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INTRODUCTION

Abstract. Wickerhamomyces anomalus and Pichia kudriavzevii have high potential to
produce bioethanol under high stress condition, due to their stress-tolerant properties. To
elucidate and develop an efficient and sustainable bioethanol production, characterization
of ethanol fermentation reactions is highly substantial. Ethanol fermentation employs key
enzyme ADHI encoded by ADHI gene, important for conversion of acetaldehyde to
ethanol. However, structural studies about alcohol dehydrogenasel from these genera of
yeasts are limited. This study aimed to detect the alcohol dehydrogenase 1 gene from Pichia
spp. Using computational-bioinformatics approaches. The adh1 gene was amplified by PCR,
visualized by electrophoresis, and analysed for sequence homology by BlastN and BlastP.
The enzyme structure was constructed by SWISS-MODEL and I-TASSER with validation
by Ramachandran plot, QMEAN4, and Local Quality Estimate. The Similarity and
homology analysis of ADH1 genes and their corresponding protein sequence of yeast
isolates showed that the ADHgene was successfully detected. Multiple sequence alignment
(MSA) and phylogenetic tree revealed that W. anomalus BT1-BT6 has close evolutionary
relationship with ADH1 from Saccharomyces cerevisiae sequence while P. kudriavzevii IP4
showed different pattern. The ADH 1 enzyme model, generated using the SWISS-MODEL
web server, demonstrated the best stereochemical quality, with a Ramachandran plot value
of 100% for W. anomalus BT1 and 99.3% for P. kudriavzevii IP4. Superimposition of 3D-
predicted model of ADH1 from W. anomalus BT1 and P. kudriavzevii 1P4 showed an exact
match with amino acid in Zn?>' binding sites, confirming the ADH1 metaloenzyme
properties. These findings provide structural insights about ADH1 genes and protein
properties which can be used further for the development of efficient and high productivity
of bioethanol productions through genetic and protein engineering.
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Yeast genera of Pichia and Wickerhamomyces are group
of non-conventional yeasts that capable in using xylose

Bioethanol (C2HsOH) is an organic compound that can
be obtained from fermentation of various sources
including simple sugar, starch and lignocellulose
substrates by microorganisms [1, 2]. Bioethanol emerges
as valuable industrial products feasible for renewable
energy sources. Microorganisms belonging to the yeast
group are amongst the most used fermentation agents for
bioethanol production. Saccharomyces cerevisiae is one
of the popular yeasts for bioethanol productions, as this
species has high ethanol productivity and ethanol-
tolerance properties [3, 4]. However, S. cerevisiae could
only synthesize ethanol from glucose, yet other sugar
monomer especially five-carbon sources monomeric
sugar (xylose or arabinose) could not be used [5].

as carbon sources for bioethanol productions [6—8]. Such
ability will support the sustainable bioethanol production
by employing complex  substrate including
lignocellulose [8, 9]. From our previous studies, we have
isolated yeast Wickerhamomyces and Pichia spp,, which
exhibit stress-tolerance phenotype against fermentative
stresses. Yeast P. kudriavzevii 1P4 was previously
isolated from cacao fermentation, showed high
temperature-tolerant phenotype up to 42°C which
capable to produce bioethanol both in glucose and xylose
as carbon sources [6, 10]. In addition, yeast
Wickerhamomyces anomalus BT1, BT2, BT3, BT4, BT5
and BT6 which have been isolated from traditional
fermented beverages [11], has tolerance phenotype
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against ethanol stress of 12.5% (v/v), temperature stress
for up to 37°C, and osmotic stress (50% glucose) [7].
Such stress-tolerant characters of these isolates mark
their potential application for sustainable bioethanol
productions.

Ethanol fermentation reaction is facilitated by groups of
alcohol dehydrogenases enzymes (ADH). There are
seven genes in S. cerevisiae that has been reported which
are ADHI, ADH2, ADH3, ADH4, ADHS5, ADH6, dan
ADH7 [12]. The ADH1 gene encodes alcohol
dehydrogenase 1 (ADHI1) enzyme, which converts
acetaldehyde to ethanol by catalysing the acetaldehyde
reduction by using nicotinamide adenine dinucleotide
phosphate (NADP") or nicotinamide adenine
dinucleotide (NAD") as electron carriers [13, 14]. While
the ADHI gene and its role in ethanol production have
been extensively studied in S. cerevisiae, information
regarding its structure, sequence diversity, and
functional properties in Wickerhamomyces and Pichia
species remains limited. Wickerhamomyces and Pichia
yeasts are non-conventional and possess unique
physiological traits such as thermotolerance, ethanol
tolerance, and the ability to utilize both hexose and
pentose sugars features that make them highly promising
for sustainable bioethanol production [7, 11]. This
research fills an important knowledge gap and
establishes a molecular basis for future metabolic or
genetic engineering strategies aimed at improving
ethanol yield from lignocellulosic biomass. Therefore,
our study focused on the elucidation of genetic and
protein properties of ADHI1 in Wickerhamomyces and
Pichia spp., strains through insilico analysis.

METHODOLOGY

Yeast isolates

Yeast isolates used in this study were P. kudriavzevii 1P4
which was isolated from cacao fermentation [6], and .
anomalus BT1, BT2, BT3, BT4, BT5 and BT6 which
were isolated from fermented beverages [11]. Yeast
isolates were grown in Yeast Peptone Dextrose (YPD),
containing yeast extract (1%), peptone (2%) and
dextrose (2%), liquid medium for daily maintenance.

Genomic DNA and ADH1
amplification

DNA isolation was conducted by using the Quick
DNA™ Fungal Bacteria Minikit. Each yeast isolates
(1P4, BT1, BT3, and BT4) grown in YPD liquid media
was transferred into a 1.5 ml microtube then centrifuged
at 2000 rpm for 10 minutes. Yeast isolate BT2, BT5 and
BT6 were previously analysed for ADHI gene [7], thus
amplification was not employed again towards these
three isolates. Cell pellets were then resuspended in 200
ul of phosphate buffer and vortexed. The pellet solution
was then transferred to a ZR Bashingbead™ Lysis tube.
The sample was then resuspended in 750 pl of bashing
bead™ buffer and vortexed for 5-10 minutes followed
with centrifugation at 10,000 rpm for 1 minute.
Supernatant were transferred to Zymospin IIIF tube and
then centrifuged at 8000 rpm for 1 minute. The resulted
supernatant was resuspended in Genomic lysis buffer.
The suspension (800 pl) was further transferred to an

isolation gene

IICR tube and centrifuged for 1 minute at 10,000 rpm.
This stage was carried out 2 times by discarding the
supernatant. The resulted pellets were added with 200 pl
of DNA prewash buffer and centrifuged at a speed of
10,000 rpm for 1 minute. The pellets were then washed
with 500 pl of g-DNA wash buffer and centrifuged for 1
minute at a speed of 10,000 rpm. The pellets were then
resuspended with 50 pl of elution buffer.

For gene amplification, PCR reactions were prepared
using Gotaq Green-Master Mix kit.kit. Primer used to

amplify ADHI1 gene from Pichia yeast were
PKADH1Forward: 5’-
ACTGATCTGCTGTTGAGTACGA-3 and
PKADHI1Reverse: 5-
GTCGAATACCTAAGAGAACAACC-3’, while for

Wickerhamomyces yeast were WAADHIForward5’-
GTTTTCCCTTCCACCAAGAACA-3’ dan
WAADHI1Reverse: 5’-ACAATCAT
CTAAACCAGAGATAGCC-3’. Those primer sequence
were designed by using Primer3Plus program. The PCR
formula for each sample in this study was 25 pl of Gotaq
green master mix (2X), 5 pl forward primer (10 uM), 5
pl reverse primer (10 uM), 4 pl genomic DNA
(100ng/ml), and nuclease free water to adjust the final
volume of 50 pl. All samples were run under PCR cycle
conditions:  Pre-denaturation 94°C (5 minutes),
denaturation 94°C (30 seconds), Annealing 35°C (45
seconds), elongation 72°C (1 minute 45 seconds), post
elongation 72°C (10 minutes), and post PCR 4°C with a
total of 35 cycles. Amplicon were visualized using DNA
gel electrophoresis in 1% agarose.

Gene sequence analysis

DNA amplicons were sequenced by using Sanger
sequencing in both the forward and reverse directions.
The nucleotide sequence of ADHI gene were analyzed
for nucleotide quality based on the sequence
chromatogram and constructed for contig sequence using
Bioedit [15]. The nucleotides were then translated into
amino acid sequences using Expasy tools [16].
Nucleotide and amino acid sequences were analyzed
using the BLASTN and BLASTP for similarity and
homology analysis.

Multiple Sequence Alignment

The amino acid sequence of ADHI from all yeast
isolates were aligned with the amino acid sequence of
other references (ADHI from S. cerevisiae 7TKC2 _1; and
Streptococcus pneumonia SYLN 1). Protein sequences
were retrieved from RCSB protein database were then
aligned by using Bioedit software. Identification of
catalytic domain in ADHI protein sequence were
identified based on the conserved region. The amino acid
sequences were also used to construct phylogenetic tree
by using Molecular Evolutionary Genetic Analysis XI
(MEGA XI) employing neighbor joining p-distance
model with 1000 bootstrap replication [17].

Enzyme Modelling

I-TASSER and Swiss Model programs were used for
enzyme modelling [18]. Enzyme models were made by
using amino acid sequences that have been prepared
previously. The resulted model was analyzed using

Sitmi
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Figure 1. Visualization of ADH1 gene amplicon (1100-1200 bp) of yeast isolates by using 1% agarose gel

electrophoresis. M: 1kb DNA ladder.

Table 1. Similarity and homology sequence analysis of adhl gene and their corresponding amino acid sequence

by using BLASTN and BLASTP program.

No Isolate Query Species Query E- Identity Accesion Number
Cover Value (%)
(%)
1 BT1 Nucleotide Wickerhamomyces — anomalus ~ 100% 0.0 98.24% AJ841789.2
ADHI1 Gene
Amino acid Wickerhamomyces ciferii - 98% 0.0 91.67% XP_011272782.1
Alcohol dehydrogenase
2 BT2 Nucleotide Wickerhamomyces — anomalus ~ 100% 0.0 98.15% AJ841789.2
ADHI1 Gene
Amino Acid Wickerhamomyces ciferii - 98% 0.0 91.67% XP_011272782.1
Alcohol dehydrogenase
3 BT3 Nucleotide Wickerhamomyces — anomalus ~ 100% 0.0 98.24% AJ841789.2
ADHI1 Gene
Amino Acid Wickerhamomyces ciferii - 98% 0.0 91.67% XP_011272782.1
Alcohol dehydrogenase
4 BT4 Nucleotide Wickerhamomyces — anomalus ~ 100% 0.0 98.24% AJ841789.2
ADHI1 Gene
Amino Acid Wickerhamomyces ciferii - 98% 0.0 91.67% XP_011272782.1
Alcohol dehydrogenase
5 BTS5 Nucleotide Wickerhamomyces — anomalus ~ 100% 0.0 99.26% AJ841789.2
ADHI1 Gene
Amino Acid Wickerhamomyces ciferii - 98% 0.0 91.67% XP_011272782.1
Alcohol dehydrogenase
6 BT6 Nucleotide Wickerhamomyces — anomalus ~ 100% 0.0 99.16% AJ841789.2
ADHI1 Gene
Amino Acid Wickerhamomyces ciferii - 98% 0.0 91.67% XP_011272782.1
Alcohol dehydrogenase
7 1P4 Nucleotide Pichia kudriavzevii  100% 0.0 99.65% CP093509.1
Chromosome 4
Amino Acid Pichia kudriavzevii Hypothical — 95% 0.0 98.70% OUT22678.1

Protein

Ramachandran Plot on the ProCheck platforms [19].
Visualization of enzyme was done by using Biovia2024,
while the secondary structure and ligand interaction was
analysed with PDBSum program. For quality analysis of
the enzyme models, Q-Mean and local quality estimation
were calculated by SWISS-Model Server [20].

RESULTS AND DISCUSSION

The adhl gene amplification

We successfully amplified the adhl gene by PCR
reactions (Figure 1), as shown by thick DNA band at
1100-1200 bp. Interestingly, isolate BT1, BT2, BT3,
BT4, BT5 and BT6 have adhl gene in a size of 1100 bp,
while 1P4 has longer DNA size (1200 bp). Previous
study had shown the similar size of adhl gene amplicon
from isolate BT2, BTS5 and BT6 by using the same

primer pair to this study [7]. Gene encoding alcohol
dehydrogenases have reported to have various sizes,
indeed adhl from S. cerevisiae and P. stipitis have been
reported to have size of 1048 bp [21], while it has 1200
bp and 1106 bp in W. anomalus and P. kudriavzevii,
respectively [22, 23].

Gene sequence analysis

Homology analysis revealed that ADH1 gene and the
corresponding protein sequence from isolate BT1, BT2,
BT3, BT4, BTS and BT6 have high similarity (100%)
with the ADH1 gene of W. anomalus (AJ841789.2) and
P. kudriavzevii (AJ841789.2) (Table 1).

Furthermore, homology analysis was done to evaluate
the similarity between protein sequence of isolate W.
anomalus BT1-BT6 and P. kudriavzevii with crystalized
protein in RCSB protein database (Table 2). Based on

e
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Table 2 . Homology analysis of ADH1 translated amino acid sequence of yeast isolates towards crystalized protein

in RCSB protein database.

No Sample Homology organism Macromolecule Sequence Region Identity
Identity Sequence
1 W. anomalus (BT1, Saccharomyces ADH1 76% 1-347 7KC2.1
BT2, BT3, BT4, BTS, cerevisiae
BT6)
2 P, kudriavzevii 1P4 Streptococcus ADH2 51% 5-349 SYLN
pneumoniae

Table 3 Physicochemical characteristics of the ADH]1 from the yeast Wickerhamomyces anomalus (BT1, BT2,

BT3, BT4, BT5, BT6) and Pichia kudriavzevii 1P4.

Organism SequenceLength MW pl I Ai GRAVY -R +R
(amino acid)
W. anomalus (BT1, 348 36754.12 6.25 21.90 95.26 0.021 38 36
BT2, BT3, BT4,
BTS, BT6)
P. kudriavzevii IP4 366 39304.36 5.52 28.76 99.56 0.019 35 45

MW: molecular weight; pl: isoelectric point; II: Instability index; Ai: aliphatic index; GRAVY: Grand Average of
Hydropathicity; —R and +R: Negatively and Positively Charged Residues

ADH]1 Wickerhamomyces anomalus BT4
ADH]1 Wickerhamomyces anomalus BT5

100 | ADHI1 Wickerhamomyces anomalus BT3
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% ADHP
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Figure 2. Phylogenetic tree of amino acid sequence of yeast isolate W. anomalus (BT1, BT2, BT3, BT4, BTS,
BT6) and P. kudriavzevii 1P4. Phylogenetic tree was constructed using MEGA XI program with neighbor joining

algorithm.

result, decoded amino acid from adhl sequence of W.
anomalus BT1-BT6 were found homolog with ADHI S.
cerevisia SENV crystalized protein with sequence
identity of 76%. Interestingly, the amino acid sequence
of ADHI1 from P. kudriavzevii 1P4 was homolog not
with yeast ADH protein group but with ADH2 protein
from Streptococcus pneumoniae with sequence identity
51%. These results potentially due to the lack of
availability of protein crystals from W. anomalus and P.
kudriavzevii the RCSB database.

Molecular weight value may indicate the size of protein
and their potential functional roles. W. anomalus BT1
and P. kudriavzevii IP4 have molecular weight <40kDA.
This protein molecular weight has relatively similar

valuet that ADHI1 from S. cerevisiae and Yarowia
lipolitica (38 kDa) or Artemisia annua (40 kDa) [24, 25].
Table 3 shows the physicochemical characteristic of
ADHI1 from W. anomalus BT1-BT6 and P. kudriavzevii
IP4. Physicochemical characteristics give important
information to determine the molecular weight of ADH
from each isolates. Notably, ADH]1 in these two Pichia
species, have higher prevalence of acidic chains based on
pl value. These results align with previous studies that
ADHI1 from W. anomalus [7] and P. kudriavzevii [26,
27] also prefer in acidic pH level. We found the
Instability Index and Alyphatic Index of W. anomalus
(BT1, BT2, BT3, BT4, BTS, BT6) and P. kudriavzevii
1P4 were less than 40 and more than 90 which indicate
these protein are stable and thermostable. A stable ADH1

o
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protein was also reported in Archaeglobus fulgidus and
Sulfolobus acidoculdarius [28]. The Aliphatic index give
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Figure 3. Multiple sequence analysis of ADHI1 protein from yeast isolate Wickerhamomyces anomalus (BT1,
BT2, BT3, BT4, BTS, BT6) and P. kudriavzevii 1P4 compared to other crystalized ADH protein of S. cerevisiae
(7KC2) and Streptococcus pneumoniae (SYLN). []: conserved region amino acid binding with Zn?" ion, red block:
conserved region amino acid for all species binding with substrate, yellow block: conserved region amino acid for
S. cerevisiae and W. anomalus binding with substrate, green block: conserved region amino acid for S. preumoniae
and P. kudriavzevii binding with substrate, star: conserved region for S. cerevisiae dan W.anomalus binding with
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Figure 4. Ramachandran plot evaluation of ADH1 protein derived from yeast Wickerhamomyces anomalus BT1
and Pichia kudriavzevii 1P4 constructed using (A and B) I-TASSER and (C and D) SWISS MODEL.

in higher temperature [29]. We found ADH]1 from two
isolates have aliphatic index more than 90 and indicates
ADHI from all isolates are naturally thermostable. In
line with experiment report, P. kudriavzevii IP4 shows
high tolerance in high temperature to produce ethanol
during fermentation [10]. GRAVY and amino acid
charged of ADHI give the information of
hydrophobicity character of enzyme. GRAVY value less
than 0 indicates hydrophilic protein [30]. Gravy value
shows the hydrophobicity of protein. In this result,
ADHI1 from all isolates exhibited hydrophobic
characteristic, with GRAVY values are +0.021 and
+0.019 (Table 3).

Multiple Sequence Alignment and Phylogenetic
Analysis

Based on the phylogenetic tree, yeasts isolates were
clustered in two groups (Figure 2). ADH1 W. anomalus
(BT1, BT2, BT3, BT4, BT5, BT6) are clustered with
ADHI1 S. cerevisiae while ADH1 P. kudriavzevii is
clustered with ADH2 S. pneumoniae. Phylogenetic
analysis of the ADH1 amino acid sequences provides
molecular support for the current taxonomic distinction
between Wickerhamomyces and Pichia. Historically,
Pichia encompassed a broad and heterogeneous group of
yeasts; however, molecular and phylogenomic studies
have redefined Wickerhamomyces as a distinct genus
separated from the Pichia clade [31] . In our study, the

ADHI sequences of W. anomalus (BT1-BT6) formed a
coherent cluster distinct from P. kudriavzevii 1P4,
indicating evolutionary divergence despite their
conserved alcohol dehydrogenase catalytic domains.
This pattern of sequence differentiation at the protein
level is consistent with their current classification into

two genera and suggests that the observed
physicochemical variations in ADH1 may reflect
adaptive  diversification  following  genus-level
speciation.

Conserved regions of amino acids that interact with Zn?*
metal ions, NADH, and substrate were investigated with
MSA analysis (Figure 3). Comparison of ADHI
sequence from different sequence enabled to
identification of key resiudes that contributed to function
and catalysis of enzyme. Conserved region of amino acid
which interact with Zn** at W. anomalus BT1,BT2, BT3,
BT4, BTS, BT6 were Cys44, Thr46, His67 and Cys154,
while at P. kudriavzevii IP4 are CYS 38 dan HIS67.
Conserved region of amino acid which have interaction
with substrate at W. anomalus BT1-BT6 are Cys44,
Thrd6, Trp55, His67, Trp93, and Tyr295, while at at P.
kudriavzevii 1P4 Cys38, His67, Trpl21, Thrl165, and
Val312. Conserved region of amino acid which have
interaction with NADH just evaluated in W. anomalus
BT1-BT6 based on comparison with S. cerevisiae
7KC2.1 (Cysl154, Thrl58, Serl77, Glyl78, Glyl80,
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Figure 5. Model of protein structure of ADHI1 from Wickerhamomyces anomalus BT1 and Pichia kudriavzevii
1P4. (A) The 3D enzyme model of ADHI, (B) Predicted secondary structure of ADH1, (C) 2D interaction between

7Zn*" and amino acid residue.

Gly182, Leul83, Thr201, Asp202, Lys207, Phe222,
Val246, Ser247, Val248, Ser248, Ala252, Val269, Gly
270, Val285, Ser294, Tyr295, Val296, 11e338, and
Arg341). W. anomalus BT1 and P. kudriavzevii IP4 was
chosen for next analysis.

Enzyme Modelling

The Ramachandran plot results for ADH1 W. anomalus
BT1 using SWISS-MODEL were 100% in the allowed
region, while the Ramachandran plot results using I-
TASER were 99.3% in the allowed region and 0.7% in
the disallowed region (Figure 4). The Ramachandran
plot value for ADHI1 P. kudriavzevii IP4 using SWISS-
MODEL is 100% in the allowed region, while the
Ramachandran plot result using I-TASER is 97.2% in the
allowed region and 2.2% in the disallowed region. These
results indicate that the protein model using the SWISS-
MODEL web server is better than that using [-TASSER
based on the Ramachandran plot value and can be used
for subsequent analysis.

Computed structure protein of ADHI1 protein from W.
anomalus BT1 showed that this enzyme was formed by
three beta hairpins, 18 strands, 14 helices, 30 beta turns,
and 2 gamma turns (Figure 5A-B). Superimposition of
this ADHI1 structure protein showed an exact match with
amino acid in Zn?* binding sites between template and
enzyme structure (Figure 5C). On the other hand, protein
model from P. kudriavzevii IP4 resulted the properties of
ADHI which comprised of by 3 beta hairpins, 30 beta
turns, 2 gamma turns, 14 helix, and 18 strands (Figure
5A-B). Superimposition of 3D-predicted model of

ADHI from P. kudriavzevii IP4 showed an exact match
with amino acid in Zn?' binding sites with minor
deviation with addition ASP161 in homology model
enzyme (Figure 5C).

ADHI1 typically contains three conserved amino acids
that interact with Zn?*, including one histidine (His)
residue and two cysteine (Cys) residues (Auld &
Bergman, 2008). Visualization of the Zn?*" interaction
with ADHI1 from W. anomalus BT1 reveals binding to
amino acids Cys44, His67, Glu68, and Cysl54. In
contrast, the Zn?* ion in ADH1 from P. kudriavzevii IP4
interacts with amino acids Cys38, His67, Glu68, and
Aspl61 (Figure 5). The conserved region of Cys-His-
Asp pattern is also observed in ADHI1 from other
microorganisms, including Clostridium beijerinckii and
Thermoanaerobacter brockii [33, 34]

The Z-Score from the particular predicted protein model
was compared with a non-redundant set from PDB
structures and resulted QMEAN score of 0.5<to<l, its
high quality (6A-B). ADH1 is a metalloenzyme, which
has a Zn*" ion at its active site [32]. The modeled ADH1
structures were further analyzed using local estimation
scores and global quality assessment (QMEAN4) values
(Figure 6). The QMEAN4 analysis of both isolates
showed scores of 0.86 for W. anomalus ADH1 and 0.78
for P. kudriavzevii ADHI1 (Figure 6A and C). A good
QMEAN4 score is indicated by a |Z-score| < 1
suggesting that both models possess excellent quality
and are highly likely to represent the natural structure
[35]. The local estimation analysis of both isolates
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Figure 6. QMEAN4 analysis of protein ADH1 models: (A) Wickerhamomyces anomalus BT1 and (B) Pichia
kudriavzevii IP4, and Local Quality Estimation analysis: (C) W. anomalus BT1 and (D) P. kudriavzevii IP4.

showed values above 0.6 for the majority of amino acid
residues forming ADHI, although slight decreases were
observed at amino acid residues 40, 120, and 240 in the
P. kudriavzevii ADH1 model (Figure 6B and D). Local
estimation values above 0.6 indicate accurate residue
placement in the enzyme model Based on these results,
the predicted ADH1 models of W. anomalus BT1 and P.
kudriavzevii P4 are considered reliable and acceptable,
supported by their amino acid composition and high
structural similarity in interactions with Zn?" ions.

CONCLUSION

The ADHI1 gene was successfully detected and
characterized from Wickerhamomyces anomalus and
Pichia  kudriavzevii.  Sequence homology and
phylogenetic analyses revealed that W. anomalus ADHI
shares close similarity with Saccharomyces cerevisiae
ADHI1, while P. kudriavzevii ADHI1 formed a distinct
evolutionary cluster, supporting the current taxonomic
distinction between the two genera. Physicochemical
characterization indicated that both ADH1 enzymes are
stable, thermostable, and slightly hydrophobic, reflecting
their adaptability to stressful fermentation environments.
Structural modeling and QMEAN4 validation confirmed
the reliability of the predicted enzyme models, with
conserved Zn**-binding residues confirming their
metalloenzyme characteristics. Overall, this study
provides new molecular insight into the structure—
function relationships of ADHI1 from non-conventional
yeasts, supporting their potential use in sustainable and
high-temperature bioethanol production.
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