key enzymes of lignin biosynthesis has
been extensively carried out with different plant species [8]. However,
this can disturb other phenylpropanoid-derived pathways [9], affect
cell-wall composition [10] and, in most cases, lead to unexpected ef-
fects on plant growth [11,12].

The phenylpropanoid pathway towards monolignol biosynthesis
and, therefore, lignin is well characterized. However, discovery of new
enzymes such as caffeoyl shikimate esterase (CSE), monolignol 4-O-
methyltransferase (MOMT), monolignol ferulate transferase (MFT) and
p-coumaroyl-CoA:monolignol transferase (PMT) [13–15] suggests new
biosynthetic steps and branches of this traditional metabolic route. A
new step to form ferulic acid from the phenylpropanoid pathway has
been suggested in Arabidopsis thaliana [16]. Directly opposite to the
traditional route, ferulic acid can be formed by the oxidation of con-
iferaldehyde and converted subsequently into feruloyl-CoA and linked
to arabinoxylans and lignin. Isolation of the REF1 gene encoding a
functional aldehyde dehydrogenase (ALDH) strengthens the likelihood
that this metabolic step exists. Additionally, in vitro enzyme assays have
detected coniferyl aldehyde dehydrogenase (CALDH, E.C.: 1.2.1.68)
activity in maize (Zea mays); an indicative of the involvement of this
enzyme in ferulic acid biosynthesis [16].

Specific enzyme inhibitors are finely tuned down-regulators of
target enzymes and are therefore an essential tool for studying plant
metabolism such as, for example, the phenylpropanoid pathway
[17–19]. Due to the key role of Z. mays CALDH (ZmaysCALDH) in
ferulic acid synthesis, a specific inhibitor could be useful for studying
the physiological role of this enzyme in plants. It could be used as a
proof of concept to justify the development of Z. mays varieties with
silencing of the CALDH gene, which could be extended to forage crops
and for bioenergy applications. Moreover, it could be used as a useful
alternative tool in genetically modified organisms in studies to reduce
cell-wall recalcitrance, with applications for the food industry and
biofuels.

Because ferulic acid has a relevant structural role, we hypothesized
that inhibition of CALDH activity would open a new opportunity to
control feruloylation [5], reduce recalcitrance and improve biomass
digestibility. With this idea in mind, we resorted to bioinformatics to
prospect potential inhibitors for this enzyme. We made this choice
because bioinformatic tools allow prediction of the three-dimensional
structure of non-crystallized enzymes by homology with similar crys-
tallized proteins. The precision is enough for virtual screening of po-
tential inhibitors by molecular docking. Once selected, the compounds
may be quickly tested in in vitro or in vivo conditions.

For all the aforementioned reasons, it would be of interest to
modeling the 3D structure of ZmaysCALDH and to investigate in silico its
putative inhibitors by using virtual screening and molecular docking
techniques. These were the main objectives of the current work.
Complementarily, and to corroborate the reliability of the structural
model obtained in silico, in vitro kinetic analyses were done with daidzin
(DZN, CID107971; Fig. 1), and the type of inhibition was determined.

2. Materials and methods

2.1. Experimental materials

Maize (Zea mays L. cv. IPR-114) seeds were obtained from
Agronomic Institute of Paraná (Londrina, Brazil). Coniferyl aldehyde
(≥98 %), ferulic acid (≥99 %), protease inhibitor cocktail (P9599),
methanol (HPLC grade) and acetic acid (HPLC grade) were purchased
from Sigma-Aldrich (St. Louis, MO, USA), and used without further
purification. Ultrapure water was obtained by passage through Milli-Q
purification system (Millipore, Molsheim, France). All other reagents
used were of the purest grade available.

2.2. Identification of the amino acid sequence

The REF1 gene sequence (T43357) from A. thaliana [16] was used to
search for ZmaysCALDH homologous nucleotide sequences in the da-
tabases from the National Center for Biotechnology Information (NCBI),
European Nucleotide Archive (ENA) and Plant Transcript Assemblies
(TIGR), with accession number EU969650.1. This nucleotide sequence
was translated into amino acids by Translate software and used to
search the rating by the Basic Local Alignment Search Tool (BLAST)
against the UniProt database [20]. Further, the resulting sequence of
ZmaysCALDH was analyzed to identify structural motifs via InterPro
Scan, and prediction of physical-chemical parameters was done using
the ProtParam tool [20,21].

2.3. Homology modeling

The search for structural templates was performed via BLASTp using
ZmaysCALDH sequences against the Protein Data Bank (PDB), and by
fold recognition via pGenThreader [22]. The best templates selected in
common by both tools were used as the input parameters for the pro-
gram Modeller 9v10 [23]. A thousand structural models were generated
from a single subunit, and the best model was chosen by Modeller dope
score and validated via Procheck [24]. After the virtual screening steps,
the tetrameric structure of CALDH (ZmaysCALDHt) bonded to the best
pose of the selected inhibitor was also modeled by geometric docking
over each chain of the tetrameric form of the same template.

2.4. Virtual screening

The library of inhibitors was built by searching the databases
PubChem, Drug Bank, Chembl, Zinc and Binding Database for sub-
stances with an inhibitory effect on human ALDH (alcohol deterrents)
by using the purchasable filtering [25–29]. Then, the final Zmays-
CALDH modeled structure was used for docking simulations using the
program AutoDock v4.2.3 with the default protocol in the screening of
the virtual library [30]. The docking simulation was performed in
quadruplicate, and the same substance was indicated as the first option
in all simulations. Performance of this procedure ensured reproduci-
bility of the results by avoiding false positives. The final model of
ZmaysCALDH bound to the best pose of the inhibitor was subjected to
energy minimization (EM) by conjugate gradient (CG) using NAMD2
v2.8 software to correct potential unfavorable stereochemical clashes
between protein and ligand as well as to adjust the active site to the
presence of the ligand [31].

Fig. 1. Chemical structure of DZN. The portion isoflavone joined by an ether
linkage between the C-7 and C-1 of glucose.
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2.5. Redocking

It is assumed that the minimized final structure of ZmaysCALDH
bound to the inhibitor is the lowest energy conformation of the com-
plex. So, redocking of the inhibitor was performed on the minimized
complex to determine accurately the theoretical parameters Ki and
ΔGbinding.

2.6. Molecular dynamics

After identification and analysis of the putative inhibitor of
ZmaysCALDH, the stability of the complex formed was checked by
molecular dynamics (MD) simulation techniques. Simulations of the
protein in the apo form (ZmaysCALDH-Apo) and that bound to the in-
hibitor (ZmaysCALDH–DZN) were conducted separately on the mono-
meric structure. Additional studies were conducted on the tetrameric
form of the enzyme bound to the inhibitor, to assess the stability of the
biological unit (ZmaysCALDHt), as well as interactions in the qua-
ternary structure.

All MD simulations were performed under periodic boundary con-
ditions using the NAMD2 package and CHARMM c35b2-c36a2 force
fields [28,32]. The ligand structure was obtained directly from the Zinc
database, and force field parameters were generated with the Swis-
sParam tool [33]. Accurate partial charges for the ligand atoms were
obtained by quantum calculation at B3LYP/6−311G level of theory
with a standard solvation model implemented in Gaussian software
[34]. The MD simulations were carried out in steps. First, the whole
system was solvated in a cubic box whose dimensions were set at a
minimum distance of 10 Å from the outer surface of the molecule. An
appropriate amount of Na+ was added to the system to neutralize its
charge density. The whole system was then submitted to 50,000 EM
steps by CG. The structure generated in this step was used in the re-
docking experiments. Next, the atoms of the protein and ligand were
fixed in space, and the water and ions were subjected to 60 ps of MD.
Again, the entire system was minimized by over 50,000 steps, and fi-
nally the whole system was equilibrated for 20 ns.

All simulations were conducted under constant conditions of the
number of atoms, pressure and temperature (300 K, 1 atm) by using
Langevin dynamics to control the kinetic energy of the system.
Electrostatic interactions were calculated using the particle-mesh Ewald
algorithm (PME) with a ratio of less than 1.0 Å between the grid points
and the sizes of the primary factors. The radius of van der Waals in-
teractions was 10 Å. The simulations were performed at 2-fs time in-
tervals, and the integrals of the equations of motion and the coordinates
were saved every 2 ps. All analyses were performed in the set of system
configurations extracted at time intervals of 2 ps of simulation. The
convergences of the different simulations were analyzed in terms of
root mean square deviation (rmsd) over time and by the root mean
square fluctuation (rmsf) of the last 2 ns (equilibration stage). The ra-
dius of gyration (rgyr) was calculated to assess changes in enzyme
compaction compared to the initial structure. All docking simulations
were performed on an AMD Intel Core 2 Duo 2.60 GHz 2 GB machine,
while MD simulations were performed on four nodes of an SGI Altix ICE
8400 LX consisting of two 3.33 GHz Intel Six Core 5680 units (48 cores)
and 36 GB of RAM.

2.7. CALDH activity

Maize seeds were sanitized with 2 % sodium hypochlorite for 5 min,
rinsed extensively with deionized water and dark-germinated at 25 °C
on two sheets of moistened filter paper (Germitest, CEL 060). Twenty-
five 3-day-old seedlings of uniform size were supported by an ad-
justable acrylic plate and dipped into a 10 × 16 cm glass container
filled with 200 mL of nutrient solution, pH 6.0 [35]. The containers
were kept in a growth chamber for 24 h at 25 °C, with a light/dark
photoperiod of 12/12 h and a photon flux density of 280 μmol m−2 s−1.

ZmaysCALDH was extracted as described by Nair et al. [16] with
modifications. Fresh roots (3 g) were ground at 4 °C in 4.5 mL of ex-
traction medium containing 50 mM Hepes-HCl (pH 8.0), 5 mM DTT, 1
mM EDTA, 10 % glycerol (v/v) and protease inhibitor cocktail (Sigma-
Aldrich, P9599). The homogenate was centrifuged (2200 × g, 25 min, 4
°C), the supernatant was collected, and the protein extract was pre-
cipitated with 70 % saturation ammonium sulfate. After centrifugation
(2200 × g, 15 min, 4 °C), the pellet was homogenized in extraction
medium, and the sample was used as the enzyme preparation. DZN was
dissolved in dimethyl sulfoxide (DMSO). For this, the control was per-
formed with DMSO to avoid possible differences regarding this solvent.

For the ZmaysCALDH activity assay, the reaction mixture contained
50 mM Hepes-HCl (pH 8.0), 1 mM NAD+ and 100 μL of the partially
purified enzyme preparation with or without 30 or 100 μM DZN, the
enzymatic inhibitor. To protect the enzyme, the extraction medium
contained 5 mM DTT, as a reducing agent, and protease inhibitors. All
experiments were performed within a maximum of 30 min after ob-
taining the extract to keep the decrease in catalytic activity below 1 %.
The mixture was incubated at 40 °C, and the reaction was initiated by
addition of 2.5–100 μM coniferyl aldehyde, in a final volume of 1 mL.
The reaction was stopped after 10 min by the addition of 60 μL of 3 M
HCl. After centrifugation (16,000 × g, 2 min), the samples were filtered
through a 0.45-μm disposable syringe filter (Hamilton® Co, Reno,
Nevada, USA) and analyzed (20 μL) in a high-performance liquid
chromatography (HPLC) system (Shimadzu® Prominence 20, Tokyo,
Japan) equipped with a quaternary pump, an auto-sampler, a column
oven and a diode-array detector. A reversed-phase Shim-pack® CLC-
ODS column (150 mm × 4.6 mm, 5 μm) was used at 30 °C, together
with an equivalent pre-column. The mobile phase was methanol :4 %
acetic acid (30 :70, v/v), with a flow rate of 1.0 mL min−1 for an iso-
cratic run of 20 min. UV detection was carried out at 330 nm. Ferulic
acid, i.e., the product of the ZmaysCALDH reaction, was identified by
comparing its retention time with that of a standard compound. Protein
was quantified by the Bradford method [36]. Parallel controls were
made to eliminate any endogenous ferulic acid in the samples. Zmays-
CALDH activity was expressed as nmol ferulate h−1 mg−1 protein.

The maximal velocity values (Vmax) and Michaelis–Menten con-
stants (Km) were obtained by fitting the Michaelis–Menten equation to
the initial velocities (with or without DZN) using iterative nonlinear
least-squares analysis (SigmaPlot 12.0, Systat Software, Inc., Chicago,
IL, USA). Lineweaver–Burk plots were constructed to identify the in-
hibition type caused by DZN on ZmaysCALDH.

3. Results and discussion

3.1. Homology modeling

The nucleotide sequence (NCBI EU969650.1) translated into amino
acids showed 100 % identity (e-value 0.00) with a homolog protein
noted as cytosolic ALDH RF2D (Z. mays) in UniProt (Q8S529) showing
CALDH activity. This same sequence revealed the highest identity and
an e-value of 0.00 with other plant ALDHs and coniferaldehyde/sina-
paldehyde dehydrogenases. Thus, we have assumed that it corresponds
to ZmaysCALDH.

After identifying the sequence, the three-dimensional structure of
the enzyme was modeled by homology. The sequence of ZmaysCALDH
showed 55.6 % identity with human mitochondrial ALDH2 (PDB ID:
3N80) solved at a resolution of 1.50 Å, enough for homology modeling
[37,38]. For comparative purposes, the ZmaysCALDH sequence fol-
lowed the same initial numbering as the template. The final structure
modeled was one of the four subunits that make up the biological unit
of the enzyme, with 99.8 % of the residues in favorable regions of the
Ramachandran plot, and only a single residue located in a region not
allowed due to bias imported from the template, which it was not
possible to correct in the modeling process. The structure of Zmays-
CALDH was modeled without NAD+, because there is evidence that this
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cofactor can produce steric conflicts in one of these conformations,
which prevent the simultaneous binding of both NAD+ and DZN in
human ALDH [39]. However, some studies have shown that another
conformation of NAD+ does not result in clashes between DZN and
NAD+. These structural studies have shown that binding of NAD+ to
ALDH has great conformational flexibility [40,41]. This suggests that
the coenzyme can show the necessary conformal flexibility to avoid
steric conflicts, allowing the formation of a ternary en-
zyme–coenzyme–inhibitor complex [39]. The literature reports that
kinetic inhibition analysis of DZN over human ALDH1 and ALDH2
shows that both enzymes perform competitive inhibition with the al-
dehyde and are uncompetitive with respect to NAD+ [41,42]. As DZN
inhibits ALDH isozymes by a competitive mechanism, this suggests that
NAD+ coenzyme may bind first to the catalytic site followed by alde-
hyde or DZN binding by a sequential ordered Bi–Bi mechanism [43].

DZN is the first isoflavone derivative known to inhibit human
ALDH, and the first compound that inhibits, selectively and reversibly,
ALDH2 at low concentrations. Most inhibitors of ALDH are irreversible,
such as, for example, tetraethylthiuram disulfide (disulfiram®), an ad-
junctive therapeutic agent to chronic alcoholism [44]. Some structural
studies on the ALDH2/DZN complex show that the loss of enzyme ac-
tivity occurs by a rupture caused by DZN in the network of hydrogen
bonds which stabilize the coenzyme binding sites and the catalytic site
[39,45]. Binding of NAD+ leads to a reordering of the coenzyme
binding site, but only a partial rearrangement of the catalytic site.
However, it is enough for DZN to exert its effect on the active site and,
in consequence, to inhibit the enzyme.

3.2. Virtual screening

The library of compounds similar to the known inhibitors (Tanimoto
index of 90 %) of human ALDH consists of 20 commercial compounds
at the time of this research. Coniferyl aldehyde, the substrate of CALDH,
was also included in the library for comparative purposes. The use of
libraries containing compounds like known inhibitors of a given en-
zyme is a common strategy in drug discovery (focused, targeted li-
braries) [46], and may result in libraries with a small number of
compounds. In addition, minor changes in the structure of a given
compound (similar compound) may lead to more effective inhibition of
a homologous enzyme. The virtual docking was carried out in quad-
ruplicate, and in all simulations the flavonoid DZN (CID 107971; Fig. 1)
revealed the best performance. DZN is a known inhibitor of human
ALDH2 which catalyzes the oxidation of acetaldehyde to acetate
[42,47]. In humans, it has been tested as a drug for the treatment of
alcoholism and has been subjected to several biological tests [48,49].

Despite human ALDH and ZmaysCALDH sharing the same me-
chanism of action, the discovery of DZN as an inhibitor of ZmaysCALDH
may not be a surprise. However, the fact that a compound inhibits
human ALDH does not imply it automatically inhibits ZmaysCALDH.
These enzymes share structural differences which allow selective in-
hibition. As an example, we have earlier cited tetraethylthiuram dis-
ulfide (disulfiram®), a known inhibitor of human ALDH. However, this
compound was not selected as an inhibitor of ZmaysCALDH during our
virtual screening, and so it was not tested herein due to its poor solu-
bility in solvents non-toxic to plants.

Compared to the other inhibitors tested, DZN is the most soluble
compound (partition coefficient of 0.77); it has been used as a drug in
humans, and its adverse effects are well known [45,50]. Despite these
promising aspects, in the docking procedure, the structure of the pro-
tein remained fixed while the ligand was flexible. So, it is possible that
the binding site was not in the most favorable conformation for inter-
action with DZN. To correct this, the structure of the protein–ligand
complex (ZmaysCALDH–DZN) was minimized by CG and subjected to
redocking analyses. The results are summarized in Table 1, and they
reveal that minimization of the complex led to better interaction be-
tween the active site and ligand. This fact results in lower values of

binding energy and Ki in the redocking when compared to the docking
before minimization. After minimization of the complex, the value of
ΔGbinding reflected the most accurate docking parameters and was used
as a reference. In brief, the in silico findings herein suggest that
ZmaysCALDH has a higher affinity for DZN than ALDH2 itself.

3.3. Molecular dynamics

To evaluate the stability of the modeled protein–ligand complex,
and to gain more information about the contribution of each residue in
stabilization of the ligand and in the contacts of the quaternary struc-
ture, we performed MD simulations of the monomer in 1) the apo form,
2) bound to DZN and 3) DZN linked to the tetrameric form at all four
subunits. This form was chosen in the current work because, similarly,
the structure of bovine and human ALDH2 has been described as a
tetramer [39,51]. In studies with the monomeric form of ZmaysCALDH
docked with DZN, the best pose was minimized by 50,000 steps. On the
other hand, the tetramer apo form had the ligand incorporated in each
subunit by geometric docking, and then it was minimized by 50,000
steps. So, all structures were equilibrated as described in the Methods
section. The equilibrium of the complex was obtained when the rmsd
values of the main-chain atoms reached a plateau for at least 4 ns
(Fig. 2). These results show that all complexes evaluated reached a
thermodynamic equilibrium after 6 ns of simulation.

The rgyr is defined as the root mean square of the collection of the
distance of atoms about their common center of gravity. All complexes
evaluated exhibited a constant rgyr throughout the simulation time
(Fig. 3). The results indicate that both the apo form and the complex
maintained their original folding. It is noteworthy that the rgyr and rmsd
of the tetramer forms fluctuated less than those of the monomeric
forms, suggesting that the tetramer is more stable than the monomeric
form of ZmaysCALDH. It reinforces the hypothesis that this is the likely
biological unit of this enzyme as its template since ZmaysCALDH has
not yet been structurally characterized by experimental methods.

Table 1
Theoretical binding parameters obtained by docking and redocking of DZN.

Target Simulation ΔGbinding

(Kcal mol−1)
rmsd
(Å)

Ki

(μM)

ZmaysCALDH Docking −8.72 0.409
ZmaysCALDH-DZN Redocking a −9.29 1.80 0.156
HsapiensALDH2 Docking −6.66 13.080
HsapiensALDH2-DZN (2vle) Redocking −8.76 0.83 0.379

a After energy minimization.

Fig. 2. Root mean square deviation (rmsd) behavior from the main chain atoms
of ZmaysCALDHt-Apo (black), ZmaysCALDHt-DZN (red), ZmaysCALDH-Apo
(green), ZmaysCALDH-DZN (blue) along simulation. (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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Despite these results, the protein is not entirely static, and certain
regions are more flexible than others. The flexibility of different regions
in the monomer ZmaysCALDH–DZN was identified through the rmsf of
each residue, calculated from the Cα atoms throughout the last 2 ns of
simulation, a period in which the complex was at equilibrium. The
major fluctuations occurred in regions of the terminal residues of the
protein (Fig. 4). The last 15 residues of the C-terminal form an anti-
parallel β-sheet with residues 142–150, which were slightly affected by
the fluctuation of the C-terminal region (Fig. 4). However, these regions
of greater fluctuation did not affect the stabilization of residues in the
active site (blue dots in Fig. 4).

3.4. Active site

There are two distinct sites in the structure of ZmaysCALDH: one for
the cofactor NAD+ and the other for the substrate. Because the
ZmaysCALDH structure was modeled in the apo form, the location of
the active site was taken from the description of human ALDH2 crys-
tallized in the presence of DZN, and its spatial coordinates fed into the
docking software [39]. In a crystal structure, description of the active
site residues is made from the close contacts with the ligand. However,

this description is made with a static image that can hardly represent
the dynamics of a protein in solution. It is also possible to identify the
residues that comprise the active site, from their frequency of contact
with the ligand. This information can be extracted from the trajectory of
MD simulation. The advantage of MD regarding crystallography is
identification of the residues with the highest frequency of contact that,
consequently, would be the most important in anchoring the ligand.
Table 2 shows the definition of the active site in ZmaysCALDH, which
was made from the residues that contacted DZN within a maximum
distance of 4.0 Å. This result indicates that there is an increased fre-
quency of contacts from hydrophobic residues with DZN, suggesting
that this binding is stabilized essentially by van der Waals contacts.

This is most clear when one observes that Phe169 and Phe458
stabilize the ligand adhering to the DZN isoflavone, both residues being
conserved in the model and template (Fig. 5). These results indicate
that candidates for ZmaysCALDH ligands must have a planar and non-
polar structure. A striking feature of the ALDH2/DZN complex is the
packing of the DZN planar isoflavone ring structure between layers of
the plane of some residues’ side chains (Fig. 5), wherein DZN is ap-
proximately 90 % buried. At the entrance of the active site of ALDH2,
the glycoside group of DZN is anchored by H-bonds with the C]O of
Asp457 and the NHe of Phe459. Binding of DZN did not cause any
structural changes in this region, probably because these groups are
inserted into the main chain of the protein, which reduces their degree
of freedom [39].

A glycoside at position 7 (O-glycosidic bond) is essential for the
inhibition of ALDH promoted by DZN, which explains why the agly-
cones genistein and daidzein inhibit ALDHs less than DZN [42]. Deri-
vatives of 7-O-substituted daidzein are better inhibitors than daidzein
[52]. The chemical properties of this active site provide an explanation
for the affinities of many 7-O-substituted DZN compounds. So, DZN is
bound between the catalytic and binding domains of NAD+ [51,53].
These observations provide an explanation for both the affinity and
specificity of ALDH2 with DZN (IC50 = 80 nM) and analogs with a
different substituent at the glycoside position [39]. Analysis of the
chemical topology of ALDH provides guidance for how the glucosyl
group might be substituted with other groups to produce compounds
with better pharmacokinetic properties while preserving the potency
and specificity of DZN.

On the other hand, in the bottom of the cavity of the active site,
Glu267 moves to make a charge–dipole contact at 3.1 Å with the OH4′
group of DZN. This contact takes place directly in ZmaysCALDH and
remains constant throughout all 20-ns simulations, different to that
described for ALDH2, where this contact is mediated by a water mo-
lecule important for catalysis. This establishes a network of hydrogen
bonds which stabilize the binding of compounds with the free OH4′
[39]. Studies regarding the ALDH2 structure–activity relationship in-
dicate that this structural feature is important for ALDH2 inhibition,

Fig. 3. Behavior of the radius of gyration (rgyr) from ZmaysCALDHt-Apo (black),
ZmaysCALDHt-DZN (red), ZmaysCALDH-Apo (green), ZmaysCALDH-DZN (blue)
along simulation time. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article).

Fig. 4. Flexibility of the Cα atoms in the last 2 ns simulation calculated from the
mean of the four subunits ZmaysCALDHt-Apo (black), ZmaysCALDHt-DZN
(red). Residues of the active site had little positional variation during the
equilibration period. The blue dots are the active site residues described in
Table 2. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).

Table 2
Contact frequency of residues in the active site of ZmaysCALDH with DZN. Only
residues with a frequency of contact greater than 5 % are shown. The residues
in bold have more than 75 % of frequency of contact with ligand and define the
active site in Fig. 4.

Residue DZN contact
Frequency

Residue DZN contact
frequency

ILE-119 0.75 CYS-301 1.00
ASP-120 0.24 VAL-302 0.93
PHE-169 0.97 LEU-426 0.25
MET-172 0.29 TYR-455 0.20
MET-173 0.81 PHE-456 1.00
THR-243 0.82 ALA-457 0.39
GLU-267 1.00 PHE-458 0.96
LEU-291 0.14 PHE-464 0.95
PHE-295 0.98 GLN-476 0.32
VAL-300 0.84
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and therefore we can extend this to ZmaysCALDH inhibition [42,54,55].
The OH4′ group of DZN needs to be free and, thus, the steric environ-
ment around the OH4′ position excludes DZN analogs with a larger
group substituted at this position, because our simulations indicate that
this group makes a charge–dipole contact with the Glu267 of the active
site.

Among the most evident changes in the active site of ZmaysCALDH
over ALDH2 lie the replacements Val120→Ile, Met124→Ala, Leu173→
Met, Trp177→Leu, Phe292→Leu, Cys303→Val and Asp457→Phe456
(Fig. 5), which caused an increase in the volume from 225.8–264.2 Å3

and in the surface area from 368.6–523.5 Å2 in this cavity. Three re-
sidues (Ile119, Val302 and Phe456) from these substitutions have a
high frequency of contact with DZN. This means that they are primarily
responsible for the higher in silico affinity of CALDH for DZN compared
to ALDH2. These three residues would also be key points for eventual
design of a more selective inhibitor for ZmaysCALDH.

3.5. Contacts of the quaternary structure

Evaluation of interfaces and intermolecular contacts of
ZmaysCALDH as well as of ALDH2 quaternary structures was performed
using the PISA server at the European Bioinformatics Institute, and the
results are summarized in Table 3. The ΔiG indicates the free energy of
solvation added by formation of the interface. The value is referred to as
the difference between total energies of solvation of the structures
isolated and interfaced. A negative ΔiG corresponds to a hydrophobic
interface or positive protein affinity. This does not include the con-
tributions of hydrogen and salt bonds along the interface. iNres indicates
the average number of residues in the interface in the corresponding
set. The parameters NHB and NSB indicate the numbers of potential
hydrogen bonds and ionic interactions, respectively, along the interface
[56].

3.6. Kinetic analysis

Using iterative, nonlinear, least-squares analysis to fit the Michaelis-
Menten equation to initial velocities, non-linearized plots were created
(Fig. 6A). The plots revealed the ZmaysCALDH behavior in the presence
of DZN, which clearly inhibited the enzyme. Compared to the control
curve, initial velocities for the conversion of 2.5–100 μM coniferyl al-
dehyde to ferulate were reduced, on average, 36 % and 60 % when 30
and 100 μM DZN were added, respectively.

The inhibitory effects of DZN on ZmaysCALDH activity were also
apparent through analysis using linearized Lineweaver-Burk plots
(Fig. 6B). Vmax and Km values determined with the method have been
summarized in Table 4. Km values determined for the ZmaysCALDH
enzyme were within the range of 7–12 μM at pH 8.8 and 26 °C, which
had previously been determined for the CALDH enzyme from Pseudo-
monas sp. using coniferyl aldehyde as a substrate [57]. It was also close
to values determined for ALDH1 (using acetaldehyde as substrate and
DZN as inhibitor at pH 9.5), which were 12 μM (for hamsters) and 15
μM (for rats). However, the values differed from the Km value pre-
viously determined for human ALDH1, which was 180 μM [52].

Similar values of Vmax and different values for Km (Table 4) pro-
duced a kinetic profile that was consistent with competitive inhibition,
a finding that was supported by results using double-reciprocal plots
(Fig. 6B). Therefore, these results have shown that the mechanism of
inhibition of ZmaysCALDH by DZN is competitive with respect to the
coniferyl aldehyde substrate. The mechanism proposed herein was
consistent with the mode of inhibition of human ALDH1 in relation to
acetaldehyde and formaldehyde, which was supported in studies
showing that DZN binds to the enzyme active site [42,52]. Consistent
with the kinetic analysis, the 3D structure of the protein revealed that
the predicted binding of DZN and substrate were mutually exclusive
[42].

The experimental Ki value for ZmaysCALDH (Table 4) was 14.1 μM
and, therefore, close to those determined for human ALDH2 (20 μM)
and ALDH1 (28 μM) [42,52]. One should also consider that the activity

Fig. 5. Daidzin binding site at ZmaysCALDH (brown) and ALDH2 crystallized with DZN. Dashed lines represent hydrogen bond between daidzin and protein residues.
Labeled residues are differences among structures which allow selective inhibition.

Table 3
Interface comparisons of model and template structures.

Structure Monomer to dimer interfaces
A + B and C + D

Dimer to tetramer interfaces
A to C and B to D

iNres NHB NSB Interface area (Å2) ΔiG (Kcal/mol) iNres NHB NSB Interface area (Å2) ΔiG (Kcal/mol)

ZmaysCALDH 78 34 8 2678 −25.8 46 20 6 1618 −9.4
3N80 77 51 8 2657 −25.1 45 26 10 1483 −3.6
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of ZmaysCALDH was determined in a partially purified enzyme extract,
whereas the purified protein was used for assays measuring ALDH2
activity with formaldehyde as substrate [42]. Moreover, the effect of
DZN on ZmaysCALDH has been evaluated for the first time herein and,
therefore, no kinetic parameters have previously been reported in order
to make direct comparisons between Ki values. Nonetheless, our find-
ings regarding docking and kinetic analyses suggest that DZN can bind
with more affinity to purified ZmaysCALDH.

4. Conclusions

Summarizing, the results obtained in silico and in vitro provide a
satisfactory degree of reliability with respect to the structure of
ZmaysCALDH modeled by homology and facilitated a virtual explora-
tion of selective inhibitors of broad interest. As noted herein, DZN is an
efficient and reversible competitive inhibitor of ZmaysCALDH. So, it can
be used to study the role of this enzyme in the phenylpropanoid
pathway as well as the structural role of ferulic acid in cell-wall ar-
chitecture, and properties of lignocellulosic biomass. The computa-
tional approach applied in the current work proved to be an effective
tool for the discovery of new inhibitors of ZmaysCALDH, and the
findings can be extended to other enzymes related to biotechnological
applications. The conclusive results shown here contribute to new
perspectives for developing alternative methods to genetic modification
for silencing the enzymes of the phenylpropanoid pathway in this plant.
As a future perspective, applying DZN in growth and digestibility of
maize in field experiments could add new information and strengthen
the evidence revealed herein. It is our next challenge.
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