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A B S T R A C T

Extracellular triacylglycerol hydrolases (ETH) play a critical role for microorganisms, acting as essential tools for 
lipid breakdown and survival in challenging environments. The pursuit of more effective ETH genes and enzymes 
through evolution holds significant potential for enhancing living conditions. This study employs a proteoge-
nomic approach to identify high G+C ETH in a notable Gram-positive bacterium, Amycolatopsis tolypomycina. 
Utilizing knowledge from genome and machine learning algorithms, prospective ETH genes/enzymes were 
identified. Notably, the ETH structural conserved accessibility to solvent clearly indicated the specific sixteen 
residues (GLY50, PRO93, GLY141, ASP148, GLY151, ASP172, ALA176, GLY195, TYR196, SER197, GLN198, 
GLY199, GLY200, GLY225, PRO327, ASP336) with no frequency. By pinpointing key residues and understanding 
their role, this study sets the stage for enhancing ETH performance through computational proteogenomic and 
contributes to the broader field of enzyme engineering, facilitating the development of more efficient and ver-
satile ETH enzymes tailored to specific industrial or environmental contexts.

1. Introduction

Finding the meaningful results from the biological data needs 
comprehensive statistical methods. Recently with computational ap-
proaches, this process cumulated lots of benefit especially with machine 
learning algorithms [1–3]. Modeling and learning from biological data 
towards classifying specific features with supervised and unsupervised 
data structure help biologists to find, explore, mimic and engineer the 
nature successfully. The protein/enzyme homology and evolution spe-
cifically have been received more attention with machine learning al-
gorithms [4–7]. However, numerous questions remain to be addressed 
in order to tackle environmental pollution, particularly that caused by 
lipids, esters, and their derivatives. In both developed and developing 
countries, one significant source of pollution is petroleum hydrocarbons, 
which are prevalent in oil spills, industrial and municipal waste, as well 
as wastewater. These pollutants require careful and direct removal from 
the environment. The bioremediation of hydrocarbon contamination 
can be effectively achieved with the assistance of extracellular tri-
acylglycerol hydrolases (ETHs), particularly those derived from micro-
bial sources [8].

Biomolecular agents, such as triacylglycerol hydrolase enzymes, play 
a crucial role in addressing environmental pollution. Conversely, un-
derstanding the mechanisms of pathogenic actions, particularly enzy-
matic virulence factors like extracellular triacylglycerol hydrolases 
(ETHs) in Candida albicans [9–11], can be elucidated through structural 
studies of ETHs [12–16]. The necessity to address these challenges, 
combined with the potential and efficacy of enzymes, drives researchers 
to identify more efficient enzymes and unravel their structural com-
plexities [13].

Enzymes derived from microorganisms represent promising candi-
dates for study due to their remarkable ability to enable survival in harsh 
and diverse environments. Among these, the extraordinary extracellular 
enzyme known as triacylglycerol hydrolase (TH) (EC 3.1.1.3) is secreted 
into the surrounding environment to facilitate the processing and pro-
vision of essential nutrients for microbes [17,18]. It gained more at-
tentions due to its diverse applications from food to medical and 
biosensor industries as well as environmental pollutions. The substrate 
of this enzyme is long chain triacylglycerol which hydrolyzed to fatty 
acids, diacylglycerol, monoacylglycerol and glycerol [19,20]. The 
mechanism of triacylglycerol hydrolase reaction is based on the 
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alpha/beta hydrolase fold that possess catalytic triad included an acidic 
amino acid, a histidine and a nucleophilic serine residue. However, 
enzyme activation and enzyme-substrate-water interfacial and solvent 
accessibility of different triacylglycerol hydrolases need to be scruti-
nized in more details [21].

Different sources of triacylglycerol hydrolase enzyme from animals 
and plants to microbes provide lots of scientific reports in literatures 
[22]. However, triacylglycerol hydrolases of microbial origin offer 
distinct advantages, including high-yield production, ease of genetic 
modification, and a sustainable supply base, owing to the straightfor-
ward control of growth conditions, among other factors [23–25]. In 
addition to numerous research findings and application reports, it is 
essential to highlight the evolution of triacylglycerol hydrolase enzymes 
and the need for more detailed categorization. Specifically, further 
investigation into the distinctions between triacylglycerol hydrolases 
and esterases is required to develop improved methodologies for 
differentiating these two enzyme classes.

ETH main structure as well as specific features such as lid, oxyanion 
hole, substrate binding site would result the unique characterization and 
classification of different ETH family types. These structural features 
classified the ETH substrate specificities and selectivity [26]. The 
interaction between the substrate and total ETH conformation and 
specific residues provides the selectivity towards fatty acids chain 
lengths and finalized products. On the other hand, the shape of the ETH 
especially in scaffold and binding site; and the nature of amino acids that 
forming them dictate chemoselectivity, regioselectivity, and stereo-
selectivity [27]. Revealing the specific residue solvent accessibility (as 
one of the main features) would help to find the buried and exposed 
accessible area of the ETH structure and therefore provide the inevitable 
information for ETH engineering through rational design method [28]. 
Furthermore, accessibility to solvent can help in High throughput 
screening of the big library in engineering ETH with directed evolution 
method. Additionally, the conserved residues features involve in struc-
tural stability and functionality of ETH. It should be mentioned here that 
the ETH structural analysis is highly species-specific (even 
strain-specific) and should comprise the comprehensive specific pro-
teogenomics dataset [29].

Many aspects of biology have influenced with machine learning 
approaches. The structural analysis of macromolecules had great ad-
vantages with different algorithms, from 3- d structure to structure- 
function prediction and analysis [30]. The details residues information 
of enzymes that revealed with machine learning methods could provide 
foreseeable help in evolution and engineering the enzymes [31]. The 
approaches help in more precise classification and therefore better un-
derstanding the functions [32]. This classification with insight structural 
information can be more useful when applying to the high G+C content 
species as they have more applications specially in finding drug and 
solving pollutions.

The importance of high GC genomic prokaryotes and the stability of 
the genome is considered to be associated with many mutational and 
selective forces in interaction with other ecological factors [33–46]. 
Elucidating precise information on extracellular triacylglycerol hydro-
lases from high G+C species will facilitate the engineering of novel 
enzymes in the laboratory and provide clearer insights into the evolu-
tionary pathways of ETHs. The ETH from Amycolatopsis tolypomycina 
with more than 90 % similarity with other secreted triacylglycerol hy-
drolase from other species in the same genus need to be scrutinized in 
more details. A. tolypomycina is belonging to the genus Amycolatopsis 
and family Pseudonocardiaceae that have more than 70 % of the active 
chemical compounds that produced and commercially supplied in the 
market [47,48]. Despite the important position of this species and genus 
and ETH as an enzyme in the market, little was known about the 
A. tolypomycina extracellular triacylglycerol hydrolase structures. 
Therefore, the aim of this research article was to analyze the structural 
solvent accessibility of A. tolypomycina extracellular triacylglycerol hy-
drolases with the help of machine learning algorithm approaches.

2. Materials & methods

2.1. Physiochemical characteristics and cluster analysis

All sequences were retrieved from National Center of Biotechnology 
Information (https://www.ncbi.nlm.nih.gov/). The physiochemical 
characteristics (https://www.expasy.org/) [49] and similarity of se-
quences were calculated with Swiss server and Clustal Omega Multiple 
Sequence Alignment program [http://www.ebi.ac.uk/Tools/msa/ 
clustalo/] and MultAlin server [http://multalin.toulouse.inra.fr/multal 
in/] respectively [50]. The molecular phylogenetic tree was presented 
with MEGAX software [51]. Phylogenetic tree of A. tolypomycina 
extracellular triacylglycerol hydrolase and other bacterial proteins was 
constructed by Neighbor-Joining method. Signal peptide and Subcellu-
lar localization were determined with SOSUI and CELLO v2.5 servers 
[52,53]. Protein- protein interactions provided with STRING webserver 
and database (https://version-11-5.string-db.org).

2.2. ETH enzyme modelling

Enzyme specific domain/s and secondary structures as well as 3- 
d structure were obtained from the Chou & Fasman Secondary Struc-
ture Prediction [54] and deep learning de novo modeling [55], respec-
tively. In this method, the multiple sequence alignment was constructed 
followed by the prediction for distance and orientation distribution. 
Finally, with the coarse-grained structure modeling by energy minimi-
zation and full atom structure refinement, models were generated [55]. 
Ramachandran Map was applied to evaluate the quality of the models 
provided with deep learning de novo modeling [56].

2.3. Genome annotation

Putative ETH genes identified and annotated based on the whole 
genome sequencing of A. tolypomycina from NCBI (http://www.ncbi. 
nlm.nih.gov/). The genes sequences were retrieved, visualized and the 
syntheny of genes on the whole genome dataset were presented.

2.4. ETH solvent accessibility

The Solvent Accessible Surface Area (SASA) of extracellular tri-
acylglycerol hydrolases models was calculated according to Fraczkie-
wicz and Braun [57]. Surface and nucleus environments of each 3-d 
cartesian coordinates of enzymes models were defined as the 50 % and 
20 % of comparative analysis of SASA with methods described with 
[58]. Structurally conserved regions of each enzyme obtained by 
chimera software with default parameters [59]. With the help of ma-
chine learning unsupervised agglomerative hierarchical method the 
clustering of ETH presented.

Agglomerative hierarchical cluster analysis (HCA) as one of the 
important machine learning algorithms was applied to cluster the fea-
tures and characteristics of ETH. Clustering scientifically considered as 
the process to partitioning the set of data points into the groups based on 
the similarity. Many types of clustering applied in computational protein 
analysis such as fuzzy clustering [60] and distribution model-based 
clustering [61]. In our research HCA that considered as the bottom-up 
strategy in the clustering of each data point was applied. In order to 
calculate the distance between the SASA (proteins), Euclidean distance 
and Ward method were applied.

3. Results

3.1. ETH clustering

The sequences of enzymes from A. tolypomycina were retrieved from 
NCBI with the high similarity with ETH from more than one hundred 
extracellular triacylglycerol hydrolases of other bacteria in different 
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genus such as Streptomyces, Thalassolituus, Hydrocarboniclastica, Con-
exibacter, Nonomuraea, Thermomonospora, Frankia, Actinomadura, Sac-
charothrix, Alloactinosynnema, Kibdelosporangium and Kutzneria (Fig. 1). 
These extracellular triacylglycerol hydrolase structures even observed in 
Candida albicans as opportunistic yeast from Saccharomycetaceae family 
of fungi and the ETH was part of its virulence mechanism. Therefore, the 
detail information of A. tolypomycina extracellular triacylglycerol hy-
drolases here would provide the better insight for understanding the 
mechanisms of virulence action and preparing the drug discovery too.

3.2. Physiochemical characteristics of ETH

Number of amino acids and molecular weight of ETH in this high 
G+C species were in the range of 366–407 (with average 393) and 37 
kDa to 42 kDa respectively. Also, total numbers of negative and positive 
residues were in the range of 26–37 and 21–31. Average of molecular 
weight was 41 kDa beside the approximately equal number of negative 
and positive amino acids in the structure of ETH. The average of positive 
residues was 32 as well as negative residues 27. The isoelectric point (pI) 
of the ETH enzyme was more than 5.86 that indicated the acidic pH 
condition. The average of pI was 6. The purification of these enzymes 
would gain good advantage from this index (pI) for wet Lab experi-
ments. The thermal stability of these enzymes that presented with 
aliphatic index was more than 83.38. The hydropathicity value of them 
was more than -0.034 with the average of 0.059. The physiochemical 
characteristics support the stability of the enzymes. Subcellular locali-
zation of all enzymes presented them as extracellular enzymes (Table 1). 
The percentage of different amino acids presented in the Supplementary 
table 1. It is clearly obvious that structures had many Ala, Gly, Leu, Pro 
and Val residues. Met and Cys were in the lowest percentage in ETH 
from A. tolypomycina. The average of Asp and Arg was the same ~ 4. Cys 
residues in the structure had disulfide s-s bridges. These bridges pre-
sented in the conserved region of ETH. All structures had at least one S-S 
bridge. The details information of disulfide bridge was presented in 
Table 2.

3.3. ETH enzyme modelling

All three-dimensional models of ETH enzymes from A. tolypomycina 
were obtained by de novo modeling. For more accuracy of models, the 
templates were applied in the de novo algorithm. All models were 
evaluated with template score or TM-score, QMEAN and Ramachandran 
map (Table 3). The stereo chemical evaluation of models showed that 
more than 94 % of residues were in favorite positions. The QMEAN and 
solvation indexes were more than 0.31 and -0.01 that indicated that all 
models were highly accepted. The secondary structure of 3-d models of 
ETH showed that the helices percentage was higher than beta sheets and 
turn loops (Table 3). This was one of the indicators of hydrolases en-
zymes. The secreted enzymes had signal peptide on the N-terminal of 3- 
d structures with minimum length of 20 amino acids. All ETHs 
confirmed as extracellular enzymes and all were soluble (Supplementary 
table 2).

3.4. ETH solvent accessibility

Clustering the extracellular triacylglycerol hydrolases of 
A. tolypomycina based on the Total Solvent Accessible Surface Area 
(SASA) showed that in overall all enzymes had at least 99 % similarity. 
Two distinct clusters here were cluster A and B with 99.2 % similarity. 
The cluster A included ETH enzymes ETH4 (SEB38271.1), ETH3 
(SEC99911.1), ETH1 (SED48308.1), and ETH 5 (SEB35044.1) with 
similarity of 99.7 %. ETH enzymes of cluster B ETH2 (SED70235.1) had 
99.2 % similarity with cluster A enzymes. The comparison of phyloge-
netic analysis of presented enzymes was in supported with SASA clus-
tering. However, the easiness of this clustering compared to 
phylogenetic enzymes based on the sequences could be its advantage 

(Fig. 2A). Furthermore, clustering the surface and nucleus SASA in 
extracellular triacylglycerol hydrolases had the same result with total 
SASA in different similarity. The similarity percentage of cluster A was 
more than 95.5 % included the secreted enzymes ETH3, ETH1, ETH4 
and ETH5. The two distinct clusters of dendrogram had more than 99.2 
% similarity (Fig. 2B). The conserved-region-SASA cluster also provided 
more than 99.5 % similarity between the ETHs (Fig. 2C). The surface 
solvent accessible of extracellular triacylglycerol hydrolases in ETH5 
had the highest accessibility to solvents. The average surface solvent 
accessible of secreted lipases was 9553.73 Å2. Furthermore, results of 
surface accessibility showed that side chains of amino acids on the 
surface of the 3-d structures of the enzymes were more accessible to 
solvent or substrate compared to sidechain of buried amino acids 
(1795.81 Å2 > 596.50 Å2) (Table 4). To find more meaningful results 
from these homologous ETHs, the structural conservation regions were 
obtained and presented in Fig. 3. The details of these regions in 3-d struc-
tures were analyzed with hierarchical clustering of conserved region- 
SASA of ETHs.

The extracellular triacylglycerol hydrolases of ETH2 and ETH5 
showed very high conserved-SASA similarity. There were three clusters 
based on the conserved SASA. Here the ETH1 and ETH4 had closer 
position and distinctly different from others. The second cluster had 
more than 98 % similarity based on the conserved SASA. The dissimi-
larity of these two clusters was less than 1 %. The dendrogram presented 
in Fig. 2C obtained only based on the conserved region SASA and gave 
better indication to choose the structure for mimicking or engineering.

The correlation of conserved region SASA presented in Table 4. The 
ETHs had high correlations. The highest correlation was related to ETH2 
and ETH5. The extracellular triacylglycerol hydrolases ETH2 and ETH3 
had the lower correlation base on the conserved region SASA.

This information beside the information of critical residues in the 
structures would lead to the potential structural stability predication for 
protein and enzyme engineering. The minimum conserved SASA of 
specific residues in the structures observed in our research was zero. The 
Fig. 3 showed the frequency of residues in these critical conserved-SASA 
positions. It could be important to mention that GLY and ALA, residues 
were the most frequent ones in the conserved regions of secreted en-
zymes with zero SASA in A. tolypomycina. The residues highlighted in 
the structure of ETHs were conserved based on the conserved–SASA and 
all of them had zero accessibility to solvent (Fig. 3). Therefore, they 
considered as the potential critical residue in the sense of stabilizing the 
structure of ETHs.

Moreover, the residues LYS, HIS, GLU, ASN, ARG and THR (Fig. 3) 
were conserved in all ETHs enzymes with highest solvent accessibility. 
The dendrogram presented in Fig. 2D was the result of hierarchical 
clustering of all features. The same clustering pattern here provided with 
three distinct clusters. ETH4 and ETH1 with 99.6 % of similarity shaped 
cluster A. ETH2 and ETH5 in cluster B. ETH3 had the minimum simi-
larity with other clusters of secreted enzymes.

The structural analyses of ETHs were compared with other extra-
cellular triacylglycerol hydrolases to find the specific residues with zero 
frequency. The results showed that 16 residues had no frequency and 
conserved in all sequences compared (GLY50, PRO93, GLY141, ASP148, 
GLY151, ASP172, ALA176, GLY195, TYR196, SER197, GLN198, 
GLY199, GLY200, GLY225, PRO327, ASP336). Among them GLY195, 
TYR196, SER197, GLN198, GLY199, GLY200 considered the residues 
with functional characteristics (Table 5). These residues were identical 
and had the same SASA. After superposition of the all ETHs, their po-
sitions were the same (Table 5). It should mention here that most of 
them had zero SASA in conserved area. The root mean square deviation 
(RMSD) between corresponding atoms of total models and theses spe-
cific segments provided in the Supplementary table 3.

3.5. Genome annotation

Further analysis of bacterial proteomics and protein-protein 
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Fig. 1. Phylogenetic of A. tolypomycina extracellular triacylglycerol hydrolase and other bacteria.
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interaction showed that ETHs interacted with triacylglycerol esterase, 
long chain acy-CoA synthetase, site specific DNA recombinase, S- for-
mylglutathione hydrolase FrmB and regulatory proteins (Fig. 4). These 
proteins and enzymes should be scrutinized in more details to find the 
specific interactions.

It should be mentioned here that co-occurrence of these enzymes 
together gets the good chance for detection and inhibition of this 
characteristic in pathogenic bacteria and fungi (Candida albicans). 
Phylogenetic clustering earlier revealed that they were in the same 
cluster as Streptomyces, Nonomuraea, Thermomonospora, Kutzneria, Acti-
nomadura, Saccharothrix and Kibdelosporangium genus (Fig. 1). More 
scrutinizing the genome showed that the gene synteny of ETHs in 
A. tolypomycina were in close proximity to genes serine phosphatase 
RsbU, acetyltransferase (GNAT) family protein. This detail patterns 
could be seen in the genome of other high G + C bacteria from different 
genus. It is noteworthy to mention that ETHs and their structure espe-
cially signal peptide and high conserved regions of them have the po-
tential to find specific drug and inhibitor (Fig. 5).

4. Discussion

The significance of protein molecules for living organisms and their 
diverse applications across various industries is paramount. Studies in 
proteins and proteomics significantly enhance these applications. 
Consequently, investigating protein functions—directly related to their 
structure—is essential for understanding and leveraging their capabil-
ities [62,63]. In this research the correlations of protein structure suc-
cessfully deduced and categorized the specific characteristics, features 
and properties of amino acids in different ETHs models.

High-level production of extracellular triacylglycerol hydrolases 
(ETHs) for various industries necessitates a comprehensive under-
standing of the molecular mechanisms involved in their expression, 
folding, and subsequent secretion. The ideal industrial ETH should 
possess stability, selectivity, and high productivity to meet diverse 
application requirements [64]. To achieve these objectives, the isolation 
and purification of new enzymes can be both time-consuming and 
labor-intensive. Consequently, modifying existing enzymes with specific 
characterizations becomes essential for enhancing their efficacy and 
suitability for industrial applications [65]. Enhancing enzyme properties 
necessitates modifications to the enzyme’s structure at the amino acid 
level. Two primary strategies, directed evolution and rational design, 
utilize various techniques—such as site-directed mutagenesis, iterative 
saturation mutagenesis, error-prone PCR, and DNA shuffling—to enable 
researchers to successfully attain these objectives [66]. However, 
without a comprehensive understanding of the enzyme’s structure, 
stability, and conformation, along with the specific roles of amino acids, 
enhancing enzyme functionality becomes nearly impossible or exceed-
ingly challenging. Therefore, enzyme analysis relies heavily on various 
physicochemical properties and the evolutionary context of structural 
residues [29].

In our research we showed that by combination of evolutionary and 
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Positions of disulfide s-s bonds presented in the conserved region of 
A. tolypomycina extracellular triacylglycerol hydrolase.

ETHs Number of first Cys Number of second Cys Distance (Å)

ETH1 CYS (117) CYS (283) 2.069
 CYS (352) CYS (395) 2.041
ETH2 CYS (96) CYS (261) 2.059
ETH3 CYS (16) CYS (17) 2.337
 CYS (124) CYS (290) 2.058
ETH4 CYS (121) CYS (286) 2.044
 CYS (360) CYS (404) 2.083
ETH5 CYS (129) CYS (294) 2.057

The two cysteine considered as the disulfide bridge if the distance of sulfur was 
between 1.5 and 2.5 Ångstrom (Å).
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physicochemical properties of A. tolypomycina’s ETH the conserved 16 
residues can successfully identify that would be essential for stability 
and conformation of this enzyme in this species (data set). The results of 
other researchers showed that only by changing the specific residues 
surface accessibility of ETH (in other bacteria) the functionality of the 
enzyme could improve. Modification of the buried (zero SASA) residues 
would result in deformation and denaturation of ETH. Thus, binding 
pocket and lid region of the ETH in literature showed more modification 
compared to other amino acids [26]. This modification applied in three 
steps: determination of specific protein changes through rational design 
method, making the changes in the structure and evaluation the engi-
neered enzyme properties [67].

Recently, numerous concepts have been adopted to facilitate suc-
cessful enzyme engineering, focusing on specific alterations in targeted 
regions such as the active site or flexible regions identified through 
structural modeling or sequence comparison. Our findings offer a 
valuable roadmap for understanding the diverse roles of amino acids in 
the ETH of A. tolypomycina. The modifications involve the deletion, 
addition, or alteration of individual amino acids at specific sites [68].

For instance, enhancing thermostability has been accomplished by 
either removing glycine or introducing proline in loop regions, as well as 
by adding extra salt bridges or disulfide bonds [69]. There are three 
primary methods for enzyme engineering: directed evolution, rational 
design, and a combined approach. Two significant techniques within 
rational design are site-directed mutagenesis and whole plasmid 
single-round PCR [27]. Computational analysis has played a crucial role 
in identifying specific regions and even individual amino acids suitable 
for modification. It is worth noting that computational methods can also 
pinpoint specific amino acids that contribute to the stabilization of the 
enzyme’s structure [70]. Deep knowledge of structure and amino acids 
properties helped in redesigned the ETH with better thermostability 
[69], with replacing glycine, deleting the N-terminal domain or 
enhancing the stability with adding the surface hydrogen bonds [71] or 
replacing the high B factor region [72]. All of these improvements 
achieved based on the hot spot identification region/s in the structure. 
Finding hot spot regions of the structure need deep understanding on 
solvent accessibility and physicochemical properties of specific amino 
acids. The engineered process would be fulfilled with comprehensive 
analysis of these properties in combination of evolutionary factors. 
Finding the structural model of the different ETHs gained vital infor-
mation for ETH engineering. Many researchers engineered new ETH 
based on above mentioned methods [73,74].

Our research on the structural hotspots of A. tolypomycina ETH 
provides valuable insights and serves as a blueprint for identifying the 
specific 16 amino acids within this proteogenomic dataset. The rational 
analysis of the ETH structure and its specific hotspots has been employed 
by other researchers in different genomic datasets; however, it is 
important to note that this method is species-specific. The Solvent 
Accessible Surface Area (SASA) of these specific amino acids plays a 
crucial role in guiding the modifications necessary for engineering ETH.

Early research on the enantioselectivity of Candida antarctica ETH, 
utilizing molecular modeling and rational design, demonstrated that 
virtually mutated amino acids within the modeling region exhibited 
enhanced interactions with target substrates. The observed changes in 
enantioselectivity resulting from these mutations in the laboratory 
correlated well with the virtual model, particularly regarding the chiral 
recognition of alcohol enantiomers. Additionally, the study identified 
unfavorable interactions between the halogen moiety of the rapidly 
reacting S enantiomer and a hotspot region located at the bottom of the 
stereoselectivity pocket [75].

In another study, Magnusson and colleagues employed rational 
design analysis to identify specific hotspot residues, successfully altering 
the size of the stereospecificity pocket in ETH by modifying Trp104. The 
engineered larger stereospecificity pocket accommodated secondary 
alcohols more effectively, resulting in a substrate selectivity shift of over 
400,000 times for nonan-5-ol compared to propan-2-ol, facilitated by Ta

bl
e 

3 
Fe

at
ur

es
 o

f A
. t

ol
yp

om
yc

in
a 

ex
tr

ac
el

lu
la

r 
tr

ia
cy

lg
ly

ce
ro

l h
yd

ro
la

se
 m

od
el

s 
pr

ed
ic

te
d 

fr
om

 d
ee

p 
le

ar
ni

ng
 d

e 
no

vo
 m

od
el

in
g.

ET
H

s
M

od
el

 e
va

lu
at

io
n 

fe
at

ur
es

Se
co

nd
ar

y 
st

ru
ct

ur
e

N
uc

le
us

 a
m

in
o 

ac
id

s
Su

rf
ac

e 
am

in
o 

ac
id

s

O
lig

o 
st

at
e

Li
ga

nd
Q

M
EA

N
Cβ

So
lv

at
io

n
To

rs
io

n
RR

FR
 (

%
)

RR
O

R 
(%

)
H

el
ix

 (
%

)
Sh

ee
t (

%
)

Tu
rn

 (
%

)
To

ta
l

BB
SC

To
ta

l
BB

SC

ET
H

1
M

N
1.

20
-0

.6
8

0.
46

1.
20

96
.9

5
0.

00
66

.3
37

.5
12

.7
17

17
.2

6
11

50
.8

7
61

1.
83

11
,2

47
.9

6
75

51
.2

8
19

18
.3

9
ET

H
2

M
N

1.
66

-1
.7

0
0.

55
1.

90
97

.8
0

0.
27

65
.0

38
.5

12
.0

13
74

.2
2

82
9.

32
55

8.
19

10
2.

98
71

.0
3

18
.2

2
ET

H
3

M
N

1.
22

-1
.3

9
0.

36
1.

41
98

.0
0

0.
25

62
.4

38
.3

13
.4

16
21

.4
5

11
43

.7
2

57
4.

26
10

,8
15

.0
7

68
83

.5
1

19
85

.7
5

ET
H

4
M

N
0.

31
-0

.6
8

0.
28

0.
36

94
.3

2
1.

23
63

.1
53

.3
13

.0
18

52
.4

1
11

38
.2

9
63

3.
17

12
,1

16
.3

7
76

15
.3

8
23

34
.5

6
ET

H
5

M
N

0.
92

-2
.1

6
-0

.0
1

1.
41

97
.4

8
0.

00
66

.3
37

.5
12

.7
14

59
.4

4
83

6.
98

60
5.

04
13

,4
86

.2
6

86
89

.1
8

27
22

.1
2

RR
FR

: R
am

ac
ha

nd
ra

n 
pl

ot
-n

um
be

r 
of

 R
es

id
ue

s 
in

 F
av

or
ed

 R
eg

io
n

RR
O

R:
 R

am
ac

ha
nd

ra
n 

pl
ot

-n
um

be
r 

of
 R

es
id

ue
s 

in
 O

ut
lie

r 
Re

gi
on

BB
: B

ac
kb

on
e

SC
: S

id
ec

ha
in

M
: M

on
om

er
, N

: N
on

e

S. Sraphet and B. Javadi                                                                                                                                                                                                                      Biotechnology Reports 45 (2025) e00869 

6 



both the Trp104Ala and Trp104Gln mutations [76]. Lafaquiere and 
colleagues, utilizing computational structural analysis and docking 
techniques, successfully achieved a 15-fold enhancement in the specific 
activity of Burkholderia cepacia ETH compared to the parental enzyme 
[26]. The redesign of the stereospecificity pocket in Pseudozyma 
antarctica ETH, predicted through molecular modeling, resulted in a 
final mutant that exhibited over a 30% increase in hydrolysis and 
transesterification activities [77].

Furthermore, rationally designed of the Candida antarctica ETH 
which expressed as the recombinant (mutant Asp122Leu) in Escherichia 
coli and Pichia pastoris, and purified, showed a significant decrease in the 
hydrolytic activity, thus reducing the side product yield during acylation 
[78]. It should be mentioned here that computational analysis and 

docking were applied to find the hot spot residues. In most research, one 
amino acid was mutated to achieve the target however the computa-
tional structural analysis could yield the result of landscape structural 
analysis and potential effect on protein function. Therefore, more than 
one amino acid can potentially mutated based on the analysis [79].

Numerous researchers have identified structural analysis and 
rational design as pivotal methods for pinpointing specific regions and 
residues—termed hot spots—for modifying ETHs to achieve desired 
targets. It is noteworthy that the results of these structural analyses 
reveal not only the residues responsible for enzyme stability but also 
those critical for specific functional activities [80–91]. The findings from 
our research also shed light on the intrinsic flexibility necessary for the 
motions of ETHs, as encoded in their three-dimensional structures. This 
understanding aids in determining the overall flexibility of ETHs, which 
is closely linked to the total surface area buried within their folds. 
Furthermore, this information can elucidate the relative 
solvent-accessible surface area (Arel) of the enzymes [28].

The clustering ETHs with physiochemical and solvent accessible 
surface area beside conserved sequence and structure helped to find 
different aspects of ETH’s residue-specific and conservation. The infor-
mation provided in our research can be very helpful for simulation study 
of ETHs. Generally, laboratory experiments are costly and time 
consuming [92–94] thus computational study of protein sequence/s-
tructure could help to fulfil conservation structural study [95]. Machine 

Fig. 2. Hierarchical clustering of total solvent accessible surface area (SASA) (A), surface and nucleus SASA (B), conserved region-SASA (C), all features (D) of 
A. tolypomycina extracellular triacylglycerol hydrolase.

Table 4 
The correlation of conserved region SASA in A. tolypomycina extracellular tri-
acylglycerol hydrolase.

ETHs ETH1 ETH2 ETH 3 ETH 4 ETH 5

ETH1 1.000    
ETH2 0.764 1.000   
ETH3 0.718 0.646 1.000  
ETH4 0.797 0.749 0.714 1.000 
ETH5 0.747 0.934 0.667 0.746 1.000
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Fig. 3. The conserved residues with minimum SASA (zero) in the structure of A. tolypomycina Extracellular Triacylglycerol Hydrolase (I, II). The residues with 
maximum SASA in the structure of A. tolypomycina Extracellular Triacylglycerol Hydrolase (III). ETH1, ETH2, ETH3, ETH4 and ETH5 presented as (A), (B), (C), (D) 
and (E).
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learning approaches recently provided great pathway to classify and 
deduce the protein structure for specific aims and applications [96]. In 
our study, these approaches effectively facilitated the clustering of ETHs 
and the identification of crucial segments and residues, paving the way 
for future laboratory experiments. The primary, secondary, tertiary, and 
quaternary structures of ETHs, derived from various bioinformatics 
analyses, particularly the three-dimensional structures, elucidate the 
complete functionality of these enzymes. The de novo modeling of ETHs 
demonstrated enhanced advantages when integrated with a homology 
model template. The identification of 16 key residues (GLY50, PRO93, 
GLY141, ASP148, GLY151, ASP172, ALA176, GLY195, TYR196, 
SER197, GLN198, GLY199, GLY200, GLY225, PRO327, ASP336) within 
the three-dimensional structure provides valuable insights into the 
functionality and stability of ETH structures. It is noteworthy that the 
majority of the amino acids exhibited zero solvent accessibility, cate-
gorizing them as interior residues. While numerous characteristics of 
amino acids and their three-dimensional structures can be utilized for 
protein analysis, [97] our research highlights that the solvent-accessible 

surface area, in conjunction with conserved structures and sequences, 
effectively delineates key residues critical for protein structural stability. 
In other words, the significance of the solvent-accessible surface area 
(SASA) features in relation to the functionality and stability of ETHs is 
clearly demonstrated by the presence of zero SASA residues, which form 
the foundational skeleton of each ETH structure. We have highlighted 
the zero SASA residues that are crucial for the stability of ETHs, spe-
cifically GLY112, GLY167, ALA169, GLY199, GLY200, ALA206, and 
ALA224. Notably, the conservation of glycine (GLY) and alanine (ALA) 
residues with zero SASA across all ETH structures is particularly 
remarkable. Utilizing SASA features, we identified the maximum SASA 
in each ETH structure, highlighting their potential significance for 
enzyme function. The high degree of similarity in amino acids and SASA 
values in both stability and function will facilitate successful mimicking 
and engineering of these enzymes. Consequently, our research advocates 
for a combined approach that leverages conserved -SASA to pinpoint 
species-specific residues in ETHs, which are likely to have a substantial 
impact on both stability and functionality.

The research on ETHs from A. tolypomycina as one of the species in 
Amycolatopsis genus and Actinobacteria phylum highlighted the 
importance of this genus again as the high guanine and cytosine content 
genome for industry and medicine [48,98]. Thus, besides the organic 
matter decomposing and important biomedicinally compounds re-
searchers should scrutinize more suitable bioproduct in this genus 
[99–101]. Interestingly antifungal, antiviral and many pesticides pro-
duced from another species in this phylum, the Streptomyces spp. [102,
103]. The important of Amycolatopsis genus with production of amino-
glycosides, anthracyclines, chloramphenicol, macrolide, tetracyclines 
compound opened the new opportunity to scrutinized the enzymes 
specially triacylglycerol hydrolases and particularly ETHs from the 
A. tolypomycina of this genus [100,102,104]. Introducing the new spe-
cies such as A. tolypomycina or new structure of ETHs from 
A. tolypomycina could help to introduce them to industry for potential 
lipase production [99,105,106]. As clearly showed in phylogenetic tree 
the ETHs had very high similarity with other ETHs and in case of 
pathogenic microorganism the structural information here would help 
to combat the pathogenicity of species.

From a structural perspective, it is important to note that ETHs 
exhibit specificity towards multi-molecular aggregates of esters, such as 
micelles and emulsified particles [107]. Furthermore, soluble ETHs 
become activated through conformational changes induced by their 
interaction with oil-water interfaces [22]. Molecular packing, surface 
tension at the lipid-water interface, and the physicochemical properties 
of substrates can significantly influence the activity of ETHs [108]. The 
details presented in our research contribute to a clearer understanding of 
these mechanisms.

Three dimensional structures of many ETHs supported the confor-
mational mechanism of actions hypothesis. The determination of crystal 
structure of THs started with human pancreas and the fungus Rhizo-
mucor miehei lipases [109]. It was observed that catalytic triad (Ser--
HisAsp/Glu) active site pocket was buried under the alpha loop and 
therefore prevented the substrate accession. This conformation was 
confirmed with complex X-ray crystal determination of human pancre-
atic lipase and colipase. Thus, the helical loop that acted as lid should 
remove to activate the enzyme [110].

The three-dimensional structures of complex ETHs and their sub-
strates reveal a key characteristic that distinguishes ETHs from esterases: 
the presence of a lid domain that covers the catalytic active site. 
Notably, the transition from an inactive to an active state is contingent 
upon the interfacial binding of ETHs to the lipid-water interface. Our 
study provides valuable insights into the mechanisms of action of ETHs, 
facilitating their differentiation and clustering from esterases. While 
numerous three-dimensional structures of ETHs and esterases from both 
animal and microbial origins have been elucidated, no structure from 
A. tolypomycina has been resolved to date.

It is noteworthy that numerous researchers have endeavored to 

Table 5 
The structural, sequence conserved SASA residues in A. tolypomycina extracel-
lular triacylglycerol hydrolase.

ETH1 ETH2 ETH3 ETH4 ETH5

GLY 50 GLY 25 GLY 57 GLY 47 GLY 58
PRO 93 PRO 70 MET 80 PRO 95 PRO 103
GLY 141 GLY 120 GLY 148 GLY 145 GLY 153
ASP 148 ASP 127 ASP 155 ASP 152 ASP 160
GLY 151 GLY 130 GLY 158 GLY 155 GLY 163
ASP 172 ASP 151 ASP 179 ASP 176 ASP 184
ALA 176 ALA 155 ALA 183 ALA 180 ALA 188
GLY 195 GLY 174 GLY 202 GLY 199 GLY 207
TYR 196 TYR 175 TYR 203 TYR 200 TYR 208
SER 197 SER 176 SER 204 SER 201 SER 209
GLN 198 GLN 177 GLN 205 GLN 202 GLN 210
GLY 199 GLY 178 GLY 206 GLY 203 GLY 211
GLY 200 GLY 179 GLY 207 GLY 204 GLY 212
GLY 225 GLY 204 GLY 232 GLY 229 GLY 237
PRO 327 PRO 306 PRO 334 PRO 335 PRO 339
ASP 336 ASP 315 ASP 343 ASP 344 ASP 348

Fig. 4. Protein-protein interaction; SED48308.1: Extracellular Triacylglycerol 
Hydrolase, SEB32356.1: Lipase, SEB33493.1: Triacylglycerol esterase/lipase 
EstA, alpha/beta hydrolase fold, SEC27701.1: Long-chain acyl-CoA synthetase, 
SED50494.1: Long-chain acyl-CoA synthetase, SED61802.1: Site-specific DNA 
recombinase, SEC99939.1: S-formylglutathione hydrolase FrmB, SED48235.1: 
Uncharacterized protein, SEC46221.1: Regulatory protein, tetR family.
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Fig. 5. Full genome presentations of A. tolypomycina sequence datasets (GenBank: FNSO01000004 (A), FNSO01000003 (B), FNSO01000002 (C), ETH highlighted 
with red asterisks.
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identify distinct features for clustering esterases and extracellular tri-
acylglycerol hydrolases (ETHs). Certain ETHs exhibited a lid-like 
structure, while intriguingly, some of these enzymes even displayed a 
peptide loop that functions as a mini lid [111]. The no-lid structure was 
further analyzed using tributyrin and other substrates in laboratory 
experiments. However, some ETHs lacked a lid structure altogether, and 
for certain enzymes, the lid appeared to have no clear role in interfacial 
activation, as exemplified by the pancreatic ETH from Myocastor coypu, 
which features a 23-residue lid [112]. Then these characteristics 
(interfacial activation and the presence of the lid domain) cannot 
differentiate between the ETH and esterases. In our research the po-
tentiality of 16 keys residues for ETHs as the key feature was presented 
in A. tolypomycina. However other methods introduced based on pH and 
active site residues [113]. The active site and pH couldn’t clearly answer 
the clustering carboxylesterases (ETHs, esterases) [114].

5. Conclusions

In conclusion, the computational structural analysis of extracellular 
triacylglycerol hydrolases (ETHs) derived from the high-GC bacterium 
A. tolypomycina has been elucidated. This study highlights the physico-
chemical properties and conserved solvent accessibility of specific res-
idues that significantly influence the stability and conformation of these 
enzymes. The specific amino acids identified through computational 
analysis can inform the design of subsequent wet laboratory experi-
ments. Furthermore, this computational investigation contributes 
additional evidence regarding the evolutionary dynamics and clustering 
of ETHs. Ultimately, the insights gained from solvent accessibility and 
the structural-sequence conservation in the three-dimensional models 
provide critical features for understanding the evolutionary trajectory of 
ETHs within the A. tolypomycina dataset.
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